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Abstract 

This thesis describes my independent research studies starting in 1996 on five related areas that have 

advanced disease prevention and control including sustainable technologies to meet significant 

societal challenges. There are ever increasing demands for specialist foods and sophisticated devices 

to meet complexities of modern society including serving vulnerable groups. Whilst there is an 

expanding volume of published literature on developing food production, and to a much lesser degree 

medical devices, there is a need to understand why traditional and emerging decontamination and 

sterilization modalities work and what conditions or circumstances operating at the interface between 

microbial destruction and maintaining a desired product functionality could support microbial 

survivors and potentially foodborne or iatrogenic-mediated infection.  There is also a dearth in 

knowledge surrounding the real-time detection of viable fastidious pathogenic microorganisms (such 

as complex parasites or drug-resistant fungi) post selection of appropriate technologies to safely treat 

foods and to decontaminate complex reusable medical devices. There is also a dearth of published 

information on appropriate cellular and molecular indicators to inform critical mechanistic 

information underpinning testing, verification and validation of new decontamination technologies.  

Elucidating holistically, the key parameters governing reliable and effective decontamination, provides 

evidence-based data to inform next-generation products from design thinking to automation in order 

to meet emerging societal needs.  

The first section provides critical new insights and knowledge on conditions promoting the potential 

survival of microbial pathogens in sensitive foods such as reconstituted foods destined for vulnerable 

populations. It describes preparation and storage-abuse conditions promoting adaptive microbial 

survival and toxin production leading. It describes occurrence of such abuse conditions in hospital-

prepared feeds in a HIV ward along with implemented of my recommended solutions that informed 

new guidelines of practice and helped to mitigate against future food-borne illnesses. This section 

characterizes processing conditions promoting the occurrence of atypical pathogens in sensitive 

foods, such as thermal-stresses leading to atypical cellular appearance and virulence factor expression 

Listeria monocytogenes that also enabled survival in human polymorphonuclear leukocytes.  

The second section elucidates the first reporting on reliable and repeatable operational conditions 

underpinning non-thermal processing technologies (pulsed UV light, pulsed-plasma gas-discharge, 

pulsed electric fields), which also encompasses key mechanistic knowledge on critical cellular and 

molecular determinants governing irreversible microbial cell death. Commensurate studies report on 

development of alternative biomarkers to monitor and evaluate real-time disinfection performance 

including first report of a combined cell culture-qPCR assay for complex entero-parasites. New 

methodologies for toxicological end-point determinations in processing technologies are described. 
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First reporting on microbial kinetic inactivation and modelling for non-thermal technologies. Studies 

also elucidate appropriate treatment dose for effective killing of biological indicators including 

development of vaporized hydrogen peroxide as a new thermal sterilization modality for medtech.  

The third section elucidates and develops non-thermal decontamination and sterilization 

technologies at commercial scale for established and new applications including for medical devices, 

food/feed, and for pollination industry (such as for decontaminating heat-sensitive pollen of complex 

pathogens fed to bees). Depending on the application, these studies include technologies 

encompassing x-ray, electron-beam, gamma-irradiation, pulsed UV and the co-development of real-

8578/-+parametric release for treated products. Understanding the holistic interplay of all applied and 

inimical stresses governing effective microbial lethality defines critical knowledge including desirable 

end-to-end sterility assurance conditions ranging from elucidation to verification and validation of 

technological applications that meets safety. This section describes first classification system for 

effective cleaning of complex features in reusable medical devices and revisits efficacy of Spaulding’s 

classification for device sterilisation and patient safety using this combinational new cleaning method. 

A holistic subject-matter knowledge of decontamination helps society meet unforeseen threats such 

as my elucidation and the first published recommendation of appropriate sterilization technologies 

and conditions for the safe reuse of PPE arising from critical supplying chain shortages during COVID-

19 pandemic along with for sustainable waste management. Studies advance shellfish depuration and 

decontamination for recalcitrant fastidious norovirus pathogens attached to bivalve tissue.  

The fourth section elucidates and develops novel alternative therapies and approaches for combatting 

antimicrobial-drug resistant (AMR) pathogens including bacteria and fungi, such as for lung delivery 

and for animal feed applications. Studies also address diagnostics for AMR pathogens that are at crisis 

point for society linked to decontamination. Studies also address elucidation of alternative 

antimicrobial and biofilm-disrupting bioactives used synergistically and in combination, yet tolerant of 

and suitable for medical device production-processes for smart coating applications.  

The last section describes development of sustainable innovation including use of appropriate 

disinfection technologies. This includes first studies on development of an integrated multi-trophic 

aquaculture system in the peatlands aligned with zero-waste, zero pollution and climate action 

principles. It addresses digital transformation including new ‘in-field’ real-time monitoring and 

combined use of bioinformatics and next-generation sequencing to advance sustainable food 

innovation. It develops and applies new models including life cycle assessment and ecological tools.  
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Section One: Food Safety Microbiology  

My independent studies started with studies that profiled and detected a range of Bacillus species 

contaminating sensitive foods such as in hospital-feeds used by HIV patients. These investigations are 

described in the first section ‘Food Safety Microbiology’.  Bacillus are aerobic endospore forming 

bacteria that survive extreme processing conditions. My studies revealed that B. cereus and other 

atypical members of this Bacillus genus were capable of producing enterotoxins under various 

conditions of storage including refrigeration. Lack for appropriate healthcare processes and presence 

of utilizable carbohydrate source can lead to food-borne intoxication such as in a HIV-ward.  

Appropriate practical solutions comprise an understanding and mitigating the occurrence of key 

factors governing Bacillus germination and toxin production in these foods for the hospital. My related 

research also revealed that atypical Bacillus species can cause veterinary infections, which highlights 

emergence of atypical pathogenic species.  Bacillus cereus were isolated that could grow and produce 

diarrhogeanic enterotoxins in reconstituted infant milk formulae under refrigeration storage. 

Thermal-stress studies associated with milk-based products, including artificially-spiked reconstituted 

infant milk formulae, can affect the physiology of the bacterial pathogen where studies revealed that 

sub-lethally stressed Listeria monocytogenes cells can alter their characteristic morphological 

appearance from short rods to very long chains influencing routine detection. These culture variants 

of L. monocytogenes can grow under refrigerated storage. Studies using molecular probes elucidated 

key housekeeping and virulence determinants governing this morphological and physiological 

transformation in L. monocytogenes associated with applied stresses.  Immunological studies 

demonstrated that atypical rough cultures of L. monocytogenes can be taken up and survive in human 

polymorphonuclear leukocytes. Studies conducted under osmotic food-stress revealed variance in 

microbial survivors and the emergence of a sub-population of viable but non-culturable (VBNC) 

microorganisms. The existence and potential implications for food industry and consumers of this 

VBNC is addressed. This earlier research was conduction in food safety laboratories at Strathclyde 

University where Prof John G. Anderson provided collaborative valuable insights particularly on 

accessing and using automated bacterial plate readers. 
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ABSTRACT

One hundred infant milk formulae (IMFs), representative of

the 10 leading brands available in the UK, were subjected to a

variety of preparation and storage conditions. Each IMF was the

subject of triplicate trials in which duplicate samples were ana-

lyzed. All IMFs analyzed immediately after reconstitution were of

satisfactory bacteriological quality, exhibiting a total aerobic count

of < 104 CFU g-l (mean 2.3 X 102 CFU g-l) and a Bacillus cereus

count of <103 CFU g-l of powder (mean 1.3 X 102 CFU g-l for

formulae containing this bacterium). Seventeen percent of all dried

IMF examined contained B. cereus; subsequent reconstitution and

storage over a 24-h period at ;:o::30°Cresulted in this organism being

detected in a further 46% (63 of 100), so that the majority of these

foods exceeded the International Dietetics Association of the

European Community (IDAEC) proposed reconstitution safety

limit of 103 CFU g-l. Variations in preparation conditions did not

significantly influence the numbers of Bacillus CFU present

(P < 0.05). The bacteriological quality of an IMF depended on the type

and number of organisms initially present and on product temperature

and duration of product storage. Microbial numbers in IMFs were

influenced by storage temperatures of ;:o::20°Cfor 14 h, while incubation

at :51DoCfor 24 h had no effect (P < 0.05). Although the microflora of

dried IMFs predominantly consisted of B. licheniformis (46%) and B.

subtilis (30%), subsequent reconstitution and incubation resulted in the

shift to B. cereus I (31%) and II (38%) as dominant organisms. The

latter often grew to the exclusion of the former two Bacillus spp.

Diarrheagenic enterotoxin was detected in 4% of IMFs analyzed

after 14 h of storage at ;:o::25°C.

Key words: Infant milk formulae, bacteriological quality, Bacillus

spp., diarrheagenic enterotoxin, preparation and storage effects

Despite the strong supporting evidence for breast milk

as the choice food for the nutritional and immunological

development of infants, not all mothers are eager or

medically capable of breast-feeding (19). For babies who do

not receive breast milk, a powdered or ready-to-feed infant

milk formula (IMF) substitute is required (18).

Reconstituted baby foods are however considered to be

a food class of high risk due to the susceptibility of infants to

* Author for correspondence. Tel: 0044 141 5524400 X2531; Fax: 0044

141553 1161; E-mail: n.j.rowan@pop-hub.strath.ac.uk

enteric bacterial pathogens, their severe response to toxins,

and increased mortality (12). Despite the elevated tempera-

tures employed in the manufacture of IMF, there have been a

number of food-related illnesses where infant milk powder

has been implicated as the vehicle of infection (7, 16). The

numbers of Salmonella cells in IMFs implicated in previous

food-borne infections were very low; e.g., in the 1985 UK

outbreak only three S. ealing cells kg-1 were present (20). The

vulnerability of infants to low numbers of pathogenic organisms

may be due to the host's underdeveloped immune system (2).

Generally, dried milk-based infant foods are known to

be contaminated with aerobic sporeformers of the genus

Bacillus via raw milk that frequently contains these bacteria

in low numbers. Of particular concern is the occurrence of

enterotoxigenic B. cereus in these products (3). These

authors reported that 54% of 261 samples of infant food

distributed in 17 countries were contaminated with B.

cereus, reaching levels of 0.3 to 600 viable cells per g. When

samples contaminated with approximately 100 cells per ml

were reconstituted and incubated at 27°C, levels of lOS

organisms per ml were reached in 7 to 9 h. While the

infectious dose of B. cereus is in the range of 105 to 107 cells,

diarrheal enterotoxin is produced before cells reach the level

of 107 cells per ml (11). Outbreaks associated with infants,

aged, and/or infirm persons have been attributed previously

to the consumption of foods containing low numbers of B.

cereus in the range of 103 to 105 cells per g (8). Granum et al.

(10) suggested that the food industry should be concerned

about levels as low as 103 to 104cells per rnl or g of food, as

it is likely that food intoxication is caused by ingestion of B.

cereus cells or spores rather than of preformed enterotoxin.

Aas et al. (1) revealed that ingestion of cells and/or spores

(> 104 ml-1) was the main source of B. cereus food

poisoning in Norway.

In the past, it has been the practice of many clinical

laboratories to simply discard isolates of Bacillus spp. (often

described as "inconsequential aerobic spore-forming bacte-

ria") other than B. anthracis or B. cereus, as contaminants of

the skin, hair, etc., which were in fact of unappreciated

relevance to the infections from which they were isolated

(15). However, several reports have recently implicated

other members of the genus Bacillus (i.e., B. subtilis, B.

licheniformis, B. pumilus, B. brevis, B. thuringiensis, and B.

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://m

e
rid

ia
n
.a

lle
n
p
re

s
s
.c

o
m

/d
o
i/p

d
f/1

0
.4

3
1
5
/0

3
6
2
-0

2
8
X

-6
0
.9

.1
0
8
9
 b

y
 g

u
e
s
t o

n
 0

4
 M

a
y
 2

0
2
1

17



1090 ROWAN, ANDERSON, AND ANDERTON

sphaericus) as etiological agents in proven food-borne

illness outbreaks (9, 13).

The principle objectives of this research were to deter-

mine the type and number of Bacillus spp. present in infant

milk formulae available in the UK, to examine the effects of

various methods of preparation, cooling, and storage on the

microflora of these products, and to examine these infant

formulations for the presence of diarrheal enterotoxin.

MATERIALS AND METHODS

Preparation of samples

Each month for 12 months, 8 to 10 infant milk formulae (IMF)

products representative of the main brands available in the UK

were purchased and analyzed. Care was taken to ensure that

contamination of the infant powder did not occur by wearing vinyl

gloves and swabbing the outer package with 70% alcohol. The

package integrity of each sample container was checked prior to

analysis. Infant powder (25 g) was aseptically added into duplicate

500-ml Duran bottles containing 225 ml of sterile distilled water

and 6 to 8 glass beads to aid mixing. The IMF was reconstituted at a

water temperature of either 56°C and/or 90°C (±0.2°C) by shaking

25 times through an excursion of 30 cm. These temperatures were

achieved by equilibrating the Duran bottles containing the sterile

water in preheated waterbaths (Techne Tempette Junior TE-8J)

prior to reconstitution.

Cooling and storage of the reconstituted infant milkformulae

The cooling procedures used were table-top cooling (where

the foods were left to cool at room temperature), water cooling

(where the bottles of foods were held under cold running water),

and immediate refrigeration (where the foods were placed directly

into a refrigerator). Following a 30-min cooling period, the

reconstituted formulae were incubated at either 4, 10, 20, 25, 30,

and/or 3SOC for periods up to and including 24 h, in order to

simulate the "temperature abuse" which may be encountered in

hospital wards (2; 4) and in the home.

Bacteriological analysis

The bacteria present were enumerated and identified at 0, 8,

14, and 24 h sample time intervals by spread and spiral plating

(Spiral plater model B, Spiral Systems Inc.) duplicate samples onto

tryptone soya agar supplemented with 0.6% yeast extract (TSYEA),

nutrient agar no 2 supplemented with 0.5 mg liter-1 MnS04' H20

(NAMS), blood agar no. 2 supplemented with 7% defribrinated

horse blood (BA) and Bacillus cereus selective agar (BCSA)

(Oxoid products). Undiluted samples were also analyzed in TSEYA

using the pour plate technique. The plates were incubated aerobi-

cally at 25 and 30°C for 48 or 72 h. This procedure was repeated in

duplicate for 3 separate samples analyzed from each infant

formulation.

Cultures obtained on the above media were examined for the

following morphological and/or biochemical properties: Gram and

catalase reactions, cell width and length determined via an image

analyzer (Solitaire 512, Seescan Pic.) (TSYEA), lecithovitellin and

lecthinase production (BCSA), hemolytic reaction and gross colony

morphology (BA), and spore stain to determine shape, position and

swelling of sporangium (NAMS). Other morphological and physi-

ological tests performed included examination for motility, hydro-

lysis of starch, casein and/or gelatin, growth in the presence of

7.5% NaCI or 0.001% lysozyme, formation of acetoin from

glucose, and growth under anaerobic conditions. The identity of

each Bacillus isolate was confirmed using the API 50 CHB and API

20 E galleries (bioMerieux Ltd.).

Detection of diarrheagenic enterotoxin

The bacterial isolate was inoculated into brain heart infusion

broth supplemented with 0.25% filter-sterilized glucose and incu-

bated at 30°C for 18 h on a rotary shaker (250 rpm). After growth,

duplicate I-ml samples were centrifuged (Microcentaur MSE) at

11,500 X g for 10 min at 4°C. The filtrate was retained for

subsequent assay of enterotoxin via the Bacillus cereus enterotoxin

reverse passive latex agglutination test system (BCET-RPLA,

Oxoid). The infant foods were assessed for the presence of

enterotoxin by using the BCET-RPLA system after initially obtain-

ing a fat-free fraction via the Filtron® Stirred Cell Ultrafiltration

System fitted with a membrane having a 300-kDa molecular weight

cutoff point (Filtron® Technology Corporation).

Statistical analysis

The Fisher's exact test was used to compare the bacteriologi-

cal quality of the 10 leading brands of infant powder. The effects of

IMF preparation temperature, cooling method, and storage tempera-

ture on microbial numbers (where total aerobic counts for 100

IMFs were pooled and compared as a unit under these conditions)

were examined using three-way ANOVA analysis (Minitab version

11, Minitab Ltd). All significant differences were reported at the

95% level of confidence (P < 0.05).

RESULTS

Bacteriological quality of reconstituted infant milk

formulations before incubation

All 100 IMFs examined immediately after reconstitu-

tion were of satisfactory bacteriological quality, having total

aerobic counts less than the International Dietetics Associa-

tion of the European Community (IDAEC) proposed safety

limit of 104 CPU g-l (Table 1) and a B. cereus count less

than 103 CFU g-l of power (Table 2) (3). In the subsequent

text these recommended values are referred to as the

"reconstitution safety limit." The IMFs examined, which

were representative of the 10 leading brands currently

available in the UK, were of similar bacteriological quality

(P < 0.05).

The temperature of the water used for formula recon-

stitution (Tables 1, 2 and 3) and/or the cooling method

(Table 3) did not affect the type or number of organisms in

IMFs examined collectively under brand type (Tables 1 and

2) or when examined as a unit of 100 infant milk products

(Table 3) (P < 0.05). Large variations in microbial numbers

shown in tables 1 and 3 were due to the wide range of total

aerobic counts obtained for IMFs examined under brand

type or as a unit of IMP (data not shown); e.g., microbial

numbers in brand A products ranged from the detection limit

of ~1.0 X 101 to 6.1 X 103 CFU g-I (Table 1). The

temperature of the water used for IMP preparation and/or the

cooling method did not result in products of different

bacteriological quality from that of the dry samples

(P < 0.05) when analyzed individually (data not shown).

The largest concentration of organisms present in any

IMF product was 6.1 X 103 CPU g-I (consisting solely of B.

licheniformis), while the mean total aerobic count for all
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TABLE 1. Variation in total aerobic counts exhibited by 100 lMFs examined immediately after reconstitution at a water temperature of

either 56 or 90°C

No. IMF with total aerobic count (log CFU g-I) Total aerobic count

after reconstitution in the range: (log CFU g-I)b

No. <Loa :52.0 :53.0 :54.0 Mean SD

IMF samples

brand (n) 56°C 90°C 56°C 90°C 56°C 90°C 56°C 90°C 56°C 90°C 56°C 90°C

A 13 3 3 5 3 4 6 1 1 2.8 2.9 2.4 2.4

B 12 2 2 4 1 5 8 1 1 2.9 2.9 2.7 2.8

C 12 0 0 3 6 8 5 1 1 2.5 2.4 2.7 2.7

D 11 1 1 4 4 3 5 3 1 2.8 2.6 2.5 2.3

E 14 1 1 6 8 7 5 0 0 2.3 2.2 1.9 1.9

F 11 0 0 6 7 5 4 0 0 2.0 2.0 1.9 1.9

G 11 2 2 6 7 3 2 0 0 2.1 2.2 1.6 1.7

H 11 0 0 2 3 6 7 3 1 2.7 2.3 2.8 2.4

I 3 0 0 2 1 1 2 0 0 1.9 1.9 1.8 1.8

J 2 0 0 1 0 1 2 0 0 1.7 1.8 1.9 1.9

All 100 9 9 39 40 43 46 9 5 2.4 2.3 2.2 2.2

a IMF with total aerobic counts below the detection limit of 1 log CFU g -I .

b Mean and standard deviation refer to the variation in total aerobic counts (log CFU g -1) among IMF in each brand prepared at either 56 or

90°C. IMF with counts lower than the detection limit were not included in the calculation of the mean and standard deviation. No

significant difference in microbial numbers was observed between brands (P < 0.05).

infant foods analyzed was 2.3 X 102 CFU g-I (Table 1).

Although B. cereus was present in 17% of the IMFs

examined, of which 6 foods (35.3%) contained the enterotoxi-

genic form of this organism, diarrheal enterotoxin was not

detected in these infant powders. The largest number of B.

cereus recovered from any formulation was 4.8 X 102 CPU

g-I, while the mean B. cereus count for IMFs shown to

contain this organism was 1.3 X 102 CFU g- I (Table 2).

The microbial flora of the IMF consisted mainly of

aerobic sporeformers of the genus Bacillus, with the most

prominent species isolated belonged to members of the

subgroup B. subtilis, such as B. subtilis (30%), B. lichenifor-

mis (46%), and B. pumilus (9%) (Table 4).

Bacteriological quality of reconstituted infant formulae

after periods of storage abuse

As no differences were observed in the bacteriological

qualities of individually examined IMFs (P < 0.05) or
among these products when they were compared under

brand type (Tables 1 and 2), microbial numbers in each

reconstituted IMF were pooled and examined collectively as

a unit of 100 foods under various preparation and storage

TABLE 2. Variation in Bacillus cereus counts among lMFs examined immediately after reconstitution at a water temperature of 56 or 90°C

No. IMF with B. cereus recovered Bacillus cereus

in the range: (log CPU g-I) (log CPU g-I)b

No. < Loa :52.0 2:2.01 to <3.0 Mean SD

IMF samples

brand (n) 56°C 90°C 56°C 90°C 56°C 90°C 56°C 90°C 56°C 90°C

A 13 9 9 4 4 0 0 1.9 1.9 0.07 0.08

B 12 12 12 0 0 0 0 LDU LDL LDL LDL

C 12 7 7 4 4 1 1 1.9 2.0 0.39 0.27

D 11 10 10 1 1 0 0 1.9 1.9 0 0

E 14 13 13 0 0 1 1 2.4 2.4 0 0

F 11 10 10 1 1 0 0 2.2 2.1 0 0

G 11 11 11 0 0 0 0 LDL LDL LDL LDL

H 11 8 8 3 3 0 0 1.9 1.9 0.08 0.03

I 3 2 2 0 0 1 1 2.6 2.6 0 0

J 2 1 1 1 1 0 0 2.0 2.0 0 0

All 100 83 83 14 14 3 3 2.1 2.1 0.07 0.05

a IMF with B. cereus counts below detection limit of 110g CFU g -I.

b Mean and standard deviation refer to the variation in B. cereus counts (log CFU g -I) among IMF in each brand prepared at either 56 or

90°C. IMF with counts less than detection limit were not included in calculations of mean and standard deviation.

c LDL: IMF with B. cereus counts less than the detection limit. No significant difference in microbial numbers was observed between brands

(P < 0.05).
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1092 ROWAN, ANDERSON, AND ANDERTON

TABLE 3. Total aerobic counts for 100 IMFs examined under a variety of preparation, cooling, and storage conditions

Mean (SD) total aerobic counts: log CFU g-l for 100 reconstituted IMF stored 24 h

Storage Preparation Tap cooled Table top cooled Refrigerated
temperature temperature

(0C) (0C) Oh 8h 14h 24h Oh 8h l4h 24h Oh 8h l4h 24h

35 56 2.4 3.4AB" 4.2AB 8.0AB 2.4 3.5AB 4.4AB 8.3AB 2.4 3.4AB 4.5AB 8.2AB

(2.1) (2.4 ) (2.5) (3.1) (2.3) (2.5) (2.6) (2.9) (2.1) (2.4 ) (2.5) (3.1)

90 2.4 3.4AB 4.3AB 8.1AB 2.4 3.4AB 4.3AB 8.0AB 2.3 3.4AB 4.4AB 8.0AB

(2.2) (2.5) (2.5) (3.1 ) (2.2) (2.4 ) (2.4 ) (3.0) (2.2) (2.5) (2.6) (2.8)

30 56 2.5 3.1AB 3.7AB 6.9AB 2.4 3.2AB 3.7AB 6.9AB 2.4 2.9AB 3.7AB 7.2AB

(2.2) (2.3) (2.5) (2.8) (2.1) (2.4) (2.5) (3.0) (2.3) (2.4) (2.7) (2.9)

90 2.4 3.2AB 3.8AB 7.0AB 2.3 2.9AB 3.7AB 7.0AB 2.4 2.9AB 3.9AB 7.2AB

(2.2) (2.4) (2.4 ) (2.9) (2.2) (2.5) (2.5) (2.8) (2.1) (2.5) (2.7) (3.0)

25 56 2.4 2.8AB 3.1AB 6.3AB 2.4 2.7AB 3.1AB 5.8AB 2.4 2.8AB 2.9AB 5.9AB

(2.3) (2.3) (2.4 ) (2.7) (2.0) (2.4) (2.4 ) (2.7) (2.2) (2.5) (2.5) (2.8)

90 2.3 2.8AB 3.2AB 6.1 2.3 2.9AB 3.3AB 5.8AB 2.4 2.8AB 3.0AB 5.7AB

(2.2) (2.4) (2.5) (2.7) (2.2) (2.5) (2.5) (2.4) (2.0) (2.3) (2.6) (2.8)

20 56 2.4 2.6 2.8AB 3.2AB 2.5 2.6 2.8AB 3.1AB 2.3 2.5 2.8AB 3.2AB

(2.1) (2.2) (2.4) (2.5) (2.2) (2.4) (2.5) (2.6) (2.2) (2.3) (2.5) (2.7)

90 2.4 2.6 2.9AB 3.3AB 2.3 2.5 2.9AB 3.0AB 2.4 2.5 2.8AB 3.3AB

(2.2) (2.4) (2.4) (2.6) (2.0) (2.2) (2.3) (2.5) (2.1 ) (2.3) (2.5) (2.6)
,,;10 56 2.3 2.4 2.4 2.4 2.3 2.4 2.3 2.4 2.4 2.4 2.4 2.4

(2.3) (2.0) (2.2) (2.1) (2.2) (2.2) (2.2) (2.1) (2.2) (2.3) (2.2) (2.2)

90 2.4 2.4 2.3 2.4 2.4 2.5 2.4 2.3 2.3 2.4 2.3 2.4

(2.1) (2.1) (2.2) (2.3) (2.2) (2.2) (2.1) (2.3) (2.3) (2.2) (2.1) (2.2)

a A: IMF differing at P < 0.05 level compared to these 100 infant foods treated under the same preparation, cooling conditions for shorter

storage times and B: for shorter time periods at lower storage temperatures.

No. IMF in which species

was isolated after incubation period of:

TABLE 4. Number of IMF from which different Bacillus spp. were

isolated over a 24 hour incubation period at temperatures 2:20°C

"ND: the named Bacillus spp. was not detected at this sample

period.

b Numbers in parentheses: number of IMF prepared at 90°C

supporting growth of Bacillus spp. not isolated from the same

feeds prepared at 56°C.

Bacillus spp. isolated 0 h

B. cereus I 10

B. cereus II 7

B. licheniformis 46

B. subtilis 30

B. pumilus 9

B. megaterium 3

B. sphaericus 8

B. amyloliquefaciens 1

B. lentus ND"

B. coagulans 6

B. circulans II 4

B. brevis 1

B. laterosporus ND

B.porymyxa 3

B.firmus 4

B. mycoides 5

Non-Bacillus spp. (cocci) 3

Bacillus spp. not detected 9

8h

30 (3)b

34 (5)

46

36

13

12 (2)

20

2

3

8

6

3

ND

4

4

12 (2)

6

2

14 h

31 (3)

37 (6)

47

36

13

13 (3)

21 (5)

2

3

8

6

3

1

4

4

13 (2)

6

1

24h

31 (3)

38 (6)

31

32

11

13 (3)

21 (6)

2

3

8

6

3

1

4

4

13 (2)

6

o

conditions. The type and/or number of organisms in IMF

examined under conditions of storage abuse were not altered

by either the temperature of water used for formulae

preparation and/or subsequent cooling conditions (Table 3).

Some individually examined IMFs differed however, in

microbial numbers when reconstituted at 90°C (:!:0.2°C)

and incubated at 2:20°C for 2: 14 h (P < 0.05): II and 7

formulations exhibited either lower or higher total aerobic

counts compared to the same products prepared at 56°C

respectively (data not shown). Incubation ofIMFs at tempera-

tures 2:20°C for 2: 14 h resulted in an increase in the number

of organisms present in each formulation (Table 3).

Improper storage of reconstituted IMF at 2:20°C for 24

h (or 2:25°C for 2:14 h) resulted in the microbiological

quality of a number of formulations exceeding potentially

hazardous levels (Fig. 1 and 2), with all 63 foods containing

B. cereus (6 foods contained both B. cereus I and II) being

above the reconstitution safety limit of 103 cells per g after

24 h at 30°C (Fig. 2). Products held at these higher storage

temperatures were found to contain greater microbial num-

bers sooner; e.g., 20% of foods exceeded the satisfactory

reconstitution limit of 103 B. cereus cells per g after only 8 h

at 35°C (Fig. 2). While incubation of IMFs at ::; 10°C for

24 h did not alter the bacteriological quality of these

formulations (P < 0.05), an increase in the number and/or

type of organisms present correlated with longer exposures

at higher temperatures (Table 3). The bacteriological quality

of each IMF depended on the number of organisms initially
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DISCUSSION

periods did not alter the number of products which contained

toxin. However, subsequent enterotoxin studies involving

the cultivation of all B. cereus II isolates in BHI broth

supplemented with 0.25% glucose at 25°C for 14 h or more

resulted in a further six isolates exhibiting diarrheal toxin

production. Infant formulations produced by the 10 leading

brands did not significantly differ in bacteriological quality

when examined under varying conditions of preparation and

storage (P < 0.05).

The bacteriological quality of infant milk formulae

currently available in the UK is superior to that of infant

formulations sold in Scotland in 1987, where a preliminary

survey by the Scottish Food Co-ordinating Committee

reported that the numbers of organisms present in these dried

products ranged from 0 to 4.5 X 106 CFU ml-I (21). In a

later study carried out by Anderton (2), the author reported

that milk-based powders used in the preparation of nasogas-

tric feeds in Scottish hospitals contained 50 to 300 Bacillus

spp. cells per g. These findings are consistent with the

quality of dried infant formulae examined in other countries,

where the mean total aerobic counts obtained from 26 Italian

and 78 Japanese infant formulae did not exceed the recom-

mended lO'l CFU g-I (5, 23).

Becker et al. (3) reported that of 261 samples of infant

food distributed in 17 countries, 54% were contaminated

with levels of B. cereus in the range of 0.3 to 600 CFU g-l.

While only 17% of UK dried IMF products contained B.

cereus, a similar concentration of the organism was recov-

ered, i.e., :::::10to 480 CFU g-l.

The microbial flora of the infant formulations are

consistent with the type of organisms isolated by previous

researchers; Lovell (17) and Kwee et al. (14) established that

the bacterial flora of powdered milks consisted primarily of

aerobic sporeformers, thermoduric cocci, and/or members of

the genus Corynebacterium. Veda et al. (23) also showed

that the most frequently isolated organisms from dried baby

formulae in Japan were B. licheniformis and B. subtilis,

while other Bacillus spp. recovered included B. cereus, B.

pumilus, B. megaterium, B. circulans, and B. coagulans.

By far the greatest factors influencing the bacteriologi-

cal quality of each infant feed were the number of organisms

initially present and the temperature and duration of incuba-

tion. Formulae containing approximately 102 B. cereus

spores per g may become unfit for consumption when

subjected to storage at or above 25°C for 14 h, reaching

levels of 1.3 X 103 CFU g-I. Becker et aI. (3) revealed that

reconstituted infant formulae containing the same initial

concentration of viable cells may reach levels as high as 105

B. cereus cells per g in 7 to 9 h when incubated at 27°C.

While the variation in IMF preparation and cooling

method did not influence the number of Bacillus spp.

present, incubation of IMF which had been initially reconsti-

tuted at 90°C often resulted in the emergence of aerobic

sporeformers that were not recovered in the same samples

prepared at the lower water temperature of 56°C. It is

Incubation

Temperature ("C)

Incubation

Temperature ("C)

80

100

Duration of

Incubation (11)

FIGURE 1. The effects of temperature and duration of incubation

on the number of infant milk formulae having a total aerobic count

which exceeds the reconstitution safety limit of 1(J1CFU g-l.

70

Duration of

Incubation (11)

FIGURE 2. The effects of temperature and duration of incubation

on the number of infant milk formulae containing B. cereus at a

level exceeding the reconstitution safety limit of 1()3 CFU g-l.

present and on the product temperature and duration of

product storage (Table 3).

While incubation offormulations at 20°C for 8 h did not

affect microbial numbers (P < 0.05) (Table 3), storage at

:::::20°Cfor :::::8h resulted in an increase in the number of

foods containing different types of Bacillus spp.; e.g., of B.

lentus and B. laterosporus, which had not been recovered

from earlier samples, emerged (Table 4). Some IMFs

prepared at 90°C contained organisms that were not isolated

from the same IMF products prepared at 56°C, such as B.

cereus, B. mycoides, B. sphaericus, and B. megaterium

(Table 4). Bacillus licheniformis and B. subtilis were ini-

tially predominant in IMF examined immediately after

reconstitution. Additional storage of IMF resulted in the

emergence of B. cereus I and II as dominant organisms,

often growing to the exclusion of the former Bacillus spp.

(Table 4).

Of the 38 IMFs supporting the growth of B. cereus II,

diarrheal enterotoxin was detected in 4 IMFs after 14 h at

:::::25°C.Additional storage at higher temperatures for longer
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1094 ROWAN, ANDERSON, AND ANDERTON

possible that these Bacillus spp. emerged from slow-

germinating endospores that require higher preparation

temperatures in order to bring about germination. Stadhoud-

ers et al, (22) showed that heating milk at temperatures from

65 to 95°C for various holding times heat activated slow-

germinating endospores of B. cereus, which for the main

part did not germinate within 24 h in HTST (high-

temperature short-time treated) milk stored under similar

conditions.

Incubation at ~25°C of reconstituted IMF which ini-

tially contained members of the B. subtilis subgroup often

resulted in emergence of B. cereus as the dominant organ-

ism, which frequently grew to the exclusion of the former

Bacillus spp. Wong et al. (24) reported that when B. cereus

organisms started to multiply in milk products, the growth of

other bacteria was inhibited. They attributed this inhibitory

effect to the bacteriostatic activity of the organic acids

produced by B. cereus.

Diarrheal enterotoxin was detected in 4 infant formula-

tions after a 14 h incubation period at or above 25°C. All

these foods had been supplemented with maltodextrin by the

food companies. While maltodextrin is a harmless by-

product of starch hydrolysis, Garcia-Arribas and Kramer (6)

detected that besides glucose, starch is a good carbon source

for both B. cereus growth and subsequent diarrheal toxin

production. By supplementing IMF with maltodextrin in

order to enhance the nutritional value of this product, the

food industry may have inadvertently provided a suitable

environment where improperly stored IMF containing entero-

toxigenic B. cereus may produce toxin.

Of the aerobic sporeformers isolated from the dried IMF

samples during this study, B. subtilis, B. licheniformis, B.

pumilus, B. cereus I and II, B. mycoides, B. brevis, B.

megaterium, B. circulans II, and B. coagulans have been

occasionally implicated in either food-borne-related illness

and/or opportunist infections (13, 15).

In conclusion, dried infant milk formulae commercially

available to Scottish retailers is of satisfactory microbiologi-

cal quality and should not present any health problems to

consumers if properly reconstituted (at water temperatures

~56°C) under hygienic conditions. As the bacterial flora of

inadequately stored IMF may proliferate to unacceptable

levels, with possible production of diarrheal enterotoxin,

these foods should be consumed within 4 h of preparation

and not retained as leftovers for future use, storage of feeds

during this period should occur in a properly maintained

refrigerator (i.e., at ::::::8°C),leftover feeds should never be

re-used or topped up with fresh formulae, and feeding

bottles (and teat) should be thoroughly cleaned and sterilized

before re-use.
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Summary: ‘liventy-four pasteurized infant feeds, prepared in a <;lasgo~ 
hospital, were examined microbiologically. All produced a satisfactory total 
aerobic mesophilic count of < 1 .O x 10” cfu/g (mean 6.3 x 10’ cfu/g) within 
1 h of preparation. Bacihs cewus ~vas detected in two infant feeds immcdiatel> 
after preparation and one of these had a R. rere~s count of 1.4 x lO’cfu/g 
exceeding the recommended safety limit of 2 1 .O x 10’ cfu/g. Subsequent 
storage over a 14 h period at 25°C or greater resulted in the appearance of 
B. C~WUS in a further eight feeds, the majority of which exceeded the safet! 
limit of 10’ cfu/g. The microbiological quality of each infant feed depended 
on the type and number of organisms initially present, and on the temperature 
and duration of storage. Incubation of feeds at < 1W’C for 14 h did not 

I, 
- 

alter the microbiological quality (I’=O~OS). \fThile Bacillus lichenifonnis and 
Racillzcs suhtilis were the predominant organisms isolated within 8 h of 
incubation (45.8 and 20.8% of feeds, respectively), additional storage resulted 
in the emergence of Lz?. ccrez*s I (25%) and II (20.8%~ as dominant Bacillus 
spp. The addition of glucose polymers and other supplements to infant 
formulae did not affect the type and number of organisms present (P=O.O.i). 
Diarrhoeal enterotoxin was detected in three of the five formulations which 
supported the gro\vth of B. cueus II via the H. cereus enterotoxin reverse 
phase latex agglutination test RCET-RPIA svstem. Although the infant 
feeds kvere of similar microbiological quality -(P= 0.05), the majority of 
Bacillus snn. isolated have been nreviouslv imnlicated in either foodborne . 
illnesses and/or opportunist infections. 

_ . 

Keyuwrds: Infant feeds; microbiological quality; Bacillus “pp.; enterotoxin; 
hospital study. 

Introduction 

Reconstituted baby foods are considered to be a high-risk food because of 
the susceptibility of the consumer population to enteric microbial pathogens, 
but there is no requirement that these foods should be sterile and man) 
milk-based products are only subjected to pasteurization before spray- 
drying.’ 

Correspondence to: Dr. Neil Rowan, Ikpartment of Bioscience and Biotechnology. L’nivcrsit> of 
Strathclqdc, Royal College Building, 204 George Street, Glasgow, Scotland, YI<. 
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Despite the elevated temperatures employed in the manufacture of infant 
milk formulae and a commitment to product quality and safety, there have 
been a number of food related poisonings where infant milk powder has 
been implicated as the vehicle of infection.2*3 The number of Salmonella 
present in the infant milk formulae implicated in some food poisonings 
were very low, e.g., in the 1988 Canadian outbreak, nine Salmonella newport 
cells/l00 g formula, while in a UK outbreak only three Salmonella ealing 
cells/kg were present.4 The vulnerability of infants to low numbers of 
pathogenic organisms may be due to an immature immune system.’ 

Dried-milk products are known to be frequently contaminated with 
Bacillus spp. Becker et aZ.6 reported that when 261 samples of infant food 
distributed in 17 countries were examined for B. ceyeus, 54% of them were 
contaminated with B. cereus reaching levels of 0.3-600 viable cells/g. When 
samples contaminated with approximately 100 B. cereus cells/ml were 
reconstituted and incubated at 27”C, levels of 10’ organisms/ml were 
reached in 7-9 h. While the infectious dose of B. cereus is in the range 
lo’-lo8 cells,7 diarrhoeal enterotoxin is produced before cells reach a level 
of lo7 cells/ml. Granum et aZ.’ suggested that the food industry should be 
concerned about levels as low as 103-lo4 cells/g food. This concern has 
been substantiated by Aas et aZ.9 where the authors revealed that ingestion 
of cells or spores at 2 104/mL was the main source of B. cereus food 
poisoning in Norway. 

In the past, it has been the practice of many clinical laboratories to 
simply disregard isolates of Bacillus spp.-often described as ‘in- 
consequential aerobic spore-forming bacteria’. Strains other than 
B. anthracis or B. cereus were considered to be contaminants of the skin, 
hair etc., but were later found to be clinically relevant.” Several reports 
have recently implicated other members of the genus Bacillus (i.e., Bacillus 
subtilis, Bacillus Zicheniformis, Bacillus pumilus, Bacillus brevis, Bacillus 
thuringiensis and Bacillus sphaericus) as the aetiological agent in proven 
foodborne illness outbreaks.“v’2 

Concern about Gram-negative bacteria introduced during reconstitution 
of feeds means that many hospitals now pasteurize infant feeds after 
reconstitution.13 Counts of aerobic spore-forming bacilli are little affected 
by pasteurization, however, and the authors reported counts of 102/mL 
post-heat treatment. This situation may be of particular concern because 
pasteurized infant feeds and/or enteral feeds are routinely used in hospitals 
for the tube feeding of babies who are unable to suck because they are 
premature or ill. The feed may be held at ward temperature (25-30°C) for 
many hours, allowing the proliferation of micro-organisms.‘4 The principal 
objective of this research, therefore, was to determine the type and number 
of organisms present in infant feeds prepared at a special feeding unit in a 
Glasgow hospital, and to examine the effects of temperature and duration 
of storage on the microflora of these products. Finally, infant formulations 
were assessed for the presence of diarrhoeal enterotoxin. 
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Materials and methods 

Preparation and transportation of samples 
Each month for four months, triplicate batches of six infant formulae (with 
or without thickeners, hydrolysed protein, glucose polymers and fat calorie 
supplements and/or soya supplements) were collected for microbiological 
analysis. They were prepared at a water temperature of 56°C and pasteurized 
at 63°C for 30 min in the Special Feeding Unit. Infant feed (25 mL) was 
transferred to separate sterile universal containers and labelled with the 
date, time of preparation and description of formulation. These infant 
formulations were representative of the main types of feed supplied to the 
hospital wards. The samples were transported to the laboratory in a cooler 
bag containing ice packs and a maximum/minimum thermometer (i.e., 
temperature maintained at 2 + 3”C), and analysed within 3 h of collection. 
The package integrity of each sample container was checked before analysis. 

Storage of the reconstituted infant feeds 
The reconstituted formulae were incubated at either 4, 10, 25 and/or 30°C 
for up to 14 h in order to simulate the ‘temperature abuse’ conditions that 
may be encountered in hospital wards and incubators for premature infants. 

Microbiological analysis 
The bacteria present were isolated and enumerated at 0, 8 and 14 h sample 
time intervals by spread and spiral plating (Spiral plater model B, Spiral 
Systems Inc.) duplicate samples onto tryptone soya agar supplemented 
with 0.6% yeast extract (TSYEA), nutrient agar No. 2 supplemented with 
0.5 mg/L MnSO,.H,O (NAMS), blood agar No. 2, supplemented with 7% 
defribrinated horse blood (BA) and B. cereus selective agar (BCSA) (Oxoid 
products). The plates were incubated aerobically at 25 and 30°C for 48/ 
72 h. This procedure was repeated in duplicate for three separate samples 
analysed from the same infant formulation. Colonies obtained on the above 
culture media were examined for the following properties: Gram and 
catalase reactions, cell width and length (pm) determined via image analyser 
(Solitaire 512, Seescan Plc.) (TSYEA), lecithovitellin/lecthinase production 
(BCSA), haemolytic reaction and gross colonial morphology (mm) (BA) 
and spore stain to determine shape and whether or not the sporangium was 
distended (NAMS). Other tests performed included motility, hydrolysis of 
starch, casein and/or gelatine, growth in the presence of 7.5% NaCl or 
0.001% lysozyme, formation of acetoin from glucose and growth under 
anaerobic conditions. The identity of each Bacillus isolate was confirmed 
using the API 50 CHB and API 20 E galleries (bioMerieux Ltd.). 

Detection of diarrhoeal enterotoxin 

The bacterial isolate was inoculated into brain-heart infusion broth sup- 
plemented with 0.25% filter-sterilized glucose and incubated at 30°C for 
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18 h under orbital conditions (250 rpm). After growth, duplicate 1 mL 
aliquots were centrifuged (Microcentaur MSE) at 11 5OOg for 10 min at 
4°C. The filtrate was retained for enterotoxin assay via the B. cereus 
enterotoxin reverse phase latex agglutination test system (BCET-RPLA, 
Oxoid). Infant feeds were assessed for the presence of enterotoxin using 
the BCET-RPLA system after initially obtaining a fat-free fraction via the 
‘Filtron’ stirred cell ultrafiltration system fitted with a membrane with a 
300 kDa molecular weight cutoff point (‘Filtron’ Technology Corporation). 

Statistical analysis 
Each infant feed was the subject of triplicate trials where duplicate samples 
were analysed. The type and number of Bacillus spp. present in each infant 
milk formula product were compared using the Mann-Whitney U-test and 
the Wilcoxon ranked sign test at the P= 0.05 level. 

Results 

Microbial quality of pasteurized infant feeds before incubation 
Of the 24 infant feeds analysed within 1 h of preparation, 23 (96%) were 
of satisfactory microbiological quality having a total aerobic mesophilic 
count of 5 1 .O x I O4 cfu (colony-forming units)/g and a B. cereus count of 
5 1.0 x lo3 cfu/g powder (Table I).’ The total aerobic mesophilic count 
(cfu/g) is the sum of the predominant organisms detected in each infant 
feed. One infant formulation was deemed unsafe for infant consumption 
because it had a B. cereus count of 1.4 x IO3 cfu/g powder. The micro- 
biological quality amongst these infant feeds varied over the range 
O-l *4 x 1 O3 cfu/g, with a mean total aerobic mesophilic count of 6.3 x 10’ cfu/ 
g. A description of the infant formulations presented in Table I is given 
in Table II. Diarrhoeal enterotoxin was not detected in any of the feeds 
analysed. The microbial flora of the infant formulations mainly consisted 
of aerobic spore formers from the genus Bacillus. The most prominent 
species were B. licheniformis and B. subtilis; these were isolated from 45.8 
and 20.8% of feeds analysed, respectively (Table I). 

Microbial quality of infant feeds after periods of storage abuse 
Improper storage of these infant feeds at temperatures + 25°C over a 14 h 
period resulted in an increased number of formulations becoming unsafe 
for consumption, with 60% (at 25°C) and 90% (at 30°C) of feeds containing 
B. cereus exceeding the recommended 1 .O x lo3 cfu/g level after 14 h (Table 
III). Feeds containing levels as low as 100 B. cereus cells/g after the initial 
preparation may become unacceptable for consumption after 8 h incubation 
at 25°C (Table I). While incubation of feeds for 14 h at 5 10°C did not 
significantly alter the bacterial quality of these feeds (P=O.OS), an increase 
in either the type and/or number of organisms was shown to be com- 
mensurate with exposure to higher temperatures and longer storage periods 
(Table I). 
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Table I. The effects of temperature (“C) and duration (h) of incubation on the type and 
number (log,,, cfu/g) of organisms present in 24 infant feeds 

Infant Predominani 
feed* organisms 

13 

A+N+P 

II+ '/IN + Pt 

E 

c+o 

1: 

C+N 
D+P 

H+O 
Q 

F 

C+P 

x+0 

R + ‘/,Nl + P-t 

I3 
c + ‘/,Rl 

B. Iicheniformis 
B. sphaericus 
B. licheniformis 
B. sphaericus 
B. ce~eus II 
B. pumihs 
B. cereus I 
B. mycoides 
B. licheniformis 
B. subtilis 
B. lichrn<foo,-mis 
B. cereus I 
B. megatrrium 
B. subtilis 
B. lichenijormir 
B. spharricus 
0. lichm<form~.s 
B. subtilis 
B mycoides 
A. sphaericus 
13. mycoidrs 
B. cewus II 
B. spharricus 
B. megaterium 
IS. licheniformis 
B. licheniformis 
B. CCTCUS II 
B. meguterium 
B. subtilis 
B. pumilus 
B. CCY~US I 
B. polymyxa 
I{. 1ichrniJormis 
B. sphaericus 
l3. circulans II 
B. 1ichrniJormis 
B. (‘CYPUS 1 
B. CeYeus I 
B. CPTPI/S II 
Cocci 
0. lichenifoumis 
B. megaterium 
B. bvwis 
B. lichrniformis 
B. subtilis 
B. cewus II 

Aerobic count of named organisms (log,,, cfu g ‘) 
- 

2 107 25’C 30°C 

Oh Xh 14h Xh 14h 

2~301 2.602 

2G2 2.756 
- - 
- - 
- - 
- - 

2.176 1 
- 2,221 

2.X23 2.875 
- - 
- - 
- - 

2.221 2’000 
- - 

3.716 3.746 
2.452 2.397 
2.000 2.176 

- - 
- - 
- - 
- - 
- - 
- - 

2-000 2.335 
- - 

2.125 2.066 
2~000 2.066 

- - 
2.301 2.176 
2.477 2.221 

- - 
- - 

2.491 2.602 
- - 
- - 

2’000 2,125 
3.176 3.146 

- - 
- - 
- - 

2.125 2.518 
2.301 2.301 

- - 

2,066 
- 

2.544 
- 

2.263 
2,368 
2.845 

- 
- 
- 

2.325 
- 

3.690 
2.452 

- 

- 

2,602 2.845 
2~000 2.447 
2.602 3.398 
2,335 2,653 

- 2.066 
- 2.698 
- 2~000 

2.:135 2.125 2.778 
2,066 2.602 
2.912 3.505 
1,920 3.114 
2.176 2.602 
2.125 2.790 
2.176 2.698 

- 2,125 
3.813 4.716 
2~000 2.602 
2,447 2.845 

- 2’000 

2.oh6 :% 
2.176 2.263 

- 2.066 
- 2.125 

2,125 2402 
2.125 3,000 

- 
2,176 

- 
2&6 2.69X 
2.335 2.740 
2.518 2.903 

- 
2.125 
2.066 

- 
2.301 
2.221 

- 

2.447 3.146 

2.301 
2452 

2.778 
2.643 

2.125 2.633 
- 2.519 - 

2.447 
- 

2.698 3,322 
2.066 3.204 

3% 
- 

2,335 2.973 
3.146 3.579 
3.230 3.708 

- 
2.066 
2.125 

2.000 
- 2.452 

2.447 
- 2.125 

2,602 2.857 

2.301 
3.146 
1.670 

2.176 2.447 
- 2.778 

2.698 2,977 
3.149 .5.041 
2.260 3.25 1 

B. licheniformis 2.447 2,518 
3.146 3.079 

Mean Count (N=24) 1.801 1.742 

8 h 14h 

2,447 3447 
2.125 3.125 
2,740 3.662 
2.452 3.041 
2~000 3.491 

- 2.633 
- 2.263 
- 2,681 

2.653 3.3x0 
2,716 3.3x0 
3~000 3.950 
2.W) 3491 
2.066 3.322 
2.602 3.342 
2,447 3.204 

- 2.452 
4.230 4-03-i 
2.724 3.278 
3,204 4.041 

- 2.225 
- 2.066 

2.176 3.322 
2WO 3.230 

- 2.221 
- 2.335 

2.623 3.204 
2.176 3.51x 
2.447 3.342 
2.778 3.452 
2.602 3.27X 
2.176 

2.732 

3.579 

3.332 
3mo 3,.556 

2,698 3.22.5 
- 2.000 

2.716 3.51x 
2.12.5 

2.301 

3.623 

2~000 

2452 3.544 
3.716 

- 

4,643 

2-477 

2.519 3.8X0 

2,633 

- 2-397 

3.176 
2,613 3.342 
2,452 3.397 
2,778 3.39i 
3.643 5 7 9 2 
2.679 3 .7 5 x 

*The letters represent either the infant formula or supplement analysed and arc dcscrihcd fully in 
Table II. The fraction ‘/, refers to the supplement being employed at half its usual concentration 
t Detection of diarrhoeal entcrotoxin in feeds supporting the growth of B. ccwus I I. 
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Table II. Description of infant formulae and/or supplements analysed during this study 

Product Code Description 

SMA White Cap 
SMA Gold Cap 
Nutrilon Plus 
Premcare 
Generaid Plus 
Monogen 

WYSOY 
Nutramigen 
Pregestimil 
Nutrison Energy Plus 
Elemental 028 
Paediatric Nutrison 
Nestargel 
Carobel 
Maxijul 
Duocal 
Farleys Oster Milk 2 

A 

: 
D 

E 

G 
H 

f 
K 

lb 
N 
0 

6 

Normal brand of infant milk formula 
Normal brand of infant milk formula 
Normal brand of infant milk formula 
Infant formula for premature babies 
Enteral feed for liver disease 
Nutritionally complete feed: high in medium chain 
triglycerides 
Soya formula 
Hydrolysed protein formula 
Hydrolysed protein formula 
High energy, high protein enteral feed 
Elemental formula 
Paediatric enteral feed 
Feed thickener 
Feed thickener 
Glucose polymer 
Glucose polymer and fat calorie supplement 
Normal brand of infant milk formula 

Table III. Number of infant feeds (N = 24) exceeding the recommended total aerobic mesophilic 
count (2 1 O4 cfulg) and/or Bacillus cereus count (2 10’ cfujg) over a 14 h period at a variety 

of incubation temperatures 

Microbiological quality Incubation temperature 

110°C 25°C 30°C 

Oh 8h 14h Oh 8h 14h Oh 8h 14h 

Total aerobic mesophilic count 0 0 0 0 0 3 0 2 5 
( 2 1 o4 cfu/g) * 
Bacillus cereus count 1 1 1 1 2 6 1 2 9 
( 2 1 o3 cfu/g) t 

*Number of infant feeds (N=24) which exceeded the ICMSF recommended total aerobic 
mesophilic count of 1 O4 cfu/g-‘. 
tNumber of infant feeds where B. cereus was isolated (i.e. N=lO) which exceeded the 
ICMSF recommended B. cereus count of lo3 cfu/g-‘. 

Incubation of the feeds at 2 25°C for 2 8 h resulted in an increase in the 
number of feeds containing Bacillus spp., with the emergence of Bacillus 
megaterium, Bacillus circulans II, B. brevis and B. sphaericus which had not 
been previously recovered from earlier samples (P= 0.05). Furthermore, 
B. cereus I and II were isolated from a greater number of feeds and emerged 
as dominant organisms (Figure 1). The addition of glucose polymers and 
fat calorie supplements, thickeners, hydrolysed protein and/or soya to infant 
formulae did not affect the type or number of organisms present (P = 0.05). 
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Predominant organisms detected 

Figure 1. Predominant organisms present in 24 infant formulations incubated over a 14 h 
period at 2 25°C. 

Diarrhoeal exterotoxin was detected after 14 h at < 25°C in three of the 
five feeds which supported the growth of B. cereus II (symbolized by -J in 
Table I). Additional incubation for up to 24 h at 30°C did not lead to an 
increase in the number of feeds containing enterotoxin. However, cultivation 
of five B. ce~eus IT isolates in BHI broth supplemented with 0.25% glucose 
under orbital conditions (250 rpm) at 30°C resulted in four isolates dem- 
onstrating enterotoxin production. 

Discussion 

The microbiological quality of infant feeds analysed within 1 h of pre- 
paration from a Glasgow hospital was superior to that of infant milk 
formulae commercially available in Scotland in 1987, when a preliminary 
survey by the Scotish Food Co-ordinating Committee reported that the 
bacterial quality of dried milk ranged from O-4.5 x 10h cfu/mL.” In a later 
study carried out by Anderton,14 the author reported that milk-based 
powders used in the preparation of nasogastric feeds contained 50-300 cfu 
Bacillus spp./g. These findings are consistent with the quality of dried 
infant formulae examined in other developed countries, where the mean 
total aerobic counts obtained from 26 Italian and 78 Japanese infant 
formulae did not exceed the recommended lo4 cfu/g powder.“‘” 

Becker et al.” reported that of 261 samples of infant food (distributed in 
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17 countries), 54% were contaminated with levels of B. cereus between the 
range of 0.3-6.0 x lo2 cfu/g. In the present study only two infant feeds 
(8.3%) sampled within 1 h of reconstitution contained this organism. The 
microbial flora of the infant formulations are consistent with bacterial 
species isolated by previous researchers, for example Lovell17 and Kwee et 
al.” established that the bacterial flora of powdered milk consists of aerobic 
spore formers, thermoduric cocci and/or Corynebacteria. Veda et al.” also 
showed that the most frequently-isolated organisms from baby formulae 
were B. licheniformis and B. subtilis, followed by B. cereus, B. pumilus, B. 
megaterium, B. circulans and B. coagulans. 

By far the greatest factors influencing the bacteriological quality of each 
infant feed were the type and number of organisms initially present and 
the temperature and duration of incubation (P=OeOS). Pasteurized feeds 
containing approximately lo2 B. cereus cells/g may become unfit for infant 
consumption when subjected to storage at or above 25°C for 8 h after 
reaching levels of 1.4 x lo3 cfu/g. Becker et aZ.6 revealed that reconstituted 
infant formulae containing the same initial concentration of B. cereus may 
reach levels as high as 10’ organisms/g in 7-9 h at 27°C. 

Diarrhoeal enterotoxin was detected in infant formulations that had been 
supplemented with glucose polymers after a 14 h incubation period at or 
above 25°C. One pasteurized feed containing enterotoxigenic B. cereus II 
cells, which was not supplemented with glucose, did not support enterotoxin 
production. By culturing B. cereus II in BHI broth supplemented with 
0.1% (w/v) glucose, Granum et aZ.’ showed that this carbon source was 
important for enterotoxin production. 

Of the aerobic spore-formers isolated from these infant feeds during this 
study, B. subtilis, B. licheniformis, B. pumilus, B. cereus I and II, B. mycoides, 
B. brevis, B. meguterium and B. circulans II, have been previously implicated 
in either food-related illness and/or opportunist infections.“,” 

In conclusion, while the bacteriological quality of 96% of infant feeds 
prepared at the Special Feeding Unit was satisfactory, pasteurization did 
not successfully reduce B. cereus numbers in one feed to a level safe for 
infant consumption. Bacteria in inadequately stored feeds may proliferate 
to unacceptable levels and there may thus be significant production of 
diarrhoeal enterotoxin. The following recommendations should be adhered 
to: infant formulations should be consumed shortly after preparation (within 
4 h), storage of feeds during this period should occur in a properly- 
maintained refrigerator, left over feeds should never be re-used or topped 
up with fresh formula and feeding bottles (and teat) should be thoroughly 
cleaned and sterilized before re-use. 

In order to provide a safe food supply for the developing infant, parents, 
healthcare workers, nursing and medical staff should be informed of 
the microbiological hazards associated with keeping reconstituted infant 
formulae at ambient temperatures for prolonged storage periods. 
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Summary: ‘I-his study was initiated because of an increase in diarrhoeal 
episodes in a ward caring for patients infected with the human im- 
munodeficiency virus (HIV). A n examination of hospital-prepared dietary 
supplements (build-up food) found Bacillus COYPUS to be a potential problem. 
Due in part to inadequate refrigeration conditions (13 +4”C), the microbial 
flora in commercially pasteurized semi-skimmed milk (PSSM) reached po- 
tentially hazardous levels (>lO” cfu/mL). While refrigerated PSSM did not 
support enterotoxin production, reconstitution of build-up polvder in I’SSM 
followed by storage in the I-IIV ward (4 h at 28 k 3°C) resulted in gro\vth of 
H. ccwus (>lO’ cfu/mL) and synthesis of diarrhoeal cnterotoxin. \Vhile 
insufticient epidemiological data was available to cstahlish conclusively a 
causal relationship between patients’ symptoms and source, the study high- 
lights a potential R. cereu~ problem with hospital-prepared dietary sup- 
plements and recommendations arc proposed to prevent this rc-occurrence. 

Keywords: Diarrhoeagenic enterotoxin; Racillzrs CCWUS; hospital-prepared 
dietary supplements; HI\’ patients. 

Introduction 

Immunocompromised individuals, e.g., human immunodeficiency virus 
(HIV) or acquired immunodeficiency syndrome (AIDS) patients,‘,2 and 
those with underlying conditions such as cancer,” trauma,’ central venous 
catheters,’ rheumatoid arthritis,’ are particularly susceptible to food-borne 
bacterial enteropathogens and nosocomial/opportunistic infections.’ For 
these vulnerable groups, the number of enteropathogenic organisms re- 
quired to cause illness may be significantly lower than for those with a 
healthy immune system.‘a2 Thus, the bacteriological quality of hospital- 
prepared foods is of paramount importance. 

Correspondence to: Dr N. J. Rowan, &pal-tment of 13ioscience and Riotechnology, IJnivcrsity of 
Strathrlydc, Royal College Building, 204 C korge St., Glasgow, Scotland, UK. 
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To guard against possible deleterious effects of food-borne, Gram- 
negative enteric bacteria, milk-based products such as infant milk for- 
mulations6 and enteral feeds’ are routinely pasteurized in hospitals, or 
commercially pasteurized milk-based foods are used (e.g., for immuno- 
compromised and other patients requiring a complemented diet of high- 
energy build-up food.* However counts of aerobic spore-forming bacilli 
and of other thermoduric bacteria in these pasteurized foods are little 
affected by pasteurization).“” In general, resident lactic acid bacteria (LAB) 
protect unprocessed milk against the growth of many bacterial pathogens 
by producing antimicrobial metabolic products such as organic acids, 
hydrogen peroxide, lactoperoxidase, C02, ethanol, diacetyl, antibiotics and 
bacteriocins.“” As LAB are heat labile and do not survive pasteurization, 
“’ improper storage of food after pasteurization may allow growth of certain 
enteropathogens and synthesis of toxins.13 

Of particular concern is the occurrence of Bacillus cereus and other 
opportunist pathogenic Bacillus ~pp.~,‘~ Rowan et ~1.~ reported that hospital- 
prepared pasteurized infant milk formulae were contaminated with low 
numbers of these ubiquitous aerobic spore-forming bacteria. While the 
infectious dose of B. cereus is considered to be lo’-10’ cells/mL;‘5”6 
Granum” suggested counts as low as lo’-104/mL could cause concern as 
food intoxication may be caused by ingestion of bacteria which could 
subsequently form enterotoxin in the small intestine. There is insufficient 
evidence, however, to show that B. cereus food intoxication results from 
consumption of pre-formed toxin,‘s or production of toxin by ingested 
bacteria. I6 Here, we present evidence that inadequately refrigerated and 
stored hospital-prepared build-up food can be a source of hazardous levels 
of enterotoxigenic B. ceyeus. 

Materials and methods 

Preparation and transportation of samples 
During two visits to a HIV ward in a Glasgow hospital, triplicate samples 
of the complemented dietary food supplement ‘build-up’ (a high calory 
powder, reconstituted in commercially pasteurized semi-skimmed milk, 
(PSSM), administered orally to patients) were prepared by the hospital 
staff for bacteriological and toxicological analysis. A sachet of lemon and 
lime flavoured build-up powder (BUP,) was blended with 300mL of 
PSSM, (BUP + PSSM). Separate 25 mL samples of PSSM, and 
BUP, + PSSM, were transferred to 30 mL sterile containers. This procedure 
was repeated on the second visit using a different carton of PSSM(PSSM2) 
and a different batch of BUP(BUP2). The blender and polystyrene cup 
were swabbed on each occasion and the swabs were transferred to Amies’ 
transport medium (Oxoid). Duplicate sachets of BUP (with batch numbers 
corresponding to samples prepared by hospital staff) were retained for 
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analysis. Products had not passed their expiry date before sampling. A 
maximum/minimum thermometer was placed in the refrigerator (i.e., where 
PSSM was stored before use). Samples were transported to the laboratory 
in a cooler hag containing ice packs and a maximum/minimum thermometer 
(i.e., temperature maintained at 1 k 3°C). 

Microbiological analysis 
Samples were examined within 1 h of collection and after 4 h at 30°C (i.e., 
simulation of consumption period where food may rest at a ward temperature 
of 2Sk3”C). Enumeration of micro-organisms was carried out using both 
the spread plate method and the spiral plating technique (Spiral plater 
model B, Spiral Systems Inc.). The media used were tryptone soya agar 
(supplemented with 0.6% yeast extract), blood agar base (supplemented 
with 0.7% defibrinated horse blood), nutrient agar (supplemented with 
0.5 mg MnSO,H,O to aid sporulation) and B. cerez~ selective agar (Oxoid 
CM617). Plates were examined at 24 h and after two and three days 
incubation at 30°C. B. ce~eus isolates were identified by the morphological 
and biochemical properties as described by Rowan and Anderson.13 Other 
Bacillus spp. were identified by morphological, physiological and bio- 
chemical tests.x The identity of Bacillus isolates was confirmed using the 
API SO CHB and API 20 E galleries (Biomerieux Ltd., France). Micrococcus 
spp. were identified by morphological and biochemical properties.” 

Detection of diarrhoeagenic enterotoxin 

Foods contaminated with B. cereus were assessed for diarrhoeal enterotoxin 
by the B. cereus enterotoxin-reverse passive latex agglutination assay kit 
(BCET-RPLA TD950; Oxoid)-which has a sensitivity of 4 ng enterotoxin 
per mL’ using a non-turbid, fat free extract obtained with an Omega 
300 kDa molecular weight cut-off polyethersulphone membrane (Filtron 
Technology Corporation). B. ceveus NCTC 11145 and Bacillus Zicheniformis 
NCTC 10341 were used as positive and negative controls. 

Statistical analysis 
Fisher’s exact test was used to compare the total microbial numbers and 
the levels of B. cewus (cfu/mL or /g) in samples obtained from the above 
mentioned materials. All significant differences were reported at the 95% 
level of confidence (P<O.OS). 

Results 

Enterotoxigenic Bacillus cereus in dietary supplements prepared for 
hospitalized HIV patients 
Results of the microbiological examination are listed in Table I. Although 
various bacteria were detected in the BUP samples, numbers were low. 
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Table I. Bacteriological quality of inadequately refrigerated and stored hospital-prepared build- 
up food 

Products analysed Predominant 
organisms 

PSSM, 

BUP, 

BUP, + PSSM, 

PSSMz 

BUPz 

BUP2 + PSSM, 

Micrococcus spp. 
Bacillus subtilis 

Bacillus licheniformis 
Bacillus subtilis 
Bacillus cereus 
(emetic type) 

Micrococcus spp. 
Bacillus subtilis 

Bacillus cereus 
(diarrhoeal type)* 
Bacillus licheniformis 

Bacillus licheniformis 
Bacillus circulans 
Bacillus cereus 
(diarrhoeal type) 
Bacillus sphaericus 

Bacillus cereus 
(diarrhoeal type)* 
Bacillus lichenformis 

Microbial numbers present 
Pxltl WmL or /d 

Initial Analysis after 4 h 
analysis storage at 30°C 

6.26 7.56 
5.74 5.72 

2.42 2.40 
1.30 1.30 
1.11 1.10 

6.38 7.54 
5.75 6.54 

5.86 7.55 

4.63 NDS 
1.95 1.90 
1,49 1.47 
1,30 1.30 

1.34 1.34 

5.86 7.63-f 

4.62 ND-t 

* Diarrhoeagenic strain of B. cereus-as detected with the BCET-RPLA assay kit. 
+ Diarrhoeal enterotoxin detected in food sample. 
$ Organism not detected on BCSA plates at 10 ’ dilution. 
PSSM,, PSSM, Pasteurized semi-skimmed milk, 1 and 2. 
BUP,, BUP2 Build-up powder, 1 and 2. 

Potentially hazardous levels of various bacteria were however recovered 
from both PSSM samples; counts were above the recommended safety 
limit of 2 f 10’ cfu/mL.1° Because of this, the prepared build-up food 
(BUP+PSSM) 1 a so contained unacceptably high levels of bacteria. 

The bacterial flora of most samples was dominated by members of the 
genus Bacillus, as is frequently the case with pasteurized’ and/or powdered 
food products.” B. cereUS (diarrhoeagenic strain) was recovered from 
samples of BUP2 and PSSM, with the latter at high levels, and consequently 
the prepared food (BUP2 + PSSM& was also highly contaminated. Dia- 
rrhoeal enterotoxin was not detected in either PSSMz or BUP,+PSSM, 
on initial examination, but was present in the latter after storage for 4 h at 
30°C at a level of 16 ng/mL (Table I). 

The thermoduric Gram-positive cocci recovered from both PSSM and 
BUP+PSSM belonged to the genus Micrococcus (Table I). As members 
of this genus are generally of little medical significance, the organism was 
not identified further.14 Microbial counts obtained from the blender and 
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‘Ihble I I. Kecommendutions proposed IO improw the hacteviological qualitv of hospital-prepared 
build-up foods 

Sumher Recommendations 

The hospital refrigerator should he maintained at or below 4°C. 
The refrigerator should he serviced and monitored (i.e., maximum/minimum 
thermometer) at regular intervals. 
Items should not he tightly packed in the refrigerator, as this lvill prevent the 
circulation of cold air throughout compartments. 
Opening and closing the refrigerator door should he kept to a minimum. 
All refrigerated foods should he used before their expiry date. 
‘I’hc time hetkvcen food preparation and consumption should he kept to ;I 
minimum.* 
Close attention should he paid to personal hygiene and all preparative equipment 
should he thoroughly cleaned before use. 

polystyrene cup were below the lower detection limit of 10 cfu. The type 
and number of organisms isolated from BUP did not influence the bacterial 
quality of the reconstituted build-up food (PcO.05). The PSSM con- 
taminated with high levels of bacteria (Table I), had been stored under 
inadequate conditions. The refrigerator was operating at approximately 
9°C above the specified temperature of 4°C (i.e. 13 A4”C). On the basis of 
the above findings, a list of recommendations was proposed to reduce 
bacteria1 counts in dietary supplemented foods to an acceptable level (Table 
I I). 

Bacteriological quality of properly refrigerated and stored hospital-prepared 
build-up foods 
The study was repeated one month after the hospital had acted on the 
recommendations proposed in Table II. Microbial numbers in 
BUP, +PSSM, and BUP4+PSSMq were reduced to <IO” cfu/mL, well 
within the acceptable limit for bacteriological quality.“’ Although a dia- 
rrhoeagenic strain of B. cereus was isolated from BUP3, no enterotoxin was 
detected in BUP, + PSSM, after 4 h storage at 30°C (Table III). Although 
epidemiological data was not released by the hospital, the incidence of 
diarrhoeal episodes among HIV patients was reported to be reduced. 

Discussion 

Unacceptably high levels of enterotoxigenic B. CeYeus (>lO’ cfu/mL) were 
detected in hospital-prepared foods (BUP + PSSM). The high microbial 
numbers were attributed in part to the storage of PSSM in an inadequately 
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Table I II. Bacteriological quality of properly refrigerated and stored hospital-prepared build- 
up food 

Products analysed Predominant Microbial numbers present 
organisms (lwl,j cfu/mL or /d 

Initial Analysis after 4 h 
analysis storage at 30°C 

Pasteurized semi- 
skimmed milk (PSSM3) 

Build-up powder 
(BUP,) 

BUPj + PSSM3 

PSSM, 

BUP+ 

BUP, + PSSM, 

Bacillus subtilis 
Bacillus sphaericus 
Bacillus cereus 
(diarrhoeal type)* 

Bacillus licheniformis 
Bacillus megaterium 

Bacillus subtilis 
Bacillus lichenijormis 
Bacillus sphaericus 
Bacillus megaterium 
Bacillus cereus 
(diarrhoeal type)* 

Micrococcus spp. 
Bacillus cereus var mycoides 

Bacillus licheniforrnis 

Micrococcus spp. 
Bacillus cereus var mycoides 
Bacillus licheniformis 

2.28 2.84 
I.50 I.88 
1.18 1.39 

1.74 1.69 
1.47 1.47 

2.30 2.86 
1.69 2.10 
I.50 1.90 
1.43 1.90 
1.12 1.36 

2.87 3.74 
1.30 I.54 

1.55 I.94 

2.86 3.76 
1.30 I.54 
1.60 I.86 

* Diarrhoeagenic strain of B. cereus-as detected with the BCET-RPLA assay kit. 
PSSM,, PSSM, Pasteurised semi-skimmed with 3 and 4 
BUP,, BUPI Build up powder, 3 and 4. 

maintained refrigerator. Particular attention has been drawn to the import- 
ance of both the design and effective operation of refrigerators for the 
prevention of food-poisoning in the domestic environment.20 Similar con- 
siderations must apply with even greater force in hospitals. 

Storage of B. ce~eus contaminated BUP+PSSM for 4 h at 30°C (i.e., 
simulating the consumption period where the food may rest in the ward) 
resulted in growth of this enterotoxigenic strain and synthesis of diarrhoeal 
toxin. Although PSSM did not support toxin production (due in part to 
milk being a poor medium as it has a low free amino acid content and lacks 
glucose),8*24 addition of BUP (which contains glucose) to PSSM allowed 
contaminating B. cereus cells to produce diarrhoeal enterotoxin. Rowan 
and AndersonI recently demonstrated that improperly stored reconstituted 
infant milk formulae supplemented with ~0.1% glucose or maltodextrin also 
supported both growth of B. cereUS and synthesis of diarrhoeal enterotoxin. 

Implementation of the recommendations significantly improved the bac- 
teriological and toxicological quality of hospital-prepared build-up foods 
(P<O*O5). Thus, despite the absence of epidemiological data, diarrhoeal 
episodes among HIV patients may have been caused by the consumption 
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of hospital-prepared build-up food contaminated with enterotoxigenic B. 
cereus cells and/or enterotoxin; and illness induced by the effects of pre- 
formed toxin’x or by growth of B. cereus in the ileum with subsequent 
synthesis of enterotoxin.‘” 

Despite the fact that Bacillus spp. (apart from Bacillus anthracis) isolated 
occasionally from human pathological samples (e.g., blood, cerebrospinal 
fluid, wounds and stools),2’ are often described as ‘inconsequential aerobic 
spore-forming contaminants’ and to be of little clinical significance;‘.’ those 
recovered from hospital-prepared dietary supplements during this study 
(i.e., B. cewus, B. licheniformis, Bucillus subtilis, Bacillus sphaericus and 
Bacillus circulans) have been implicated in food-borne illnessesX and/or 
opportunist infections.‘.‘,22-2’ 

As the number of people infected vvith HIV and AIDS,” is expected to 
reach 40 million by the year 2000,2” far more immunocompromised in- 
dividuals will be admitted to hospital. Indeed HIV and AIDS patients 
already account for more than 50% of adult medical admissions in many 
African national and provincial hospitals.27,2X In view of the immunological 
status of these and other vulnerable groups, the storage and preparation of 
their food is of paramount importance. 

\I!e thank the Scottish Office Home and Health Department for funding this work (I(/ 
lVlRS/SO/C2205). \\:e also thank Dr Irene \\‘atson-Craik for the use of her image analysis 
equipment and to the staff of a Glasgow hospital for their participation in this study. 
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One hundred reconstituted milk-based infant formulae (IMF) representative of 10 leading brands available
in many European Economic Community countries were examined for Bacillus cereus and for the presence of
diarrheal enterotoxin. Sixty-three reconstituted IMF supported growth of the organism after 14 h at 25&C, and
in 4 of these, which contained maltodextrin, enterotoxin was detected. Reconstituted IMF (and basal synthetic
media) supplemented with >0.1% maltodextrin supported both growth of B. cereus and diarrheal toxin
production when incubated for 14 h or more at 25&C.

Reconstituted infant foods are considered to be a food class
of high risk due to the susceptibility of infants to enteric bac-
terial pathogens, their severe response to enterotoxins, and
their increased mortality (14). There is, however, no require-
ment that these foods should be sterile, and many powdered
milk products are subjected only to pasteurization prior to
spray drying (11). Of particular concern is the occurrence of
enterotoxigenic Bacillus cereus in these products; Becker et al.
(2) reported that 54% of 261 samples of infant food examined
(distributed in 17 countries) were contaminated with this or-
ganism, reaching levels of 0.3 to 600 cells g21.
While the infectious dose of B. cereus is considered to be in

the range of 105 to 107 cells ml21 (8), outbreaks of food-borne
illness associated with infants and other vulnerable groups
have been attributed previously to the consumption of foods
containing low numbers of this bacterium, in the range of 103

to 105 cells g21 (6). Fortunately, despite the inherent ability of
B. cereus spores to survive harsh environmental conditions (12)
and the increasing number of food-related illnesses associated
with the consumption of either proteinaceous (13) or farina-
ceous (9) foods containing this organism, the incidence of B.
cereus food poisoning attributable to milk and milk products
remains remarkably low (2). The low incidence of B. cereus
food intoxication from these products may be due in part to
milk being a poor medium for toxin production, as it has a very
low free-amino-acid content and lacks glucose (2, 12). Chris-
tiansson et al. (4) reported however, that milk inoculated with
B. cereus strains showed cytotoxicity in culture supernatant
after periods of storage at different temperatures.
There is insufficient evidence to establish conclusively

whether B. cereus diarrheal-type food intoxication results from
consumption of preformed toxin (1, 12) or from production of
enterotoxin by ingested cells or spores in the ileum (7). How-
ever, all of the studies on the stability of the diarrheal entero-
toxin that are cited in the literature have been performed in
nonfood systems, and recent evidence suggests that this stabil-
ity may be significantly greater when the toxin is preformed in
foods such as milk (1).
Many leading baby food companies now incorporate ingre-

dients of a high calorific value, such as maltodextrin (a deriv-
ative of starch hydrolysis), in infant formula products which are

intended for premature and weaning babies (1, 14). Here, we
present evidence that maltodextrin stimulates growth of B.
cereus in reconstituted infant milk-based formulae (IMF) (and
in basal synthetic media) and synthesis of enterotoxin.
A correlation was made between maltodextrin content

(kindly supplied by Cerestar Gruppo Ferruzzi) and synthesis of
diarrheal enterotoxin by using three diarrheagenic B. cereus II
strains, namely, B. cereus SU11 and SU58, isolated from ana-
lyzed IMF, and B. cereus NCTC 11145, obtained from the
National Collection of Type Cultures. Bacillus licheniformis
NCTC 10341 was used as a negative control for enterotoxin
production. Cultures were grown at 308C and maintained on
nutrient agar (Oxoid Products); they were subcultured every 2
weeks. Fisher’s exact test was used to compare levels of diar-
rheal enterotoxin (in nanograms per milliliter) produced in test
media by B. cereus. All significant differences were reported at
the 95% level of confidence (P , 0.05).
An examination of 100 IMF for B. cereus diarrheal entero-

toxin. One hundred IMF (i.e., products in which the only
protein source was cow’s milk), representative of 10 leading
brands available in many European Economic Community
countries, were analyzed for the presence of B. cereus and for
diarrheal enterotoxin production. Triplicate 25-g IMF samples
were reconstituted in 225 ml of sterile water at 568C (60.28C)
by shaking 25 times through an excursion of 30 cm and were
then incubated at 25 and 308C for periods up to and including
24 h. Samples were spread and spiral plated (Spiral plater
model B, Spiral Systems Inc.) onto tryptone soy agar (supple-
mented with 0.6% yeast extract), blood agar (supplemented
with 0.7% defibrinated horse blood), nutrient agar (supple-
mented with 0.5 mg of MnSO4H2O liter

21 to aid sporulation),
and B. cereus selective agar (Oxoid Products) and were incu-
bated for up to 72 h at 308C. B. cereus isolates were identified
by establishing the following morphological and biochemical
properties: positive Gram and catalase reactions; cell width
(.1 mm) and length (.3 mm) (Solitaire 512 Image Analyzer;
Seescan Plc); motility and lecithovitellin/lecithinase produc-
tion; b-hemolytic reaction and gross colony morphological ap-
pearance (millimeters); an ellipsoidal endospore, centrally or
subterminally positioned with nondistention of the sporangi-
um; hydrolysis of starch, casein, and gelatin; and growth in the
presence of 7.5% NaCl or 0.001% lysozyme. The identity of
each isolate was confirmed by using the API 50 CHB and API
20 E galleries (Biomérieux Ltd.).
Infant foods contaminated with B. cereus were assessed for

the presence of diarrheal enterotoxin with the B. cereus enter-

* Corresponding author. Mailing address: Department of Bioscience
and Biotechnology, University of Strathclyde, Royal College Building,
204 George St., Glasgow, Scotland. Phone: 0044 41 552 4400, ext. 2085.
Fax: 0044 41 553 1161. E-mail: n.j.rowan@pop-hub.strath.ac.uk.
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otoxin-reverse passive latex agglutination assay kit (BCET-
RPLA TD950; Oxoid) after a nonturbid, fat-free extract was
initially obtained via the Filtron stirred cell ultrafiltration sys-
tem fitted with an Omega 300-kDa cutoff polyethersulfone
membrane (Filtron Technology Corporation). B. cereus iso-
lates producing enterotoxin after overnight cultivation in brain
heart infusion (BHI) broth supplemented with 0.1% glucose
(BHIG) at 308C were designated as potentially enterotoxi-
genic.
B. cereus was detected in 17 IMF examined immediately

after reconstitution at levels up to 4.8 3 102 CFU g21 (mean,
1.3 3 102 CFU g21); only 6 (35.3%) of these contained the
enterotoxigenic form of this organism (Table 1). Diarrheal
enterotoxin, however, was not detected in any dried IMF prod-
uct. In agreement with other studies (2, 12), these experiments
demonstrated that the dried IMF available in many European
Economic Community countries is of acceptable bacteriologi-
cal quality, having B. cereus counts lower than the safety limit
of 103 CFU g21 proposed by the Association of Dietetic Food
Industries of the European Community (data not shown) (2).
Subsequent reconstitution and storage resulted in 63 infant
foods containing this organism, where 6 products contained
both B. cereus I and II (Table 1). Of the 38 IMF supporting
growth of B. cereus II (of which 10 isolates were shown to be
enterotoxigenic after cultivation in BHIG), diarrheal entero-
toxin was detected in only 4 formulations after 14 h at $258C
(Table 1). The level of enterotoxin in cultured IMF varied over
the range of 16 to$124 ng ml21, where the reported sensitivity
of the BCET-RPLA test in detecting this enterotoxin is 2 ng
ml21 (3). All four infant formulations supporting enterotoxin
production contained maltodextrin (three also had lactose),
while the six toxin-free baby foods containing enterotoxigenic
B. cereus II had lactose as their sole carbohydrate source.

These studies showed that improperly stored IMF containing
maltodextrin may pose a threat to consumer safety, as they may
be contaminated with diarrheagenic B. cereus capable of both
growth and enterotoxin production in these products.
Effect of maltodextrin on growth of B. cereus and synthesis

of diarrheal enterotoxin. To confirm the possible link between
maltodextrin and stimulation of diarrheal enterotoxin produc-
tion, additional studies, using three enterotoxigenic B. cereus II
isolates (i.e., B. cereus SU11, SU58, and NCTC 11145) and a
nonenterotoxigenic B. licheniformis, NCTC 10341, were car-
ried out. After an initial 24-h cultivation period at 125 rpm in
BHI broth at 308C, each test organism was washed three times
in phosphate-buffered saline (0.01 M sodium phosphate [pH
7.2]–0.15 M NaCl) and centrifuged at 11,500 3 g for 10 min at
48C (Microcentaur MSE). Decimal serial dilution of the sus-
pended cells was carried out in phosphate-buffered saline, and
a 1-ml sample of the 1024 dilution was inoculated into either
basal synthetic media or tyndallized IMF test media to give an
initial cell count of 10 to 100 cells ml21.
Inoculated basal synthetic media (pH 7.2) and tyndallized

IMF test media, supplemented with 0.01, 0.1, 1.0, or 3.52%
filter-sterilized maltodextrin, glucose, or lactose, were incu-
bated for 14 and 24 h at 258C. Confirmation that each test
sugar had passed through the 0.45-mm-pore-size membrane
filter (Millipore) was achieved by carrying out separate sugar
assays with a 10% stock solution of each sugar before and after
filtration. Following cultivation at 258C, filtrates obtained from
the test cultures (via the Filtron stirred cell ultrafiltration sys-
tem) were examined for the number of cells present (CFU per
milliliter) and for the presence of enterotoxin as described
earlier. Reconstituted IMF used in these enterotoxin studies
were tyndallized to sterility prior to supplementation with the
above-mentioned sugars.
Basal synthetic media (Table 2) and reconstituted IMF (Ta-

ble 3) supplemented with $0.1% maltodextrin both supported
growth of B. cereus SU11, SU58, and NCTC 11145 and stim-
ulated diarrheal enterotoxin production (Tables 2 and 3).
Higher levels of enterotoxin (in nanograms per milliliter) were
produced in basal synthetic media containing 1% maltodextrin
or glucose (Table 2) and in reconstituted IMF containing 1.6%
maltodextrin (Table 3) than in media containing either higher
or lower concentrations of these sugars. While lactose sup-
ported growth of each test culture, no enterotoxin was pro-
duced in these cultured media (Tables 2 and 3). IMF used in
these toxin studies either contained or were supplemented with
infant formula-grade maltodextrin at levels normally found in
certain brands of these products (Table 3). It was not unex-
pected that maltodextrin (a derivative of starch hydrolysis) had
the potential to stimulate diarrheal enterotoxin production, as

TABLE 1. Influence of duration of storage at $258C on number of
reconstituted IMF contaminated with B. cereus strains, with or

without diarrheal enterotoxin

Duration of
storage (h)

No. of IMF contaminated with:a

B. cereus I B. cereus II Diarrheagenic
B. cereus II

Diarrheagenic
B. cereus II and
diarrheal toxin

0 10 7 6 0
8 30 34 10 0
14 31 37 10 4
24 31 38 10 4

a One hundred IMF were examined for B. cereus and for the presence of
diarrheal enterotoxin.

TABLE 2. Diarrheal enterotoxin production by B. cereus strains at 308C in basal synthetic media containing different carbohydrate sources

Test organism

ng of enterotoxin ml21a (no. of cellsb) in basal media containing:

Maltodextrin Glucose Lactose

3.52% 1.0% 0.1% 0.01% 3.52% 1.0% 0.1% 0.01% 3.52% #1.0%

B. cereus SU11 2 (7.01) 32 (7.23) —c (6.81) — (6.75) 2 (7.24) 32 (7.08) — (6.89) — (6.79) — (7.06) — (6.98)
B. cereus SU58 4 (6.91) 32 (7.20) 2 (6.86) — (6.78) 4 (7.26) 32 (7.29) 2 (6.97) — (6.87) — (6.98) — (6.92)
B. cereus
NCTC 11145

4 (7.04) 32 (7.18) 4 (7.01) — (6.92) 8 (7.36) 32 (7.18) 4 (7.08) — (6.98) — (7.01) — (6.98)

B. licheniformis
NCTC 10341

— (6.80) — (6.78) — (6.61) — (6.38) — (6.85) — (6.78) — (6.66) — (6.49) — (6.68) — (6.61)

a Detected by the BCET-RPLA system.
bMeasured as log10 CFU per milliliter.
c—, no toxin detected.
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starch has been shown previously to be a suitable carbohydrate
source for both growth of B. cereus and subsequent diarrheal
toxin production (5).
Despite worldwide occurrence of diarrheagenic B. cereus in

milk, there are remarkably few reports of food intoxication in
which this organism was implicated as the etiological agent (2,
12). While the mechanism of B. cereus diarrheal-type food
poisoning remains unclear, one factor contributing to this low
incidence is the unsuitability of milk as a medium for entero-
toxin production, as it lacks glucose and free amino acids (12).
This study has shown that B. cereus occasionally contaminated
dried IMF at acceptably low levels and should not present a
health problem to the consumer population if IMF is recon-
stituted under hygienic conditions and consumed within 4 h of
preparation. However, improperly stored formulations con-
taining maltodextrin may pose a threat to consumer safety, as
they may be contaminated with diarrheagenic B. cereus capable
of both growth and diarrheal toxin production in these prod-
ucts. By supplementing IMF with maltodextrin in order to
enhance the nutritive value of this product (2), food companies
may have unwittingly produced a suitable environment in
which improperly stored infant foods containing diarrheagenic
B. cereus may produce enterotoxin.

We thank the Scottish Home and Health Department for funding
this research (K/MRS/50/C2005).
We also thank Irene Watson-Craik (Department of Bioscience and

Biotechnology, University of Strathclyde) for the use of her image
analysis equipment and George Gettinby (Department of Statistics
and Modelling Science, University of Strathclyde) for his assistance
with the statistical analysis.
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TABLE 3. Diarrheal enterotoxin production by B. cereus strains in a variety of commercially available IMF containing or
supplemented with maltodextrin

IMF (% maltodextrin)
ng of enterotoxin ml21a produced (no. of cellsb) in test media

B. cereus SU11 B. cereus SU58 B. cereus NCTC 11145 B. licheniformis NCTC 10341

A (3.78) 16 (7.37) 32 (7.29) 64 (7.36) —c (6.90)
B (1.6) 32 (7.32) 64 (7.27) $128 (7.37) — (6.90)
C (3.52) 32 (7.39) 64 (7.28) 64 (7.34) — (6.88)
D (0) — (7.29) — (7.27) — (7.30) — (6.86)
D1d (3.52) 32 (7.30) 64 (7.30) 64 (7.32) — (6.86)
E (0) — (7.22) — (7.25) — (7.31) — (6.90)
E1 (1.6) 32 (7.28) 64 (7.26) $128 (7.32) — (6.91)

a Detected by BCET-RPLA assay in fat-free IMF extract.
bMeasured as log10 CFU per milliliter.
c—, no toxin detected.
d 1, composition of original infant formulations altered by the addition of maltodextrin.
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Diarrhoeal enterotoxin production by psychrotrophic
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N.J. ROWAN AND J.G. ANDERSON. 1998. One hundred reconstituted milk-based infant
formulae (MIF) representative of 10 leading brands available in many European Economic
Community countries were examined for psychrotrophic Bacillus cereus and for the
presence of diarrhoeal enterotoxin. Of the 38 B. cereus isolates recovered from
MIF, one, four and 16 strains grew at 4, 6 and 8 °C after 15 d. One (2·6%), two (5·3%)
and six (15·8%) of the isolates were identified as potential psychrotrophic food
poisoning strains as they were both enterotoxigenic and exhibited good growth at 4, 6
and 8 °C, respectively. Enterotoxin was not detected in MIF in which less than 5·36 log10 cfu
of B. cereus ml−1 had grown. While psychrotrophic enterotoxigenic B. cereus strains
occur occasionally in MIF, brief storage of reconstituted MIF at the recommended
refrigeration temperature of 4 °C will allow this product to remain safe for consumption.

INTRODUCTION enterotoxin production abilities in refrigerated foods (Inter-
national Dairy Federation 1992). There is insufficient evi-

Bacillus cereus, a ubiquitously distributed aerobic spore-
dence to establish conclusively whether B. cereus diarrhoeal-

former, tolerates adverse environmental conditions better
type food intoxication results from consumption of preformed

than most other bacterial pathogens (Rowan 1996). Becker et
toxin (Baker and Griffiths 1995) or from production of

al. (1994) reported that 54% of 261 samples of infant food
enterotoxin by ingested cells or spores in the ileum (Granum

distributed in 17 countries was contaminated with B. cereus,
et al. 1993b). However, all of the studies on the stability of

reaching levels of 0·3–600 viable cells g−1. Also, Rowan et al.
the diarrhoeal enterotoxins that are cited in the literature have

(1997) demonstrated that hospital prepared infant food may
been performed in non-food systems, and recent evidence

be contaminated with enterotoxigenic B. cereus at levels above
suggests that this stability may be significantly greater when

the Association of Dietetic Food Industries of the European
the toxin is preformed in foods such as milk (Baker and

Communities (IDAEC) proposed safety limit of 103 cfu ml−1.
Griffiths 1995). The existence is reported here of psychro-

To guard against possible deleterious effects of food-borne
trophic strains of B. cereus capable of growth and enterotoxin

Gram-negative enteric bacteria, hospitals are routinely pas-
production in reconstituted milk-based infant formulae.

teurizing many milk-based products (Anderton 1993). Sev-
eral researchers have shown, however, that counts of aerobic
spore-forming bacteria in these pasteurized foods are little
affected by this thermal process (Rowan 1996). MATERIALS AND METHODS

Observations that psychrotrophic B. cereus strains have
been implicated in outbreaks of food-related illness (Turner Strains
et al. 1996) and are capable of producing toxins (Christiansson

Bacillus cereus NCTC 11145 and B. licheniformis NCTCet al. 1989 ; Griffiths 1990 ; van Netten et al. 1990 ; Granum
10341, obtained from the National Collection of Typed Cul-et al. 1993a), have raised concern about their growth and
tures, were used as positive and negative control strains for
diarrhoeal enterotoxin production respectively. CulturesCorrespondence to : Dr N. J. Rowan, Department of Bioscience and
were grown at 30 °C and maintained on Nutrient Agar ; theyBiotechnology, University of Strathclyde, Royal College Building, 204 George

Street, Glasgow G1 1XW, UK. were subcultured every 2 weeks.

© 1998 The Society for Applied Microbiology
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162 N.J. ROWAN AND J.G. ANDERSON

Preparation of infant powder samples rhoeagenic B. cereus NCTC 11145 and atoxigenic B.
licheniformis NCTC 10341 were used as positive and negative

One hundred milk-based infant formulae products (MIF),
controls, respectively. The starting inoculum (reflecting B.

representative of 10 leading brands available in many Euro-
cereus counts obtained occasionally from dried MIF products

pean Economic Community countries, were purchased and
(Rowan 1996)) was achieved by inoculating MIF with a

examined for the presence of B. cereus and for diarrhoeal
spectrophotometrically (A600) adjusted (Shimadzu uv-120-

enterotoxin. Triplicate 25 g MIF samples were reconstituted
02; Shimadzu Corporation, Kyoto, Japan) spore suspension

in 225 ml of sterile water at 56 °C (20·2 °C) by shaking 25
prepared in phosphate buffered saline (PBS, 0·01 mol l−1

times through an excursion of 30 cm and were then incubated
sodium phosphate pH 7·2, 0·15 mol l−1 NaCl), where the test

at 30 °C for periods up to and including 24 h.
strains and isolates had been harvested from a 72 h culture
grown at 30 °C on NAMS. Before MIF inoculation, the PBS
cell/spore suspension was tempered in a waterbath (TechneBacteriological analysis
Tempette Junior TE-8J; Techne Inc., Princetown, USA) at

Milk-based infant formulae samples were spread and spiral 70 °C for 10 min (simulating the water temperature used
plated (Spiral plater model B, Sprial Systems Inc., Don occasionally to reconstitute infant powder in the home
Whitley Scientific, Ltd, Shipley, UK) onto Tryptone Soya (Rowan 1996)) to eliminate vegetative cells. Microbial num-
Agar (supplemented with 0·6% yeast extract), Blood Agar bers in the feeding bottles were confirmed by plating (1 : 10)
Base (supplemented with 0·7% defibrinated horse blood), dilutions on NAMS plates that were then incubated at 30 °C
Nutrient Agar (supplemented with 0·5 mg of MnSO4H2O for 48 h.
l−1 to aid sporulation) (NAMS), and B. cereus Selective Agar
(Oxoid, Basingstoke, UK) and incubated for 72 h at 30 °C.

Detection of diarrhoeal enterotoxin in MIF samplesBacillus cereus isolates were identified and confirmed by estab-
lishing certain key morphological and biochemical charac- Milk-based infant formulae seeded with B. cereus were
teristics as described in Rowan et al. (1997). assessed for the presence of diarrhoeal enterotoxin, with the

BCET-RPLA assay kit, after a non-turbid, fat-free extract
was initially obtained via the Filtron stirred cell ultrafiltrationDetection of diarrhoeagenic B. cereus strains
system fitted with an Omega 300 kDa cut-off polyether-

After overnight cultivation of B. cereus isolates in Brain Heart sulfone membrane (Filtron Technology Corporation;
Infusion broth supplemented with 0·25% filter-sterilized glu- Flowgen, Lichfield, UK).
cose (BHIG) at 30 °C for 18 h on a rotary shaker (250 rev
min−1), duplicate 1 ml samples were examined in diar-

Statistical analysisrhoeagenic properties via the B. cereus enterotoxin—reverse
passive latex agglutination assay kit (BCET-RPLA TD950; Fisher’s exact test was used to compare levels of diarrhoeal
Oxoid) as described in Rowan and Anderson (1997). Bacillus enterotoxin (ng ml−1) and/or microbial numbers (cfu ml−1)
cereus isolates producing enterotoxin after cultivation in in MIF. All significant differences were reported at the 95%
BHIG were designated as potentially enterotoxigenic. levels of confidence (P³ 0·05).

RESULTS AND DISCUSSIONGrowth of B. cereus isolates in MIF at
psychrotrophic temperatures

Thirty-eight diarrhoeal-type B. cereus isolates were recovered
from the 100 MIF products analysed, of which only 10Milk-based infant formulae used to study growth profiles as

affected by temperature of incubation were pre-tempered for (26·3%) isolates were designated as potentially entero-
toxigenic, producing varying levels of enterotoxin in BHIGat least 24 h at the temperature used in the challenge. Trip-

licate pre-cleaned and sterilized infant feeding bottles con- after 18 h at 30 °C (results not shown). van Netten et al.
(1990) reported that 8% of 483 pasteurized milk samplestaining 250 ml of tyndallized Farleys second milk (a milk-

based infant formula containing maltodextrin shown pre- were positive for B. cereus, with approximately half of the
isolates capable of growth at 7 °C.viously to support diarrhoeal enterotoxin production (Rowan

and Anderson 1997)), were seeded with approximately 102 B. This study showed that of the 38 B. cereus isolates seeded
in MIF at low temperatures, one (2·6%), two (5·3%) and sixcereus spores ml−1 and were then incubated at 4, 6, 8 and

30 °C (a control temperature for toxin production) for periods (15·8%) isolates were identified as potential psychrotrophic
food poisoning strains as they were both diarrhoeagenic andup to and including 15 d.

The study was done in triplicate and the incubation tem- exhibited good growth at 4, 6 and 8 °C, respectively (Table 1).
Enterotoxin was detected sooner in MIF incubated at higherperatures varied less than 0·5 °C throughout the study. Diar-

© 1998 The Society for Applied Microbiology, Letters in Applied Microbiology 26, 161–165
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TOXIN PRODUCTION BY PSYCHROTROPHIC B. CEREUS IN MIF 163

Table 1 Bacillus cereus isolates supporting diarrhoeal enterotoxin production and/or growth in reconstituted milk-based infant formulae
(MIF) after 15 days at ¾8 °C and 2 days at 30 °C
—––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

ng of enterotoxin ml−1* (no. of cells†) in MIF
—–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Incubation temperature (°C)
—–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Strains Source of strains 4 6 8 30
—––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
SU02/95 SMA white cap —‡ — (5·75) — (7·98) — (8·17)
SU03/95 Nutrilon plus — (4·76) 13 (6·52) 43 (7·37) 171 (7·48)
SU11/95 Nutrilon premium — — 32 (8·08) 213 (8·00)
SU27/95 Nutrilon premium — — — (7·46) — (7·78)
SU30/95 Milupa milumil — — 96 (7·80) 226 (8·04)
SU36/95 Milupa milumil — — — 128 (7·96)
SU38/95 SMA gold cap — — — (7·64) — (7·58)
SU46/95 Nutrilon plus — — — 213 (8·08)
SU48/95 Milupa aptamil — — — (6·45) — (7·76)
SU53/95 Nutrilon plus — — — 64 (7·37)
SU58/95 Farleys first milk — — — (5·88) — (7·48)
SU62/95 Nutrilon premium — — 107 (7·28) 192 (7·56)
SU70/95 Milupa aptamil — — — (7·77) — (7·80)
SU99/95 Farleys second milk — 3 (6·25) 96 (7·91) 64 (7·84)
SU108/96 Nutrilon plus — — — (6·04) — (8·08)
SU109/96 SMA white cap — — — 132 (7·67)
SU114/96 SMA white cap — — (6·37) — (7·57) — (8·08)
SU123/96 Nutrilon premium — — — (7·42) — (7·45)
SU125/96 Farleys first milk — — 16 (6·78) 128 (7·85)
SU126/96 SMA gold cap — — — (8·17) — (8·08)
11145 NCTC — — — 64 (7·37)
Bacillus licheniformis NCTC — — — —
(10341)
—––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

* Detected by the BCET-RPLA system, where values are averages of three replicate trials.
† Measured as log10 cfu ml−1, where counts are averages of three replicate trials.
‡ No significant growth (P ³ 0·05) or enterotoxin detected.

temperatures, where tests became positive after 23 d at 4 °C, stiansson et al. 1989 ; Griffiths 1990 ; van Netten et al. 1990 ;
Granum et al. 1993a), and convenience meals (Griffiths 1990 ;15 d at 6 °C and 10 d at 8 °C (Table 2). However, enterotoxin

was not detected until B. cereus populations reached 5·36 log10 Beuchat et al. 1997) at or near refrigeration temperatures.
These strains are causing increasing concern in the foodcfu ml−1. This appears to be in agreement with the infective

dose proposed by Kramer and Gilbert (1989), where the industry as they have been implicated in a number of food
poisoning incidents (van Netten et al. 1990). Granum et al.authors stated that at least 105 cfu ml−1 (g−1) were necessary

to cause illness. In an outbreak of B. cereus gastroenteritis (1993a) demonstrated that 6% of 85 strains of psychrotrophic
B. cereus (isolated from Norwegian dairy products) werelinked to the consumption of stew, the estimated infective dose

was 104–105 cfu g−1 (Beuchat et al. 1997). enterotoxigenic, while Christiansson et al. (1989) showed
that 75% of 136 B. cereus isolates produced an extracellularWhile typical environmental isolates of B. cereus do not

normally grow at temperatures below 10 °C (Granum et al. verocytotoxin when grown in milk or whipped cream at 8 °C.
In conclusion, as infant foods are considered to be a food1993a), other research groups have recently reported the

existence of psychrotrophic strains capable of diarrhoeal class of high risk due to the susceptibility of infants to enteric
bacterial pathogens, their response to enterotoxins andenterotoxin production in microbiological media (Chri-

stiansson et al. 1989 ; Griffiths 1990), dairy products (Chri- increased mortality (International Dairy Federation 1992),

© 1998 The Society for Applied Microbiology, Letters in Applied Microbiology 26, 161–165
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Table 2 Titres of diarrhoeal
enterotoxin produced in
reconstituted MIF inoculated with
spores of Bacillus cereus and
incubated for up to 15 days at 4, 6
and 8 °C

—–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

ng of enterotoxin ml−1* (no. of cells†) in MIF at
incubation time (days)

Incubation —––––––––––––––––––––––––––––––––––––––––––
Strains temperature (°C) 3 6 10 15
—–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
SU03/95 4 — — (2·65) — (3·52) — (4·76)§

6 — — (3·36) — (4·93) 13 (6·52)
8 — (2·86) — (4·22) 5 (5·91) 43 (7·37)

SU11/95 4 — — — —
6 — — — —
8 — (2·94) — (4·42) 3 (6·26) 32 (8·08)

SU30/95 4 — — — —
6 — — — —
8 — (2·60) — (3·90) — (5·65) 96 (7·80)

SU62/95 4 — — — —
6 — — — —
8 — — (3·45) — (5·45) 107 (7·28)

SU99/95 4 — — — —
6 — — (3·08) — (4·60) 3 (6·25)
8 — (3·00) — (4·50) 13 (6·35) 96 (7·91)

SU125/96 4 — — — —
6 — — — —
8 — — (3·18) — (5·17) 16 (6·78)

NCTC 11145 4 — — — —
6 — — — —
8 — — — —

—–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

* Detected by the BCET-RPLA system, where values are averages of three replicate
trials.
† Measured as log10 cfu ml−1, where counts are averages of three replicate trials.
‡ No significant difference (P ³ 0·05) or enterotoxin produced.
§ 16 ng of enterotoxin ml−1 detected after 23 days at 4 °C.

Beuchat, L.R., Clavero, M.R.S. and Jaquette, C.B. (1997) Effectsimproper cold storage of infant formulations may pose a
of nisin and temperature on survival, growth and enterotoxinthreat to consumer safety as the products may be con-
production characteristics of psychrotrophic Bacillus cereus intaminated with psychrotrophic B. cereus capable of both
beef gravy. Applied and Environmental Microbiology 63, 1953–growth and enterotoxin production in these products.
1958.
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ABSTRACT

Reconstituted infant milk formulas are considered a food class of high risk because of the susceptibility of the infant
population to enteric bacterial pathogens, severeresponseto enterotoxins, and increasedmortality. Twenty infant feeding bottles,
contaminated with different levels of enterotoxigenic Bacillus cereus,were subjected in triplicate to a variety of commonly used
cleaning and disinfecting procedures. Although thorough cleaning reduced microbial numbers, it did not remove all B. cereus

present. Three commercially available disinfection procedures (i.e., one chemical and two thermal) successfully eliminated this
organism when the level of contamination was <105 organisms ml-I• However, the chemical disinfection method failed to
eliminate enterotoxigenic B. cereus totally at potentially hazardous contamination levels (i.e., :2:105organisms ml-1) that may be
encountered under storageabuseconditions in the home.

Infant populations are highly vulnerable to foods con-
taminated at low levels with enteric bacterial pathogensand
their toxins, in part because of their immature immune
system (13). Infant foods have been implicated occasionally
as the etiological agents in a number of food-related
illnesses (8, 15). Numbers of Salmonella spp. in infant milk
formulas (IMF) implicated in previous foodborne outbreaks
were very low, e.g., in the 1985 UK outbreak only three
Salmonella ealing cells kg-I were present (23).

Bacillus cereus, an occasional contaminant of dried
infant milks, tolerates adverse environmental conditions
better thanmost other bacterial enteropathogens(14). Becker
et al. (3) reported that 54% of 261 samples of infant food
distributed in 17countries were contaminated with diarrhea-
genic B. cereus, reaching levels of 0.3-600 viable cells g-l.
When samples contaminated with approximately 100 cells
ml-1 were reconstituted and incubated at 27°C, levels of 105

ml-1 were reached in 7-9 h. Rowan et al. (22) demonstrated
that hospital-prepared infant food may be contaminated with
diarrheagenic B. cereus at levels above the Association of
Dietetic Food Industries of the European Communities
(IDAEC) proposed safety limit of 103 colony-forming units
(CFU)g-l. In general, growth of enteric microbial pathogens
in unprocessedmilk is inhibited by the antagonistic action of
resident lactic acid bacteria (LAB) (5,18). BecauseLAB do
not survive the spray-drying process, however (16, 17),
contaminating deleterious organisms may proliferate in
reconstituted baby foods under improper storageconditions
(21-23).

Although the infectious dose of B. cereus is considered
to be 105_107cells ml-1 (10), outbreaks offoodborne illness

* Author for correspoudeuce. Tel: 0044 141 5524400, ext. 2531; Fax: 0044
141 553 1161; E-mail: u.j.rowan@pop-hub.strath.ac.uk.

associatedwith infants have been attributed to consumption
of foods containing 103_105cells g-l (9). Granum et al. (11)
suggestedthat the food industry should be concerned with
levels as low as 103-104 ml-1 of food because food
intoxication may be causedby ingestion of B. cereuscells or
spores that may subsequently form enterotoxins in the
ileum. In Norway, B. cereuswas the most common causeof
foodborne outbreaks in 1990 (1).

Donovan (6) showed that the main source of B. cereus
contamination of raw milk obtained from creameries was
derived chiefly from emptied cansthat were allowed to stand
for long periods before washing. The author suggestedthat
vegetative cells of B. cereus readily formed spores in thin
films of diluted milk in the rinsed cans. Hypochlorite
disinfectants (e.g., Milton solution) are inactivated by food
debris, organic matter, and catonic detergents (2); Hobbs
and Roberts (12) showed that traces of milk remaining in
baby bottles after careless washing totally inactivated 200
ppm available chlorine (i.e., the maximum amount recom-
mended for disinfection). Other researchers showed wide
variations in B. cereus spore thermal resistance, e.g., DlOO°C
values ranged from 0.3 to 11.2min in milk (14), which may
play an important role in determining the efficacy of many
commercially available thermal baby bottle disinfection
procedures.

The principle objectives of this researchwere to deter-
mine the efficacy of commonly used cleaning and disinfec-
tion procedures on the removal of enterotoxigenic Bacillus
cereus from infant feeding bottles subjected to periods of
storageabusewhich may occur in the home.

MATERIALS AND METHODS

Bacterial culture. The efficacy of infant feeding bottle

cleaning and disinfection procedures was evaluated by use of B.
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cereus NCTC 11145, a diarrheagenic strain obtained from the
National Collection of Typed Cultures. The diarrheagenic capabil-
ity of this strain was previously demonstrated in reconstituted IMF
(20), in which enterotoxin produced was detected with the B.
cereus enterotoxin-reverse passive latex agglutination (BCET-
RPLA) assay kit (Oxoid). Cultures were grown at 30°C and
maintained on nutrient agar no. 2 (Oxoid Product); they were
subcultured every 2 wk.

Infant feeding bottle cleaning procedures. Twenty pre-
cleaned and sterilized infant feeding bottles containing 250 ml of
milk-based infant formula (in which 25 g of infant milk powder
was reconstituted in 225 ml of sterile water at 56 ± 0.2°C, shaken
25 times through an excursion of 30 cm, and then tyndallized to
sterility) were seededwith approximately 102B. cereussporesml-1

and then storedat 25°C for periods of up to 18h (simulating storage
abuse conditions that may occur in the home). Tyndallization
consists of heating IMF on three successivedays at 100°C for 30
min and leaving it at storage temperatures during the intervening
times, during which sporescan germinate so that resulting vegeta-
tive cells will be killed by the following period of heating at 100°C
(19). The study was performed in triplicate. The starting inoculum
was achieved by inoculating IMF with a spectrophotometric ally
(A600) adjusted (Shimadzu uv-120-02) spore suspension prepared
in phosphate-buffered saline (PBS; O.OIM; sodium phosphate, pH
7.2; 0.15M NaCl), in which B. cereus had been harvested from a
72-h culture grown at 30°C on nutrient agar no. 2 supplemented
with 0.5 mg of MnS04H20 1-1 to aid sporulation (NMSA). Before
IMF inoculation, the PBS cellfspore suspensionwas heat-treated in
a water bath (TechneTempette Junior TE-8J) at 65°C for 30 min to
eliminate vegetative cells. Microbial numbers in the feeding bottles
were confirmed by plating (1: 10) dilutions onto NMSA plates that
were then incubated at 30°C for 48 h.

Simulating the range of "after-use" situations that may be
encountered in the home, the seededbaby bottles were subjected to
the following range of commonly used handling procedures: (i)
emptied of milk, (ii) emptied of milk and rinsed three times in
warm water containing household detergent, and (iii) emptied of
milk, washed, and brushed thoroughly in warm water containing
household detergent (care was taken to ensure that all visible milk
deposits were removed). In the subsequenttext, baby bottlestreated
with these procedures are referred to as uncleaned, partially
cleaned, and thoroughly cleaned, respectively.

The extent to which B. cereusremained in thesetreatedbottles

was determined by filling each bottle with 250 ml of tyndallized

IMF; the bottles were then shaken25 times through anexcursion of

30 cm before enumeration (to avoid ambiguity, IMF used as a

bottle wash is referred to as IMF*). Microbial numbers were

determined immediately after cleaning by spreadand spiral plating

(Spiral Plater Model B, Spiral Systems Inc.) duplicate samples of

IMF* bottle wash onto B. cereus selective agar (BCSA). Plates

were incubated aerobically at 25°C for 48-72 h. The identity of

three representative cultures obtained on BCSA was confirmed by

establishing the following morphological and biochemical proper-

ties: positive gram and catalasereactions, cell width (> 1 !JIll) and

length (>311m),motility and lecithovitellinllecithinase production,

~-haemolytic reaction and gross colony morphological appearance

(millimeters), and an ellipsoidal endospore, centrally or subtermi-

nally positioned with nondistention of sporangium and characteris-

tic API 50 CHB and API 20 E biochemical reaction profiles

(Biomerieux Ltd.).

Infant feeding bottle disinfection methods. The following

commercially available disinfection methods were tested: (i)

feedtime steam sterilization (Boots), a thermal method in which

feeding bottles were automatically steamed at 100°C for 15 min,

(ii) microwave feedtime bottle steam sterilization (Boots), a

thermal method in which bottles were placed in a sterilizing unit

and steamed at 100°C in a microwave oven (Toshiba ER-686.E/

EW) for 9 min, and (iii) complete baby feedtime sterilization

(Boots), a chemical method in which bottles were immersed in 125

ppm sodium hypochlorite for 90 min. Thesemethods arereferred to

as steam, microwave, and chemical, respectively, in Tables I, 2,

and 3.
Thesedisinfection methods were carried out following details

outlined in the manufacture's instructions. To examine the efficacy

of each disinfection method, uncleaned, partially cleaned, and

thoroughly cleaned feeding bottles containing different levels of B.

cereus (described in the previous section) were subjected to each

disinfection procedure. After disinfection, the bottles were filled

with 250 ml of IMF* and incubated for periods of up to 18 h at

25°C. Microbial numbers in IMF* bottle wash were determined

immediately after disinfection and after 14 and 18 h of incubation

at 25°C.

TABLE 1. Efficacy of different disinfection methods at eliminating enterotoxigenic B. cereus from untreated, partially cleaned, and

thoroughly cleaned infant bottles in which the initial level of contamination was approximately lOZ spores ml-l

DisinfectionmethodO

Steam Microwave Chemical

Extentof cleaning Oh 14h 18hb Oh 14h 18h Oh 14h 18h

Emptied <1.0 <1.0 2.36c <1.0 <1.0 1.85 <1.0 1.63 3.52
d (1.28) (0.87) (0.73) (1.49)

Emptied and rinsed <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0

Emptied, washed, and brushed <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0

° Microbial numbers in disinfected baby bottles were measuredas10glOCFU ml-I.
b Disinfected infant bottles, subjected previously to various cleaning regimes, were filled with 250 ml of IMF* and incubated for periods of
up to 18h at 25°C before enumeration.
, Mean B. cereuscount for 20 feeding bottles analysed; the standarddeviation is shown below the mean in parentheses.< 1.0 refers to baby
bottles having aB. cereuscount below the lower detection limit of 1.0 10giOCFU ml-l.

d _, Standarddeviation of 0, in which all 20 bottles hadB. cereuscounts below the lower detection limit.
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TABLE 2. Efficacy of different disinfection methods at eliminating enterotoxigenic B. cereus from untreated, partially cleaned, and
thoroughly cleaned infant feeding bottles that had beenstoredfor 14 h at 25°C before disinfection

Disinfectionmethoda

Steam Microwave Chemical

Extentof cleaning Oh 14h 18hb Oh 14h 18h Oh 14h 18h

Emptied <1.0 2.64e 5.72 <1.0 2.40 5.58 2.49 4.79 6.52
- d (1.52) ( 1.73) (1.13) (1.42) (1.23) (1.47) ( 1.79)

Emptied and rinsed <1.0 <1.0 3.74 <1.0 <1.0 3.57 <1.0 2.32 5.71

(1.30) (1.51) (1.37) ( 1.52)
Emptied, washed, and brushed <1.0 <1.0 2.04 <1.0 <1.0 1.70 <1.0 1.13 3.64

(0.83) (1.23) (0.47) (1.32)

a Microbial numbers in disinfected baby bottles were measuredas10glOCFU ml-I.
b Disinfected infant bottles, subjectedpreviously to various cleaning regimens, were filled with 250 ml of IMP and incubated for periods of
up to 18h at 25°C before enumeration.

C Mean B. cereus count for 20 feeding bottles analysed; the standard deviation is shown below the mean in parentheses.< 1.0 refers to baby
bottles having aB. cereuscount below the lower detection limit of 1.010glOCFU ml-I.

d _, Standard deviation of 0, in which all 20 bottles hadB. cereuscounts below the lower detection limit.

TABLE 3. Efficacy of different disinfection methods at eliminating enterotoxigenic B. cereus from untreated, partially cleaned, and

thoroughly cleaned infant feeding bottles that had been storedfor 18 h at 25°C before disinfection

Disinfectionmethoda

Steam Microwave Chemical

Extentof cleaning Oh 14h 18hb Oh 14h 18h Oh 14h 18h

Emptied <1.0 4.82 7.32e <1.0 4.67 6.92 4.32 5.82 7.65
d (1.15) (1.92) (1.47) (1.79) (1.30) (1.82) (1.63)

Emptied and rinsed <1.0 2.60 5.20 <1.0 2.70 4.96 <1.0 4.93 6.79
(1.57) (1.57) (0.95) (1.82) (1.51) (1.79)

Emptied, washed, and brushed <1.0 <1.0 4.18 <1.0 <1.0 3.92 <1.0 3.70 5.88
(1.42) (1.17) (1.42) (1.37)

a Microbial numbers in disinfected baby bottles were measuredas10glOCFU ml-I.
b Disinfected infant bottles, subjectedpreviously to various cleaning regimens, were filled with 250 ml of IMP and incubated for periods of
up to 18h at 2YC before enumeration.

C Mean B. cereuscount for 20 feeding bottles analysed; the standarddeviation is shown below the mean in parentheses.< 1.0 refers to baby
bottles having aB. cereuscount below the lower detection limit of 1.0 10glOCFU ml-1•

d _, Standard deviation of 0, in which all 20 bottles had B. cereuscounts below the lower detection limit.

Statistical analysis. Fisher's exact test was used to compare

microbial numbers in infant feeding bottles subjected to various

cleaning and/or disinfecting procedures (Minitab Statistical Soft-

ware Version II; Minitab Pic.). All significant differences were

reported at the 95% level of confidence (P < 0.05).

those in which the level of IMF contamination was approxi-
mately 105organismsml-I after 14h of storage)subjectedto
rigorous washing andbrushing (Figure 1).Becausethorough
cleaning did not totally remove B. cereus from feeding

Figure I. Effect of extent of cleaning on the removal of enterotoxi-

genic B. cereusfrom infant feeding bottles storedfor periods of up

to 18 h at 25°C before treatment. D, Emptied; ~, emptied and
rinsed; _, emptied, washed, and brushed.

RESULTS AND DISCUSSION

Efficacy of commonly used infant feeding bottle
cleaning procedures. The study showed that the greater the
level of infant bottle cleaning, the larger the reduction in
microbial numbers (Figure 1); the effectiveness of each
cleaning stageat removing diarrheagenic B. cereusdiffered
at the P < 0.05 level. Thorough cleaning of bottles
contaminated with 10-100 sporesml-I, a level of contami-
nation occurring occasionally in IMF (21), did not remove
all of the sporespresent. Potentially hazardous levels of B.

cereus remained in more heavily contaminated bottles (i.e.,
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bottles (i.e., removal of visible milk deposits did not provide
microbial free bottles), baby bottle cleaning must be supple-

mented with an appropriate disinfection method to provide
safe food for infant consumption.

Efficacy of commercially available infant feeding
bottle disinfection procedures. All disinfection methods
successfully reduced diarrheagenic B. cereus to a nondetect-
able level (i.e., <10 CFU ml-1) when the initial level of
contamination was ::;105 CFU ml-1 (Tables 1 and 2). In

IMF* bottle wash, B. cereus emerged earlier (i.e., after 14 h
of incubation at 25°C) in uncleaned baby bottles that had
been subjected to the chemical disinfection method (Table
1). Application of both thermal disinfection methods did not
totally eliminate B. cereus; reemergence was detected in
IMF* after 18 h of incubation (Table 1). The level of
contamination (i.e., period during which bottles were held
under storageabuse)and the degreeof bottle cleaning before
disinfection affected the length of time that bottles remained
with B. cereus at undetectable levels (P < 0.05); B. cereus

emergedearlier in uncleaned bottles that had been stored for
longer periods before disinfection (Tables 2 and 3).

The chemical method failed to disinfect uncleaned
feeding bottles contaminated with approximately 105 organ-
isms ml-1 (Tables 2 and 3). Subsequentstorage of thermally
disinfected bottles resulted in the detection of this organism
at potentially hazardous levels in IMF* after 14 h of
incubation at 25°C. Both steamdisinfection procedures were
equally efficient at removing B. cereus from baby bottles
contaminated with :::::105CFU ml-1 (P < 0.05), and both
methods were significantly better than the chemical method
(P < 0.05) (Tables 2 and 3). Ayliffe et al. (2) reported the
isolation of Klebsiella aerogenes and Pseudomonas spp.
from baby bottles even after they had been thoroughly
cleaned and disinfected in a sodium hypochlorite solution.
The authors showed that this chemical disinfection process
may occasionally be hazardous even when cleaning ap-
pearedto be efficient. Hypochlorite solution must be changed
daily because the activity of this disinfection procedure
diminishes with time (2), a requirement that may be prone to
neglect.

This study has reaffirmed that infant bottle cleaning
practices must be supplemented with a disinfection method
to provide bottles free of potentially hazardous organisms.
Although both heat and chemical disinfection procedures
successfully removed B. cereus spores from contaminated
baby bottles (at levels occurring occasionally in freshly
prepared infant feeds), the latter method was inefficient at
disinfecting uncleaned and partially cleaned bottles contami-
nated with the large numbers of this organism that occur
during storage abuse. Failure to eliminate B. cereus will
result in an increased inoculum and enhancedcontamination
of subsequently prepared infant feeds. Although B. cereus
was the focus of this study, other Bacillus spp. (i.e., B.

licheniformis, B. subtilis, B. pumilus, B. brevis,B. thuringien-
sis, and B. sphaericus) occurring occasionally in dried IMF
products (21) have been implicated as the etiological agents

in proven foodbome illness outbreaks (16) and opportunistic
infections (4, 7); the majority of these organisms show
greater heat resistance than B. cereus (19). Recent evidence
has shown that IMF supplemented with maltodextrin stimu-
lated growth of B. cereus and synthesis of diarrheal entero-
toxins under improper storage conditions (20); therefore,
extra care should be taken to ensure that baby bottles are
thoroughly cleaned and disinfected before use.
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With the exceptions of Bacillus cereus and Bacillus anthracis, Bacillus species are generally perceived to be
inconsequential. However, the relevance of other Bacillus species as food poisoning organisms and etiological
agents in nongastrointestinal infections is being increasingly recognized. Eleven Bacillus species isolated from
veterinary samples associated with severe nongastrointestinal infections were assessed for the presence and
expression of diarrheagenic enterotoxins and other potential virulence factors. PCR studies revealed the
presence of DNA sequences encoding hemolysin BL (HBL) enterotoxin complex and B. cereus enterotoxin T
(BceT) in five B. cereus strains and in Bacillus coagulans NB11. Enterotoxin HBL was also harbored by Bacillus
polymyxa NB6. After 18 h of growth in brain heart infusion broth, all seven Bacillus isolates carrying genes
encoding enterotoxin HBL produced this toxin. Cell-free supernatant fluids from all 11 Bacillus isolates
demonstrated cytotoxicity toward human HEp-2 cells; only one Bacillus licheniformis strain adhered to this test
cell line, and none of the Bacillus isolates were invasive. This study constitutes the first demonstration that
Bacillus spp. associated with serious nongastrointestinal infections in animals may harbor and express diar-
rheagenic enterotoxins traditionally linked to toxigenic B. cereus.

Members of the Bacillus genus are ubiquitous soil microor-
ganisms that frequently contaminate foods (21, 22, 26). With
the exceptions of Bacillus anthracis and Bacillus cereus, Bacillus
species are generally perceived to be inconsequential and of
little clinical significance (8). A number of food poisoning
incidents can be attributed to B. cereus, and this bacterium is
known to cause a variety of nongastrointestinal diseases as well
as two different types of food poisoning (for reviews, see ref-
erences 12, 19, 21, and 22), which are characterized by either
diarrhea or emesis. The diarrheal type is attributed to heat-
labile enterotoxins, namely, the hemolysin BL (HBL) and non-
hemolytic enterotoxin protein complexes, and to a B. cereus-
related enterotoxic protein T (BceT). In B. cereus strain F837/
76, the three HBL components are encoded by an operon
containing hblC, hblD, and hblA, in that order, which respec-
tively encode two lytic components designated L2 and L1 and a
binding component designated B (30). We recently reported
on the abilities of different clinical and food isolates of B.
cereus and other Bacillus spp. to express diarrheal enterotoxins
HBL and BceT after growth in reconstituted infant milk for-
mulae (26). Previous research has also shown that 14 different
Bacillus species isolated from raw milk and from the farm
environment may have the potential to produce diarrheal en-
terotoxins (4). The emetic type is caused by a heat-stable do-
decadepsideptide, cereulide (21).

The relevance of other Bacillus species as food poisoning
organisms and as etiological agents in nongastrointestinal in-

fections, including local, deep-tissue, and systemic infections, is
being increasingly recognized (8). Nongastrointestinal infec-
tions have been seen primarily in individuals who are intrave-
nous drug abusers or immunocompromised as a consequence
of infection with human immunodeficiency virus, chemother-
apy, or malignancy (4, 28). B. cereus strains isolated from
nongastrointestinal infections have shown the ability to synthe-
size many virulence factors, including necrotizing exotoxin-like
hemolysins, phospholipases, collagenases, and proteases (8).

Due to their endospore-forming abilities, these bacteria tol-
erate adverse conditions better than most bacterial entero-
pathogens do and may proliferate in a wide range of environ-
ments, including processed and untreated foods (22, 26). Raw
milk is frequently contaminated by Bacillus endospores that
originate from bedding, fodder, dung, soil, improperly cleaned
milking utensils, and the surrounding environment (35). Con-
tamination of raw milk may also occur through infection of a
cow’s udder, and serious herd outbreaks of bovine mastitis
have been previously attributed to members of this genus (17,
35). Bacillus spp. have also been implicated as causative agents
of mastitis and abortions in other animals, including cows (17),
pigs (18), horses (23), water buffalo (10), and dromedary cam-
els (37).

We report the detection of diarrheagenic enterotoxins HBL
and BceT (traditionally harbored by toxigenic B. cereus) in a
number of veterinary isolates of Bacillus spp. that were asso-
ciated with serious nongastrointestinal infections in animals.
We also report on the ability of these Bacillus isolates to be
cytotoxic towards human HEp-2 cells and to express HBL
enterotoxins. All experiments were performed in triplicate,
with averages and standard errors of results shown. Differences
in bacterial adherence, invasion, and cytotoxicity were exam-
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science, University of Strathclyde, Royal College, 204 George St.,
Glasgow G1 1XW, Scotland. Phone: 44 (0)141 548 2531. Fax: 44 (0)141
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ined in HEp-2 cells at 95 or 99.9% confidence intervals by
using analysis of variance (one-way or balanced models) with
Minitab (State College, Pa.) software (release 11).

Isolation and identification of Bacillus species associated
with serious nongastrointestinal infections in animals. The
Bacillus strains used in this study (Table 1) were obtained from
the diagnostic laboratories of the Scottish Agricultural College
(SAC), Veterinary Science Division, Scotland; the American
Type Culture Collection (ATCC), Manassas, Va.; and the Na-
tional Collection of Type Cultures (NCTC), Public Health
Laboratory Service, Colindale, United Kingdom. Eleven mem-
bers of the genus Bacillus comprising seven B. cereus strains,
two Bacillus licheniformis strains, one Bacillus polymyxa strain,
and one Bacillus coagulans strain were isolated from veterinary
samples associated with serious nongastrointestinal infections
(Table 1); of these veterinary samples, 25-g amounts from the
placenta, fetal stomach contents (FSC), and fetal brain, lung,
and liver were aseptically transferred to Todd-Hewitt broth
(Oxoid, Basingstoke, United Kingdom) for 24 h at 37°C. These
particular organs and materials are routinely examined in cases
of animal abortions. Samples were transferred directly and
after the aforementioned overnight enrichment onto 7% (vol/
vol) horse erythrocyte-blood agar plates (Oxoid) and were
incubated for 48 h at 37°C in a 5% CO2 atmosphere (CO2

incubator; LEEC Ltd., Nottingham, England). The diseases
associated with the veterinary Bacillus isolates ranged from
severe infections, such as induction of fetal abortions in sheep
and cattle (e.g., from isolates B. cereus NB35, B. licheniformis
NB42, B. polymyxa NB6, and B. coagulans NB11), to the less
serious mastitis (e.g., from B. cereus NB3) (Table 1).

The identity of each Bacillus isolate was confirmed by per-
forming a sequence of characteristic morphological and phys-
iological tests described previously (29) and by using miniatur-
ized biochemical API 50 CHB and API 20E galleries
(bioMérieux, Marcy l’Etoile, France). All Bacillus isolates ex-
hibited characteristic morphological, physiological, and bio-
chemical properties to the species level. The bacteria were
stored at �70°C (Microbank System; Pro-Lab Diagnostics,

Richmond Hill, Ontario, Canada) to prevent loss of virulence
characteristics.

Ability of Bacillus veterinary strains to adhere to, invade,
and produce a cytotoxic effect on epithelial cells. The ability of
Bacillus test strains to adhere to and invade HEp-2 cells was
determined after 18 h of growth in brain heart infusion (BHI)
broth by previously described procedures (25), with minor
modifications. HEp-2 monolayers were grown for 24 h in a 5%
CO2 atmosphere (CO2 incubator; LEEC Ltd.) at 37°C in Dul-
becco’s modified Eagle medium (DMEM) supplemented with
10% fetal calf serum (FCS) (Gibco Life Sciences, Paisley,
Scotland) in 24-well tissue culture plates (Scientific Lab Sup-
plies, Nottingham, England) seeded with approximately 105

cells per well. Prior to assay, the monolayers were washed
three times with DMEM and the monolayers were inoculated
with 1 ml of bacterial culture containing �107 CFU ml�1 (in
DMEM with 10% FCS) in triplicate followed by a 2-h incuba-
tion at 37°C in a 5% CO2 atmosphere. After incubation, the
monolayers were washed three times with DMEM to remove
any nonadherent cells and then 1 ml of DMEM containing
10% FCS was added to each well of one of the test plates,
which were incubated for 2 h. For the invasion assays, 1 ml of
DMEM containing 10% FCS and 100 �g of gentamicin ml�1

(Gibco) was added to each well of the other 24-well plate,
which was similarly incubated for 2 h. The monolayers were
then washed three times with DMEM, and the tissue culture
cells were lysed with 1 ml of 1% (vol/vol) Triton X-100 in
distilled water (Sigma, Dorset, England) for 5 min at 37°C.
Samples (0.1 ml) of lysate from each tissue culture plate were
serially diluted in 0.9 ml of sterile distilled water, with subse-
quent enumeration by plating 20 �l of appropriate 10-fold
dilutions on BHI agar plates. Listeria monocytogenes NCTC
11994 and Escherichia coli ATCC 33694 were used as positive
and negative control strains, respectively, in tests of adherence
to and invasion of HEp-2 cells.

Results showed that 10 (91%) of 11 Bacillus spp. isolated
from the veterinary environment were unable to adhere to or
invade HEp-2 cells. Only B. licheniformis NB14 adhered to

TABLE 1. Bacterial strains used

Bacterial species Isolate Provider Reference no. Isolate source Gross lesion(s) Associated disease

B. cereus NB3 SAC C20593 Bovine milk None recorded Bovine mastitis
NB23 SAC PC181 FSC, placenta, foetal

lung, and liver
None recorded Bovine abortion

NB27 SAC C175 Bovine milk None found Bovine mastitis
NB35 SAC S20247 Ovine FSC None found Ovine abortion
NB40 SAC S20254 Ovine FSC None recorded Ovine abortion
NB50 SAC AYRS31375 Lamb brain —b

NB51 SAC AURM31973 Caprine milk None recorded Caprine mastitis
SU52 NCTC 11145 Human stool — Diarrheal food poisoninga

B. licheniformis NB42 SAC S20282 Ovine FSC None found Ovine abortion
NB14 SAC C205 Bovine placenta,

FSC, fotal lung
and liver

None recorded Bovine abortion

B. polymyxa NB6 SAC C83 Bovine fotal lung None recorded Bovine abortion
B. coagulans NB11 SAC C70 Bovine FSC, fotal

lung and liver
None recorded Bovine abortion

L. monocytogenes SU1 NCTC 11994 Cerebrospinal fluid — Adult meningitisa

E. coli HB101 ATCC 33694 Laboratory K-strain — None

a Associated with disease in humans only.
b —, not known.
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HEp-2 cells (Table 2). These findings contrasted markedly
with those of previous infectivity studies, where 43 (91%) of
the 47 strains isolated from clinical or food samples adhered to
HEp-2 or Caco-2 cells and 23 (49%) demonstrated various
levels of invasion (26). Other researchers have also reported
that Bacillus spp. may occasionally cause mastitis or abortions
in animals (10, 16, 33, 37). Recent evidence suggests that many
members of the Bacillus genus may also be the causes of
serious systemic diseases, such as septicemia, endocarditis,
peritonitis, ophthalmitis, liver failure, and meningitis in hu-
mans (8, 20, 31).

Assessment of cytotoxicity was based on a method described
previously (6) for measuring total cellular metabolic activity by
using the tetrazolium salt 3-(4,5,-dimethylthiazole-2-yl)-2,5-di-
phenyl tetrazolium bromide (MTT; Sigma), with some minor
modifications. HEp-2 monolayers were grown overnight at
37°C in a 5% CO2 atmosphere in DMEM supplemented with
10% FCS in 96-well microplates seeded with approximately
5 � 104 cells per well. Bacterial cultures were grown for 18 h
as described above, and 0.1-ml samples were filter sterilized
(0.2-�m-pore-size membranes; Sarstedt, Nümbrecht, Germany)
and added in triplicate to the test plates immediately, after
heating of the supernatant at 95°C for 10 min, or after enzy-
matic treatment with 0.1% trypsin. Positive and negative assay
controls were 1% Triton X-100 (Sigma) and phosphate-buff-
ered saline, respectively. Tissue culture monolayers containing
the bacterial culture supernatants were incubated overnight at
37°C in a 5% CO2 atmosphere, followed by the addition of
phosphate-buffered saline containing 0.5% MTT (Sigma) to
each well for 4 h at 37°C. The suspensions in the wells were
then removed, and the formazan product was solubilized by
the addition of 100 �l of 0.04 M HCl in dimethyl sulfoxide
(Sigma, Poole, United Kingdom). The contents of the plates
were measured spectrophotometrically at 540 nm in a micro-
plate reader (Labsystems EMS reader). The toxic effect of the
cell-free bacterial culture supernatant on the HEp-2 cell line

was calculated from the following equation: [(1 � optical den-
sity of test sample)/(optical density of negative control)] � 100.
Cytotoxic effects produced in HEp-2 cells were also confirmed
by light microscopy.

While results showed that there were species-to-species vari-
ations in the levels of cytotoxicity produced, the culture super-
natant fluids from all 11 Bacillus isolates were cytotoxic for this
epithelial cell line (Table 2). Six Bacillus isolates exhibited
levels of toxicity (85.5% � 5% [mean � standard deviation])
that were similar to or greater than those produced by clinical
isolates of B. cereus SU52 and L. monocytogenes SU1, which
are associated with gastrointestinal and nongastrointestinal in-
fections in humans, respectively (Table 2). A marked variation
in the range of toxicity levels exhibited by Bacillus isolates
associated with more serious veterinary infections, such as
ovine and bovine abortions, was apparent (Table 2). Separate
heat and trypsin treatments of culture supernatant fluids either
reduced or eliminated toxicity in HEp-2 cells, which suggests
that the cytotoxic activity was attributed to the proteinaceous
fractions of the culture supernatants (Table 2). Cell-free cul-
ture supernatants from all 11 Bacillus species examined for
cytotoxicity in this study showed toxicity in HEp-2 cells. The
variation in toxicity levels observed was similar (P � 0.05) to
that reported previously for cell-free supernatant fluids from
38 strains representing 14 different Bacillus species from clin-
ical and food samples (26).

Others have also shown that MTT can be used to assess the
cytotoxic effect of culture supernatant fluids of Bacillus species
isolated from raw milk (4, 9). Only live eukaryotic cells are
recognized by this assay because the tetrazolium ring of MTT
is cleaved in the mitochondria of metabolically active cells. By
using this assay, Beattie and Williams (4) showed that some
isolates of Bacillus circulans, Bacillus laterosporus, Bacillus len-
tus, B. licheniformis, Bacillus mycoides, Bacillus subtilis, B.
cereus, and Bacillus thuringiensis were toxigenic to Chinese
hamster ovary cells. Tetrazolium salts have also been used to

TABLE 2. Potential virulence factor expression by Bacillus spp. isolated from veterinary and clinical samples

Bacterial species Isolate
Toxin concn

detected
(ng/ml)a

% Cytotoxic activityb Detection of the indicated
diarrheagenic genes by PCRd % of bacteria showingc:

Normal HT TT hblA hblC hblD bceT Adherence Invasion

B. cereus NB3 — 85 � 4 15 10 � 1 � � � � � �
NB23 �128 77 � 6 20 � 6 26 � 6 � � � � � �
NB27 — 82 � 5 — — � � � � � �
NB35 64 88 � 3 16 � 1 24 � 6 � � � � � �
NB40 �128 78 � 3 18 � 2 10 � � � � � �
NB50 �128 89 � 1 22 � 3 — � � � � � �
NB51 64 93 13 � 1 11 � 2 � � � � � �
SU52 �128 85 � 2 12 � 1 28 � 6 � � � � 0.03 � 0.005 �

B. licheniformis NB42 — 39 � 5 9 � 2 — � � � � � �
NB14 — 66 � 3 12 � 2 22 � 6 � � � � 2.8 � 0.22 �

B. polymyxa NB6 16 88 � 4 13 � 1 18 � 1 � � � � � �
B. coagulans NB11 64 89 � 6 10 � 3 5 � 1 � � � � � �
L. monocytogenes SU1 — 82 � 5 14 � 3 24 � 5 � � � � 3.88 � 0.37 1.15 � 0.23
E. coli HB101 — — — — � � � � � �

�
a Detection of diarrheal enterotoxin in test media by the RPLA test. —, no diarrheal enterotoxin detected.
b Supernatant fluids were untreated (Normal), heated (HT), or trypsin treated (TT) prior to assessment of toxicity to HEp-2 cells. Values shown are means �

standard errors for results from triplicate trials where samples were examined three times. —, no effect.
c Values are reported as means � standard errors. �, no adherence or invasion.
d �, gene was detected; �, gene was not detected.
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assess the cytotoxicities of other pathogens, such as Mannhe-
imia haemolytica biotype A serotype 1 leukotoxin (7) and the
cytotoxin of Campylobacter jejuni (6), and they were recently
used to investigate B. cereus toxicity (36). Finlay et al. (9)
advocated the use of MTT, as the currently used HEp-2 cell
vacuolation assay for Bacillus emetic toxin is laborious, subjec-
tive, and unreliable.

Detection of diarrheagenic enterotoxins by PCR and mea-
surement of other potential virulence factors. B. cereus NCTC
11145 was used as a positive control strain in assays for the
presence of HBL and BceT enterotoxins, as shown previously
(26). L. monocytogenes NCTC 11994 and E. coli ATCC 33694
were used as negative control strains in assays for the presence
of genes encoding HBL and BceT enterotoxins. Chromosomal
DNA was isolated from the test Bacillus spp. by use of a
previously described procedure (26). The DNA sequences en-
compassing the diarrheagenic genes bceT (1), hblC and hblA
(30), and hblD (13) were used to design primers that would
amplify segments of the genes, if present, in a selection of the
above-mentioned test Bacillus strains. Amplification was car-
ried out in a DNA thermal cycler for 36 cycles of 30s at 94°C;
1 min at 54°C, 58°C, 62°C, and 63°C for hblD, bceT, hblC, and
hblA genes, respectively; and 1 min at 72°C. PCR products of
439, 428, 399, and 873 bp were detected when the following
pairs of oligonucleotide primers were used, respectively:
HBLD-N (5�-AATCAAGAGCTGTCACGAAT-3�) and
HBLD-C (5�-CACCA ATTGACCATGCTAAT-3�), BCET-N
(5�-TTACATTACCAGGACGTGCTT-3�) and BCET-C (5�-T
GTTTGTGATTGTAATTCAGG-3�), HBLC-N (5�-AATAG
GTACAGATGGAACAGG-3�) and HBLC-C (5�-GGCTTTC
ATCAGGTCATACTC-3�), and HBLA-N (5�-GCTAATG
TAGTTTCACCTAGCAAC-3�) and HBLA-C (5�-AATCAT
GCCACTGCGTG GACATATAA-3�). Findings from PCR
primer studies revealed that seven veterinary Bacillus isolates
contained hblA, hblC, and hblD genes that encode the tripar-
tite HBL enterotoxin complex traditionally harbored by toxi-
genic B. cereus (Table 2). With the exception of B. polymyxa
NB6, all Bacillus isolates encoding the HBL enterotoxin were
also shown to have the bceT gene that encodes the BceT
enterotoxin (Table 2). None of the other Bacillus species con-
tained diarrheagenic enterotoxin genes (Table 2).

Analysis of cell-free culture supernatants from all seven vet-
erinary Bacillus isolates displaying positive signals for all three
HBL toxin genes tested positive by the B. cereus enterotoxin
(diarrheal type) reversed passive latex agglutination (RPLA)
assay that is specific for the L2 component of the HBL complex
(Table 2). The presence of diarrheal HBL enterotoxin was
measured by using the RPLA kit according to the manufac-
turer’s instructions (Oxoid). This finding suggests that after
18 h of growth in BHI broth, these other Bacillus isolates
produced protein toxins that were very similar to those of B.
cereus and that these species may have presented a potential
hazard if they had entered the food chain. The level of entero-
toxin HBL produced by these particular Bacillus spp. ranged
from 16 to �128 ng ml�1; the reported sensitivity of the RPLA
test is 2 ng ml�1 (5). There was good agreement between
carriage of hblA, hblC, and hblD genes and detection of se-
creted HBL enterotoxin in culture supernatants (Table 2).

These results contrasted markedly with findings from a pre-
vious study, in which only 4 (22%) of 18 Bacillus isolates from

the clinical and food environments harboring all three hbl
genes produced HBL enterotoxin in cultured BHI broth (26).
However, a further eight isolates belonging to B. cereus, B.
licheniformis, B. circulans, and Bacillus megaterium were found
to produce HBL enterotoxin after growth in reconstituted baby
food, which suggests that many Bacillus isolates that have the
necessary diarrheagenic genes require a specific environmental
signal(s) for transcriptional activation. Environmental signals
have been shown previously to modulate virulence factor ex-
pression in B. cereus and in other bacterial enteropathogens
(24, 27). Schoeni and Wong (32) have previously reported that
HBL enterotoxin was secreted by more than 200 tested B.
cereus, B. thuringiensis, and B. mycoides strains. Beattie and
Williams (4) showed that the supernatant fluids from isolates
of B. thuringiensis, B. circulans, B. licheniformis, B. lentus, B.
laterosporus, and B. mycoides reacted positively with both the
Bacillus diarrheal enterotoxin visual immunoassay (BDE; Te-
cra) or RPLA immunoassays. B. subtilis, B. licheniformis, Ba-
cillus pumilus, and B. thuringiensis have been previously impli-
cated in outbreaks of foodborne disease (15, 31).

It has been shown that some B. cereus strains may contain
multiple copies of the hbl genes that arose from duplication of
a single gene (32). hbl has been mapped to a portion of the B.
cereus chromosome that exhibits greater variability than do
other regions and this variable region is sometimes located on
large extrachromosomal DNA fragments that appear to be
stable but might also prove to be large mobile plasmids (32).
Interestingly, evidence of chromosomal gene mobilization and
transfer of plasmids coding for 	-endotoxin among strains of
the well-characterized insect pathogen B. thuringiensis and B.
cereus have been provided previously (2, 11). Many survival
trait genes, such as those for virulence factors and antibiotic
resistance, are located on plasmids (16). B. anthracis, belonging
to the B. cereus group and thus a close relative of B. cereus and
B. thuringiensis (and the causative agent of anthrax) (3), has its
crucial virulence factors located on two plasmids, and when
one or both are lost the B. anthracis becomes avirulent (34).
The aforementioned finding, combined with the high degree of
phylogenetic relatedness among members of this genus (14),
possibly explains why many different Bacillus species isolated
from the veterinary, clinical, and food environments carry sim-
ilar enterotoxins traditionally harbored by toxigenic B. cereus.

All Bacillus veterinary isolates were also tested for lecithi-
nase (phosphatidylinositol-specific phospholipase C) activity
after overnight growth on nutrient agar supplemented with 8%
egg yolk (Oxoid) and by overlaying 1% L-d-phosphatidylinosi-
tol substrate (Sigma) in 0.7% agarose on overnight cultures of
the bacteria on L agar plates. Lecithinase-positive strains pro-
duced a halo of precipitation (the insoluble diacylglycerol)
around the bacterial colonies. Production of catalase was as-
sayed by using an ID Color Catalase testing kit (bioMérieux).
The ability to induce hemolysis in a 7% concentration of horse
erythrocytes (blood agar) was examined. Results showed that
only B. cereus strains produced lecithinase, whereas beta-he-
molysis and catalase activities were exhibited by all Bacillus
isolates.

In summary, this study constitutes the first demonstration
that isolates of many Bacillus spp., from samples associated
with serious nongastrointestinal infections in animals, may
carry diarrheagenic enterotoxin genes traditionally harbored
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by toxigenic B. cereus. We also have shown that these veteri-
nary Bacillus isolates are cytotoxic towards HEp-2 cells and
have expressed HBL enterotoxins. While the roles of diarrhea-
genic enterotoxins and other potential virulence factors in the
aforementioned animal infections have yet to be elucidated,
this study has demonstrated that a variety of Bacillus spp.
isolated from the veterinary environment may contain patho-
genicity traits that may enhance their fitness for survival and to
elicit disease.

We are grateful to V. Gill and D. Currie for their excellent technical
assistance and the scientific staff of the Veterinary Science Division of
the Scottish Agricultural College who made the isolations in the course
of the routine diagnostic work.
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The thermotolerances of two different cell forms of Listeria monocytogenes (serotype 4b) grown at 37 and
42.8°C in commercially pasteurized and laboratory-tyndallized whole milk (WM) were investigated. Test
strains, after growth at 37 or 42.8°C, were suspended in WM at concentrations of approximately 1.5 3 108 to
3.0 3 108 cells/ml and were then heated at 56, 60, and 63°C for various exposure times. Survival was determined
by enumeration on tryptone-soya-yeast extract agar and Listeria selective agar, and D values (decimal reduc-
tion times) and Z values (numbers of degrees Celsius required to cause a 10-fold change in the D value) were
calculated. Higher average recovery and higher D values (i.e., seen as a 2.5- to 3-fold increase in thermotol-
erance) were obtained when cells were grown at 42.8°C prior to heat treatment. A relationship was observed
between thermotolerance and cell morphology of L. monocytogenes. Atypical Listeria cell types (consisting
predominantly of long cell chains measuring up to 60 mm in length) associated with rough (R) culture variants
were shown to be 1.2-fold more thermotolerant than the typical dispersed cell form associated with normal
smooth (S) cultures (P < 0.001). The thermal death-time (TDT) curves of R-cell forms contained a tail section
in addition to the shoulder section characteristic of TDT curves of normal single to paired cells (i.e., S form).
The factors shown to influence the thermoresistance of suspended Listeria cells (P < 0.001) were as follows:
growth and heating temperatures, type of plating medium, recovery method, and cell morphology. Regression
analysis of nonlinear data can underestimate survival of L. monocytogenes; the end point recovery method was
shown to be a better method for determining thermotolerance because it takes both shoulders and tails into
consideration. Despite their enhanced heat resistance, atypical R-cell forms of L. monocytogenes were unable to
survive the low-temperature, long-time pasteurization process when freely suspended and heated in WM.

Listeria monocytogenes is a facultative anaerobic bacterium
that is distributed ubiquitously in the environment (19) and has
a higher thermotolerance than many other nonsporeforming
food-borne pathogens (14, 21). Because this potentially lethal
pathogen is found occasionally in raw milk (2, 10, 11, 14, 36)
and in other nonprocessed foods (2, 19, 25, 26) and can grow
in foods under refrigerated storage (22), considerable empha-
sis has been placed on its complete destruction during pasteur-
ization and during other minimal thermal food processes (3, 4,
6–8, 12–14, 31, 32).

Many factors are known to influence microbial thermotol-
erance in foods such as the composition of the food and the
physiological condition of vegetative cells and spores (15, 24,
52). Bacterial thermotolerance can also increase after exposure
to a variety of environmental stress conditions including heat-
ing at sublethal temperatures, presence of deleterious chemi-
cals in the growth medium (e.g., hydrogen peroxide, dyes, and
antibiotics, etc.), viral infections, and osmotic and acidic shocks
(18, 19, 29).

Any temperature above the optimum growth temperature
will exert a stress effect (24); while the optimum temperature
for growth of L. monocytogenes lies between 30 and 37°C, it can
grow between 1 and 45°C (19, 48). For most microbial species
growth at or short-term exposure to temperatures above opti-
mum induces higher thermotolerances (1, 37–40). It is believed
that these temperatures trigger physiological responses that

lead to the synthesis of special proteins known as heat shock
proteins (HSPs) (31, 33). In Escherichia coli K-12, when cells
were shifted to 42°C from an incubation temperature of 30°C,
the rate of HSP formation increased 5 to 20-fold (cited in
reference 48). Gram-positive and -negative bacteria appear to
behave similarly: Streptococcus faecalis grown at 45°C were
more heat resistant than when grown at 27°C (53), while the
D55°C value for Salmonella senftenberg 775W increased as
growth temperature was raised from 15 to 44°C (43).

Many authors have reported an increase in the thermotol-
erance of L. monocytogenes as a result of heat shock prior to
heating (20, 28, 31, 34, 35, 44). Results from Linton et al. (35)
and Pagán et al. (44) are particularly interesting as they suggest
that the magnitude of the effect of heat shock treatments is
highly dependent on the temperature and duration of the
treatment, with higher heating temperatures and longer treat-
ments favoring an increase in heat resistance. Whereas the
former researchers observed that L. monocytogenes attained its
greatest thermotolerance after 20 min of heat shocking at
48°C, Pagán et al. (44) reported a sevenfold increase in ther-
motolerance achieved by extending the duration of heat shock
to 180 min at 45°C. While most thermotolerance studies have
utilized L. monocytogenes cells at or below 37°C (3, 4, 6–8, 10,
12, 13, 23, 51), the body temperature of a cow suffering from
listeriosis can reach as high as 42.8°C (10, 14). Doyle et al. (14)
reported the low-level survival of L. monocytogenes in high-
temperature short-time (HTST)-pasteurized milk from a cow
that had been artificially infected with the organism. Also,
Knabel et al. (31) showed that growth of Listeria at tempera-
tures above 37°C for 18 h (39 to 43°C) resulted in cells that
were sixfold more thermotolerant than cells grown at 37°C.
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science and Biotechnology, University of Strathclyde, Royal College
Bldg., 204 George St., Glasgow G1 1XW, Scotland. Phone: 44 141 548
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Interestingly, both research groups used serotype 4b strains, a
serotype implicated in a number of fatal food-borne outbreaks
(19, 21, 25, 26) and shown recently by Sörqvist to be the
second-most heat resistant of seven serotypes examined (49).
While production of HSPs are typically a response to temper-
ature upshifts, extended growth at above-optimum tempera-
tures has been shown to result in the expression of HSPs (45).

Microbial cell morphology has been linked with increased
thermotolerance (41, 46). The acquisition of thermotolerance
in heat-shocked Aquaspirillum arcticum was shown to be di-
rectly related to the formation of long cells (40). Jørgensen et
al. (29) showed that L. monocytogenes cells grown in medium
containing 1.5 mol of NaCl liter21 prior to heating were 22-
fold more heat tolerant than similarly treated cells grown with
0.09 mol of NaCl liter21. Cells grown in medium containing 1.5
mol of NaCl liter21 became 50 times longer, but no link to
thermotolerance could be made. The change from short rods
to long cell chains also occurs under nonstress conditions;
Kuhn and Goebel (32) showed that spontaneous mutants of L.
monocytogenes that form long cell chains occur at a relatively
high frequency (about 1 in 10,000 colonies). These long cell
chain forms exhibited thermal death-time (TDT) curves that
were characterized by both shoulder and tail sections. Other
researchers have reported similar TDT curves in L. monocy-
togenes as a result of heat shocking (20, 31, 34, 35); none,
however, have mentioned whether the cell morphology of this
organism had altered as a result of heating.

The present study was undertaken to investigate the effect of
growth at the above-optimum temperature of 42.8°C (i.e., sim-
ilar to the body temperature of a cow infected with L. mono-
cytogenes) on the heat resistance of different cell forms of L.
monocytogenes (serotype 4b). Thermotolerance was calculated
by determining both D values (decimal reduction times) and Z
values (numbers of degrees Celsius required to cause a 10-fold

change in the D value) and by using the end point recovery
method.

MATERIALS AND METHODS

Bacterial culture and media. Two different morphological culture forms of L.
monocytogenes were used, the normal smooth or S type, consisting of short single
and/or paired rods (0.4 to 0.5 mm in diameter and 0.5 to 2 mm in length), and the
atypical rough or R type, predominantly consisting of long cell chains of up to 60
mm in length (Fig. 1). The two S-type strains used were NCTC 9863 and 11994
(both of these serotype 4b strains were originally isolated from patients with
meningitis and are referred to as S1 and S2, respectively, throughout the text) and
were obtained from the National Collection of Type Cultures, Public Health
Laboratories, Colindale, London, United Kingdom. The two R-form culture
variants, R1 and R2, were derived previously from the S1 and S2 strains, respec-
tively (46), via heating studies as follows: the parent S1 and S2 cultures were
grown in tyndallized whole milk (WM) at 42.8°C for 24 h without shaking prior
to being heated at 60°C for 7 min and at 63°C for 3 min. The R1 and R2 culture
variants were obtained on tryptone-soya agar plates supplemented with 0.6%
yeast extract (TSYEA). The cultures were plated immediately after the 7- and
3-min intervals described above and were incubated for 48 h at 37°C. The purity
of the strains was confirmed by Gram, catalase, and oxidase reactions; tumbling
motility at 25°C; CAMP test reaction; and biochemical profiling with the API
Listeria gallery (Biomérieux Ltd.). Stock cultures were grown on TSYEA at 37°C
for 18 to 20 h and were maintained at 4°C with monthly transfer.

Fifty milliliters of tryptone-soya broth supplemented with 0.6% yeast extract
(TSYEB) contained in a 250-ml flask was inoculated with the test strain and
incubated at 30°C with shaking at 150 rpm on a rotary incubator (model RFI-125;
INFORS AG, Botlmingen, Switzerland). Growth was monitored by measuring
the optical density at 625 nm (OD625) of the culture with a spectrophotometer
(model UV-120-02; Shimadzu Corp., Kyoto, Japan). Cells from the late-expo-
nential phase (an absorbance of 0.2 at OD625, yielding approximately 109 Listeria
cells/ml) were harvested by centrifugation at 3,000 3 g in a refrigerated (4°C)
centrifuge, washed twice, and resuspended in 5 ml of precooled phosphate-
buffered water (0.01 M, pH 7 at 4°C). Two duplicate 250-ml flasks each contain-
ing 50 ml of commercially pasteurized WM were tyndallized to sterility and
inoculated to give initial cell densities of approximately 103 cells/ml. Cultures
were grown without shaking for 24 h at 37 or 42.8°C to the respective maximum
stationary stage.

Thermal resistance studies and enumeration. Heat treatments were per-
formed using screw-cap 28-ml dilution bottles containing 10 ml of WM. The
bottles were equilibrated at 56, 60, or 63°C utilizing a circulating constant tem-

FIG. 1. Cell chain development in L. monocytogenes NCTC 11994 (R1). A phase contrast micrograph (Nikon Optiphot-2 light microscope) is shown. Bar 5 5mm.
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perature water bath (model HE30; Grant Instruments Ltd., Cambridge, United
Kingdom) equipped with a thermoregulator capable of maintaining temperature
to within 6 0.05°C (model TE-8A; Techne Ltd., Cambridge, United Kingdom);
the level of the water in the water bath was maintained ca. 5 cm above the
submerged bottles. A mercury thermometer was inserted into an uninoculated
bottle and was checked periodically during the experimental runs to ascertain
that the heating temperatures were maintained. One milliliter of the overnight-
grown cells was then added to give 1.5 3 108 to 3 3 108 CFU/ml of WM. At
predetermined heating intervals (over 2 h at 56°C, 1 h at 60°C, and 30 min at
63°C), a 1-ml sample was removed from each of the bottles and added to 9 ml of
WM. The bottles containing heat-treated samples were transferred quickly into
a beaker containing tap water at 22°C and held for 1 min (which ensured
near-instantaneous cooling of the samples) and then placed into a beaker con-
taining an ice-water mixture. Preliminary experiments showed no growth during
this period of time (data not shown) (46). Heat treatments at each temperature
were repeated at least twice.

Recovery of surviving cell populations was determined at each heating interval
in the heat-treated suspensions, and dilutions thereof, by spread, pour, and spiral
plating samples (model B; Spiral Systems Inc., Shipley, United Kingdom) onto
TSYEA and Listeria selective agar (LSA) (Oxford formulation; Oxoid). Succes-
sive dilutions were performed with 9 ml of WM, and all counts were done with
triplicate plates. WM was used as the diluent to provide greater protection
against the deleterious effects of heat treatment when L. monocytogenes cells
were grown, heat treated, and enriched in the same nutrient medium compared
with that provided by changing the nutritional composition of the heating men-
struum and/or the diluent (data not shown) (46). Plates were incubated aerobi-
cally at 37°C for 48 h, and colonies were counted. The cell morphologies of three
randomly selected colonies were examined per plate. All bottles containing
treated cultures from each sample heating interval were then incubated and/or
resuscitated without shaking at 30°C for 2 days, and total aerobic counts were
carried out by using both plating media as described above. This latter recovery
method is referred to herein as the end point recovery method, where the end
point is defined as the last sample interval resulting in growth of heat-injured
cells (i.e., the last sample interval just before reaching the interval yielding total
inactivation of suspended cells) at each treatment temperature. Near the end
point, samples were removed at 2-, 1-, and 1-min intervals at 56, 60, and 63°C,
respectively.

Statistical methods. All experiments in this study were performed in triplicate,
and results are reported as averages. Estimates of thermal resistance at each
heating temperature were expressed as D values calculated as the absolute value
of the inverse slope of the least square regression line fitted to log10 reduction in
viable cell numbers versus heating time. A linear regression was computed from
log10 D value versus heating temperature, and the Z value was computed as the
absolute value of the inverse of the slope. Temperatures used to determine Z
values were 56, 60, and 63°C, and thermotolerance was computed by using both
selective and nonselective media. Effects of growth and heat treatment temper-
atures, plating media, type of recovery method, and cell morphology on thermal
resistance were calculated at the 95 and 99.9% confidence intervals by analysis of
variance (balanced model) with Minitab software Release 11 (Minitab Inc., State
College, Pa.).

RESULTS AND DISCUSSION

Effects of growth temperature and other factors on the ther-
motolerance of L. monocytogenes. Growth and heating temper-
atures and types of plating media and recovery methods had

significant effects (P , 0.001) on the survival of heated L.
monocytogenes (Tables 1 and 2). Growth of Listeria cells in
bovine WM at the above-optimum temperature of 42.8°C re-
sulted in a 2.5- to 3-fold increase in thermotolerance (P #
0.001) compared to that for growth at 37°C (Table 1). This
enhanced thermotolerance was seen at each heating tempera-
ture (Table 1). Table 2 lists the factors that significantly influ-
enced the heat resistance of Listeria cells shown in Table 1.
While treatment temperature was shown to have the most
significant effect on thermotolerance (i.e., the higher heating
temperatures resulting in greater reductions in cell numbers),
other factors which provided greater levels of cell protection
were growth at 42.8°C prior to heat treatment and recovery of
thermally injured cells on the nonselective TSYEA medium
(Tables 1 and 2). Greater recovery of heat-injured Listeria cells
was obtained after a 2-day enrichment period in WM (Table

TABLE 1. Heat resistance of S- and R-culture forms of L. monocytogenes grown in WM at 37 or 42.8°C prior to heating at 56, 60, and 63°C
as determined by the interval sample plating method

Heating
Temp
(°C)

Growth
Temp
(°C)

D or Z value (min) for culture forms plated on indicated mediaa

S1 R1 S2 R2

TSYEA LSA TSYEA LSA TSYEA LSA TSYEA LSA

56 42.8 24.5 (0.7)Aa 16.5 (0.3)Ad 29.1 (0.3)Ab 18.1 (0.1)Ac 26.5 (0.8)Aa 17.8 (0.3)Ac 31.5 (0.8)Ab 19.5 (0.2)Ac

37 9.6 (0.2)Ba 6.4 (0.2)Bc 10.5 (0.1)Bb 6.5 (0.2)Bc 10.1 (0.2)Ba 6.4 (0.2)Bc 11.4 (0.2)Bb 6.6 (0.1)Bc

60 42.8 3.7 (0.2)Aa 1.8 (0.2)Ad 4.4 (0.2)Ab 2.1 (0.1)Ac 3.9 (0.1)Aa 2.0 (0.1)Ac 4.8Ab 2.3 (0.2)Ac

37 1.5Ba 0.7 (0.1)Bc 1.7 (0.1)Bb 0.8 (0.1)Bc 1.5 (0.2)Ba 0.8 (0.1)Bc 1.8 (0.1)Bb 0.9 (0.1)Bc

63 42.8 1.1 (0.1)Aa 0.4 (0.1)Ac 1.4 (0.1)Ab 0.6Ac 1.2Aa 0.5 (0.1)Ac 1.4 (0.1)Ab 0.6 (0.1)Ac

37 0.4 (0.1)Ba 0.1 (0.1)Bb 0.4Ba 0.2Bb 0.4 (0.1)Ba 0.2 (0.1)Bb 0.5 (0.1)Ba 0.2Bb

Z-values 42.8 5.1 (0.1)Aa 4.4 (0.1)Ab 5.2Aa 4.6 (0.1)Ab 5.1Aa 4.4Ab 5.2Aa 4.6 (0.1)Ab

37 5.0 (0.1)Aa 4.3Ab 5.0 (0.1)Ba 4.4 (0.1)Bb 5.0Aa 4.3 (0.1)Ab 5.1Aa 4.4 (0.1)Bb

a Values are means of three replicates. Numbers in parentheses are standard deviations. Values in the same column within each heating temperature with different
superscript uppercase letters are significantly different (P # 0.05). Values in the same row with different superscript lowercase letters are significantly different (P #
0.05). Numbers in boldface are Z values, which were determined by simple linear regression.

TABLE 2. Factors shown to influence the thermotolerance of
L. monocytogenes suspended in bovine WM as determined by

analysis of variance (balance design)

Source of variancea
Statistical resultb

DF SS MS F P

TT 2 4,406.1 2,203.1 8,428.3 #0.001
GT 1 768.4 768.4 2,939.7 #0.001
PM 1 211.2 211.2 808.1 #0.001
CM 1 14.9 14.9 56.9 #0.001
TT z CT 2 944.1 472.1 1,806.0 #0.001
TT z PM 2 191.5 95.7 366.3 #0.001
TT z CM 2 15.2 7.6 29.1 #0.001
CT z PM 1 41.9 41.9 160.2 #0.001
CT z CM 1 7.5 7.5 28.6 #0.001
PM z CM 1 4.3 4.3 16.6 #0.001
TT z CT z PM 2 35.5 17.7 67.9 #0.001
TT z CT z CM 2 7.0 3.5 13.3 #0.001
TT z PM z CM 2 4.5 2.3 8.7 #0.001
CT z PM z CM 1 1.6 1.6 5.9 #0.017
TT z CT z PM z CM 2 1.2 0.6 2.2 #0.115

Error 72 18.8 0.3
Total 95 6,673.6

a TT, treatment temperature; GT, growth temperature; PM, plating medium;
CM, cell morphology (differences between atypical R- and typical S-cell forms.

b DF, degrees of freedom; SS, sum of squares; MS, mean squares; F, f statistic.
F value compares the spread of results in data sets to determine if they could
reasonably be considered to come from the same parent distribution.
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3). Results from total viable counts (data not shown) showed
that growth occurred in the enriched bottles at each sample
interval up to and including the end point.

The results of the present study are in agreement with the
findings of other researchers (14, 31), who showed that growth
of L. monocytogenes cells at an above-optimum temperature
(i.e., 39 to 43°C) resulted in an increase in thermotolerance.
Growth of L. monocytogenes F5069 under anaerobic conditions
at 43°C prior to heat treatment and enumeration of survivors
resulted in D62 z 8°C values that were at least sixfold greater
than those previously obtained by using cells grown at 37°C and
with aerobic plating (31). Whereas Knabel et al. (31) reported
that under their test conditions, high levels of L. monocyto-
genes survived the minimum low-temperature, long-time
(LTLT) pasteurization process, we showed that L. monocyto-
genes cells grown at 42.8°C were less heat tolerant, surviving
approximately 27 min of heating at 63°C when enumerated
after a 2-day enrichment period. Knabel and coworkers attrib-
uted the greater recovery of severely heat-injured L. monocy-
togenes cells to the absence of O2 in the enrichment medium
(i.e., the O2 sensitivity of heat-injured Listeria cells has been
attributed in part to the inactivation of catalase and superoxide
dismutase). Dallmier and Martin (9) reported that catalase
and sodium dismutase were rapidly inactivated when Listeria
cells were heated at temperatures of 55 to 60°C. Inactivation of
these two enzymes was thought to result in the accumulation of
toxic levels of O2 products, such as O2

2 and H2O2.
The production and action of a specific set of HSPs, synthe-

sized during the growth of L. monocytogenes cells at 42.8°C,
may also account for the acquired thermotolerance in the
present study (27, 31, 45). While the precise role of HSPs in
acquired heat resistance remains controversial, HSPs might
help cells cope with stress-induced damage by promoting the
degradation of abnormal proteins (e.g., lon and Clp proteases)
and/or the reactivation of stress-damaged proteins by function-
ing as molecular chaperones, preventing the aggregation and
promoting the proper refolding of denatured proteins (45).
Rapid degradation of damaged proteins reduces the possibility
of deleterious interactions between polypeptides and func-
tional proteins, prevents accumulation of insoluble aggregates,
and releases the amino acids contained in nonfunctional
polypeptides for synthesis of new proteins (45). As is the case
for all organisms studied so far, L. monocytogenes responds to
sudden increases in temperature by synthesizing a particular
set of HSPS (28). Some stress-induced proteins are also pro-
duced in organisms in order to sustain long-term survival at
above-optimum temperatures (45). For instance, in Saccharo-
myces cerevisiae, some HSPs are required for growth at tem-
peratures near the upper end of the normal growth range (e.g.,
HSP70), others are required for long-term survival at moder-
ately high temperatures (e.g., ubiquitin), and still others are

required for tolerance to extreme temperatures (e.g., HSP104)
(45). In some cases, expression of genes encoding for the
production of proteins associated with one stimulus (e.g., heat
shock) can be induced during other stresses; for example, var-
ious HSPs in E. coli cells are also synthesized when the cells are
exposed to hydrogen peroxide, ethanol, UV, puromycin, and
nutrient or amino acid deprivation (27). Therefore, the large
increase in heat resistance observed when L. monocytogenes
cells were grown at 42.8°C, compared with that of cells grown
at 37°C, may have been due to the accumulation of large
amounts of postexponential HSPs that were induced by ele-
vated growth temperature, nutrient deprivation, and/or other
stresses (27, 45). Jenkins et al. (27) concluded that the in-
creased heat resistance of stationary-phase E. coli cells could
have been a result of synthesis of postexponential HSPs that
were induced during glucose starvation. The induction of
HSPs, therefore, may prepare cells for growth at elevated
sublethal temperatures while playing only a minor role in ac-
quired thermotolerance at lethal temperatures.

Under the present test conditions, heat-injured Listeria cells
suspended in the heating menstruum were subjected to mini-
mal mixing before enumeration and then enriched for 2-days
without shaking. Due to the differences in cell recovery be-
tween immediate aerobic plating and 2-day enrichment meth-
ods (Table 3), it is probable that the enhanced thermotoler-
ance seen with the latter method was due in part to the
provision of a reduced O2 environment in the enrichment
bottles. Nonetheless, R-form cells cultivated at 42.8°C prior to
heating at 63°C were recovered from the 27-min sample inter-
val, i.e., an additional heat tolerance of 16 min compared with
that of the immediate plating method resulted (Table 3). As
heat-injured cells grew in WM over the 2-day enrichment pe-
riod, it was not possible to convert end point survivor data to
D values (Table 3). The enhanced recovery of cells grown at
42.8°C seen after enrichment in WM at 30°C is important in
terms of milk safety, because HTST pasteurization (which is
used commercially) has been shown to result in approximately
10-fold fewer log reductions of L. monocytogenes than the
LTLT pasteurization process used in this study (6). Therefore,
under similar growth and recovery conditions (enrichment in
WM at 30°C), HTST pasteurization might yield survivors that
can grow in milk.

The significance of L. monocytogenes in relation to food
safety is mainly due to its ability to grow in foods under refrig-
erated storage (2, 10, 11, 14, 28). Many authors have reported
that in non-heat-shocked cells of different bacterial species,
higher growth temperatures lead to higher thermotolerance
(31, 37–39). There is little knowledge, however, about the
influence of growth at above-optimal temperatures in relation
to the acquisition and maintenance of thermotolerance in
foods during refrigeration. Whereas the thermotolerance de-

TABLE 3. Effects of growth temperature on the thermotolerances of S- and R-cell forms of L. monocytogenes using the end point
recovery methoda

Growth
temp
(°C)

Plating
medium

D63°C for indicated cell form witha:

Immediate plating of heated samples Plating after 2-day enrichment period at 30°C

S1 S2 R1 R2 S1 S2 R1 R2

42.8 TSYEA 7.3 (0.5)Aa 7.6 (0.6)Aa 9.6 (0.6)Ab 10.3 (1.2)Ab 21.6 (1.5)Ac 21.3 (1.2)Ac 24.3 (2.1)Ac 24.6 (2.6)Ac

37 TSYEA 3.0Ba 3.0 (1.0)Ba 4.0Ba 4.3 (0.6) Ba 7.6 (0.6)Bb 7.6 (1.5)Bb 10.3 (1.5)Bc 10.3 (0.6)Bc

42.8 LSA 3.0Aa 4.3 (0.6)Aa 5.0 (1.0)Aa 5.0 (1.0)Aa 17.6 (0.6)Ab 18.0 (1.5)Ab 21.6 (1.5)Ac 22.3 (1.7)Ac

37 LSA 0.7 (0.7)Ba 1.0Ba 2.0 (1.0)Ba 1.6 (1.2)Ba 4.0Bb 5.6 (0.6)Bb 6.0 (1.0)Bb 7.3 (1.5)Bb

a Values are means (6 standard deviations). Values in the same column within each heating temperature with different superscript uppercase letters are significantly
different (P # 0.05). Values in the same row with different superscript lowercase letters are significantly different (P # 0.05).
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veloped by Salmonella typhimurium after heat shocking was
lost during storage in just 1 h (37), Farber and Brown (17)
reported that L. monocytogenes still maintained, after a 24-h
period at 6°C, the heat resistance developed after a 2-h heat
shock at 48°C. Smith and Marmer (47) showed that L. mono-
cytogenes grown at 10°C did not attain the heat resistance of
non-heat-shocked cells grown at 37°C. Pagán and coworkers
(44), however, showed that storage of heat-shocked L. mono-
cytogenes (42.5°C for 180 min) for 24 h at 4°C before heating
did not affect the D values seen for heat-shocked cells. These
authors also reported that for non-heat-shocked Listeria cells
stored for 7 and 14 days at 4°C, the proportion of cells re-
sponding to heat shock not only depended on the duration of
heat shock but also on the duration of previous storage. The
longer the duration of heat shock and the shorter the duration
of storage, the greater the proportion of cells responding to
heat shock. For instance, after a 14-day storage at 4°C, Pagán
et al. (44) reported that only 10% of the cells given the longest
heat shock of 120 min responded, while only 1.5% of those
given the mildest heat shock of 15 min did so.

Factors affecting the thermotolerance of L. monocytogenes R-
and S-cell forms. The thermotolerance of the R- and S-cell
forms varied as a result of the various growth, heating, and
recovery conditions used in the present study. Atypical R-type
culture forms (predominantly consisting of long cell chains)
exhibited higher D and Z values (Table 1) than those of typical
S forms (consisting of single and paired cells). R-cell forms
were 1.2-fold more heat tolerant as measured by D value ratios
at each heating temperature (Table 1). R cultures obtained
from the two L. monocytogenes strains (NCTC 11994 and 9863)
did not differ in thermotolerance nor did the parent S forms
(P # 0.001). Both cell forms of L. monocytogenes grown at 37
and 42.8°C showed nonlinear TDT curves (Fig. 2). Whereas
the R-form TDT curves contained both a shoulder and tail
section, S-form survivor curves exhibited a shoulder section
only (Fig. 2).

Atypical R-form cells consistently survived longer at 62.8°C
than S-form cells as shown by both recovery methods (Table
3). Both cell forms were recovered after a longer duration of
heating when enumerated on TSYEA immediately after heat-

FIG. 2. Thermal resistance of S- and R-cell forms of L. monocytogenes NCTC 11994 (A) and NCTC 9863 (B) grown at 37 and 42.8°C prior to heating at 60°C.
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ing and after a 2-day enrichment period (Table 3). Other
researchers also reported inferior recovery of heat-injured L.
monocytogenes as a result of enumeration on selective plating
media (31, 34, 35, 47, 48). Despite their enhanced thermotol-
erance, atypical cell forms of L. monocytogenes were unable to
survive the LTLT pasteurization process (Table 3). Jørgensen
et al. (29) also reported the existence of long cell chains in L.
monocytogenes which exhibited TDT curves that contained
both a shoulder and tail section post heating. These atypical
Listeria cells, however, were obtained by severe osmotic shock
due to growth in medium containing 1.5 mol of NaCl/liter, and
these cells became up to 50 times longer than cells grown in
medium containing 0.09 mol of NaCl/liter. Cells which had
adapted to a high salinity before heat treatment showed a
10-fold increase in thermotolerance in minced beef compared
to a 22-fold increase in tryptic phosphate broth. However, no
link between the acquisition of thermotolerance and cell mor-
phology was made. While TDT curves obtained during the
present study, as a result of growth at an above-optimum tem-
perature, were similar to the type of survivor curves obtained
by Jørgensen et al. (29), atypical Listeria cells were shown to be
1.2-fold more heat tolerant than single-celled cultures at each
heating temperature (Table 1). McCallum and Inniss (41) re-
ported a direct link between thermotolerance and cell mor-
phology, where the acquisition of thermotolerance in A. arcti-
cum was related to the formation of filamentous cells.

It is particularly interesting that the majority of researchers
reporting greater thermotolerance in L. monocytogenes, as a
result of growth at above-optimal temperatures and/or heat
shock, showed nonlinear TDT curves that contained both a
shoulder and tail section (16, 20, 37, 44) or just an initial
shoulder section (30, 35, 50). In addition, the majority of re-
searchers reporting survivor curves in L. monocytogenes used
the same serotype, 4b (16, 20, 29, 31, 35, 37, 50); this serotype
has been isolated from patients with meningitis and from foods
implicated in a number of food-related illnesses (19, 21, 25,
26).

Irrespective of the shape of the thermal death kinetic data,
calculations on the level of thermotolerance in Listeria cells
have been based on logarithmic death kinetics (i.e., D values
that were calculated as the absolute value of the inverse slope
of the least square regression line fitted to log reduction in
viable cell numbers versus heating time) (16, 20, 31, 35, 37, 50).
Very often no allowance has been made in these calculations
for the shoulder and/or tail section in survivor curves. King et
al. (30) showed that the function (logN0-logN)a 5 kt1c could
be successfully used to linearize the survivor curves obtained
from B. fulva, a mold that produced heat-resistant ascospores.
N0 and N are the initial and surviving number of organisms,
respectively, at time t, the death rate constant is given by k, and
c is a constant for a set of data. The a value is derived from the
least squares slope of a plot of log(logN0-logN) versus log time.

King and coworkers showed that the function does not
change significantly as the severity of the lethal treatment is
increased. When comparing the survival of microbial species
under different thermal processes in foods, a large number of
log units of kill should be used so the final calculations will
incorporate the shoulder and the rapid death phase of the
curve. For instance, a 1 log unit destruction of L. monocyto-
genes NCTC 11994 (i.e., S1 in Fig. 2) takes 6.1 min at 60°C, but
the second log unit takes 3.4 min, the third takes 3.3 min, the
fourth takes 3.1 min, and the fifth takes 2.6 min. Because of the
shoulder of the curve, a third of the total time for a 5 log unit
reduction is required for the first log unit of destruction. While
the D60°C for S1 was 3.7 min, the analogous value for a 1-log
unit destruction (using the linearizing function) increased to

3.9 min. Application of this function also showed that the
thermotolerance of other bacterial pathogens was underesti-
mated. The time taken for a 6-log unit reduction in Salmonella
seftenberg 750W was observed to be 119 min but was calculated
to be 132 min using the function (43). However, use of this
formula did not apply to TDT curves containing both shoulder
and tail sections (data not shown) (46). Shoulders of TDT
curves have been postulated to be due to spore activation,
repair of heat injury, cell disaggregation, or even methodolog-
ical problems (24, 42). Moats et al. (42) reported extensive
tailing in the survivor curves for E. coli, S. faecalis, Salmonella
senftenberg 775W, and S. antum and attributed these deviations
from the exponential death rates to differences in heat resis-
tances in a single bacterial culture and/or clumping (i.e., where
clumps of two or more cells produce a colony as long as one
cell in the clump is viable). Therefore, while measurement of
thermotolerance by the TDT curve method (i.e., D value de-
termination) provides detailed data on thermal death rate ki-
netics that cannot be obtained by the end point recovery
method (24, 44, 52), regression analysis of nonlinear data can
underestimate survival of L. monocytogenes (Table 3). The end
point recovery method appears to be a better method for
determining microbial thermotolerance because it takes both
shoulders and tails into consideration.

Little knowledge is available on the putative virulence capa-
bility of R-transformed L. monocytogenes. Kuhn and Goebel
(32) reported that long cell chains of this organism result from
an impairment in the synthesis of a major extracellular protein,
p60 (considered an important housekeeping protein for viru-
lent strains of L. monocytogenes). It was suggested that p60
protein may be a murein hydrolase and that its synthesis is not
under the control of the transcriptional activator, PrfA (which
regulates the synthesis of many virulence factors in the gene
cluster). The p60 mutants form long cell chains (also desig-
nated R forms), with unseparated septae between the individ-
ual bacterial cells, which disaggregate to normal-sized single
bacteria upon treatment with partially purified p60. R-mutant
forms were reported to be avirulent as they were unable to
invade phagocytic 3T6 mouse fibroblast cells (5, 32). These
researchers showed, however, that these R-mutant forms were
still capable of adhering to and invading epithelial human
colon carcinoma cells (CaCo-2), albeit at a reduced level of
invasiveness (5). As spontaneously occurring mutants of L.
monocytogenes with R-form cell characteristics were isolated
previously at a relatively high frequency (1 in 10,000 colonies)
(32), and were also shown to emerge under conditions of
severe osmotic (29) and heat stress (46), the potential patho-
genicity of ingested R-form L. monocytogenes in vulnerable
groups remains unanswered. In the present study, the rever-
sion rate from R form to normal-sized single bacteria was
shown to be approximately 3 in 500 colonies (data not shown)
(46).

In view of the fact that many foods are subject to mild heat
treatments followed by lengthy periods of refrigerated storage,
e.g., sous-vide (19), greater research is needed to determine
the pathogenicity of long cell chain forms of L. monocytogenes,
their frequency of occurrence in foods, and the relevance of
survivor curves (particularly TDT curves with tail sections) in
food systems. The D value concept, which assumes a linear
response between the log number of cell survivors and heating
time, accurately described only some of the data presented.
More importantly, D values calculated from linear sections of
the TDT curve, and not from the entire curve, could lead to an
underestimation of the time and temperature required to
achieve the desired level of cell destruction. Therefore, the end
point method may be the best approach for determining mi-
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crobial thermotolerance as it takes both shoulders and tails
into account.
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a b s t r a c t

The effects of mild conventional food-processing conditions on Listeria monocytogenes survival to pulsed
UV (PUV) irradiation and virulence-associated characteristics were investigated. Specifically, this study
describes the inability of 10 strains representative of 3 different culture forms or morphotypes of
L. monocytogenes to adapt to normally lethal levels of PUV-irradiation after exposure to sub-lethal
concentrations of salt (7.5% (w/v) NaCl for 1 h), acid (pH 5.5 for 1 h), heating (48 �C for 1 h) or PUV
(UV dose 0.08 mJ/cm2). Findings showed that the order of increasing sensitivity of L. monocytogenes of
non-adapted and stressed morphotypes to low pH (pH 3.5 for 5 h, adjusted with lactic), high salt (17.5%
w/v NaCl for 5 h), heating (60 �C for 1 h) and PUV-irradiation (100 pulses at 7.2 J and 12.8 J, equivalent to
UV doses of 2.7 and 8.4 mJ/cm2 respectively) was typical wild-type smooth (S/WT), atypical filamentous
rough (FR) and atypical multiple-cell-chain (MCR) variants. Exposure of L. monocytogenes cells to sub-
lethal acid, salt or heating conditions resulted in similar or increased susceptibility to PUV treatments.
Only prior exposure to mild heat stressing significantly enhanced invasion of Caco-2 cells, whereas
subjection of L. monocytogenes cells to combined sub-lethal salt, acid and heating conditions produced
the greatest reduction in invasiveness. Implications of these findings are discussed. This constitutes the
first study to show that pre-exposure to mild conventional food-processing stresses enhances sensitivity
of different culture morphotypes of L. monocytogenes to PUV, which is growing in popularity as an
alternative or complementary approach for decontamination in the food environment.

� 2011 Elsevier Ltd. All rights reserved.

1. Introduction

The opportunistic pathogen Listeria monocytogenes causes liste-
riosis, a serious infection with high hosptialization and mortality
rates, with consumption of contaminated food principle mode of its
transmission to humans (Tompkin, 2002). Increased ready-to-eat
(RTE) food consumption makes L. monocytogenes a serious threat
since the pathogen is able to survive a wide range of environmental
stress conditions, such as low temperature, acidic pH, and high
osmolarity (Sue et al., 2004). According to the European Centre for
Disease Control and Prevention, listeriosis was the fifth most
common zoonotic infection in Europe in 2006 (EFSA-EDSC, 2007),
while it is estimated to account for approximately 28% of the
deaths resulting from food-borne illnesses in the UK (cited in

Chorianopoulus et al., 2011). Because L. monocytogenes is ubiquitous
it may be introduced into food-processing plants through many
different routes. L. monocytogenes has been shown to colonize pro-
cessing environments and to contaminate products during pro-
cessing. Certain strains may become persistent in a plant and cause
continuous contamination (Lünden et al., 2008; Van Boeijen et al.,
2008; Van Boeijen et al., 2010). Although the origin of persistence
can be different, overall persisters can have specific qualities, such as
acid and heat tolerance and adherence to surfaces, contributing to
the establishment of house strains. A number of studies have shown
persistence of L. monocytogenes in various food-processing plants
(Lünden et al., 2008). Some of these persistent strains dominated
and persisted in a plant or production line for years and caused food
contamination and human disease.

Adaptation to hostile environmental conditions has been
demonstrated to alter cellular physiology of a number of food-borne
persister pathogens such that they become resistant to further
extreme food-processing stresses (Hill et al., 2002; Chorianopoulus
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et al., 2011). Our group has demonstrated that exposure of microbial
pathogens, including L. monocytogenes, to a plethora of sub-lethal
stressors may alter their cellular structure and appearance
producing atypical rough cultures or morphotypes that often exhibit
greater tolerance to extreme stresses compared to parent wild-type
cells (Rowan, 1999). Characterization of molecular determinants
involved in conversion to the atypical culture variant forms or mor-
photypes has been previously described by a number of researchers
(Kuhn and Goebel, 1989; Monk et al., 2004), with specific involve-
ment of a peptidoglycan hydrolase CwhA (formerly termed invasion-
associated protein or p60) in the formation of the rough colony
appearance. Regarding L. monocytogenes, one of the most important
and intensively investigated adaptive responses is to acid stress, the
so-called acid tolerance response (ATR) (Gahan et al., 1996; Lou and
Yousef, 1997; Chorianopoulus et al., 2011). The ATR normally
results from pre-exposure of microbial cells to mild-acid conditions
(pH 5.0e6.0) and besides enabling augmented tolerance to extreme
acid challenges (Koutsoumanis and Sofos, 2004), it has also been
found to offer L. monocytogenes cross-protection against heat,
ethanol, oxidative and osmotic stresses, as well as against the
bacteriocin nisin and other ionophores (Lou and Yousef, 1997;
Rowan, 1999; Chorianopoulus et al., 2011). Of note, heterogeneity in
a microbial populationwith an effect on resistance was also recently
observed in the use of the high hydrostatic pressure that is an
emergingnon-thermal food-processing technique (Van Boeijen et al.,
2010). The advantages of developing the latter and other non-
thermal processing technologies for food applications include the
potential retention of fresh-food characteristics and organoleptic
qualities such as flavour, aroma and texture. However, as exposure to
mild conventional food-processing conditions represent extensions
of the natural variation that a microorganism may also encounter
during infection, it is not surprising to learn that many bacteria
capable of persistence (including L. monocytogenes) are capable of
mounting adaptive responses to these applied sub-lethal stress
conditions (Rowan, 1999; Hill et al., 2002). With current consumer
preferences for foods that avoid the extreme use of a single preser-
vation hurdle, there has been an awakening towards studies that
focus on stress-adaptation and cross-protection to multiple stresses,
particularly in minimally processed foods. The “stress-hardening
phenomenon” has significant food-safety implications, especially in
situations where the food industry explores levels of lethality that
are close to the boundaries of microbial control. The ability of
L.monocytogenes to altermorphological appearance togetherwith its
peculiar ability to adapt to hostile environments (Lou and Yousef,
1997) and to persist on food-contact surfaces (Chorianopoulus
et al., 2011) are of particular interest for food processors, since
these microbial attributes may pose serious risks to food safety.

Pulsed light (PUV) is a non-thermal approach that has received
considerable attention as a strategy for decontaminating food,
packaging, water and air (Gómez-López et al., 2007). This approach
kills microorganisms by using ultra-short duration pulses of an
intense broadband emission spectrum that is rich in UV-C germi-
cidal light (200e280 nm band). PUV is produced using techniques
that multiplies power manifold by storing electricity in a capacitor
over relatively long times (fractions of a second) and releasing it
in a short time (millionths or thousandths of a second) using
sophisticated pulse compression techniques (Gómez-López et al.,
2007). The emitted flash has a high peak power and usually
consists of wavelengths from 200 to 1100 nm broad spectrum light
enriched with shorter germicidal wavelengths (Gómez-López et al.,
2007). Thus, significant microbial reductions in ultra-short treat-
ment times, the limited energy cost of PUV, the lack of residual
compounds, and its great flexibility are some of the major benefits
of this technique (Oms-Oliu et al., 2010). Seminal developments
pertaining to PUV technologies has been the subject of recent

reviews (Gómez-López et al., 2007; Oms-Oliu et al., 2010), with
emphasis strongly placed on decontamination efficacy for food and
water applications that aptly reflects the focus of research in this
field of study to date. Given that L. monocytogenes may encounter
various hurdles (stresses) in food-processing environments (e.g.
acidity, salinity, sanitizers etc.), it is possible that prior exposure to
these inimical stresses may alter the resistance of L. monocytogenes
to normally lethal levels of pulsed UV light. Consequently, the
objectives of the present work were to: (i) investigate the rela-
tionship (if any) between prior exposure to sub-lethal food-related
stresses (acid, salt and heating) and subsequent tolerance to
extreme levels of the same for 3 different morphotypes of
L. monocytogenes, (ii) determine if prior exposure to these
conventional food-processing stresses or/and to mild-PUV condi-
tions affects resistance of these L. monocytogenes morphotypes
to normally lethal levels of high-intensity pulsed UV irradiation,
(iii) determine that relationship (if any) between prior exposure of
L. monocytogenes to sub-lethal salt, acid, heating and PUV condi-
tions (stresses applied singly and combined) on their subsequent
adherence and invasiveness to human Caco-2 cells. To the best of
our knowledge, no published study to date has investigated the
relationship between exposure to mild-food processing stress
conditions and adaptive bacterial tolerance to normally lethal
levels of pulsed UV light.

2. Materials and methods

2.1. Bacterial strains used and preparation of inocula

The Listeria strains used in the study were, if not otherwise
indicated, derived or obtained from the Special Listeria Culture
Collection [SLCC] of H. P. R. Seeliger, Würzburg, Germany, from C.
Hill, University College Cork (UCC), Ireland, or from the National
Collection of Type Cultures [NCTC], Public Health Laboratory
Service [PHLS], Central Public Health Laboratory, Colindale, UK
(Table 1). Strains exhibiting typical wild-type coccobacilli appear-
ance were designated S/WT (smooth entire colony morphotype);
strains exhibiting atypical long filaments separated by one or two
septa were designated FR (filamentous rough colony morphotype),
while strains exhibiting atypical long cell chains with multiple
septa were designated MCR (multiple coccobacilli cells in long
chain arrangement producing rough colony morphotype). The
clinical rough strains FR2 and FR3 were blood-culture isolates from
a 76 and 72 year-old female and male respectively, both individuals
had sepsis and pyrexia. Strains of L. monocytogenes were grown
separately to single colonies on Listeria Selective agar (LSA, Oxiod,
Basingstoke, UK) agar respectively at 37 �C for 48 h aerobically.
All test strains were maintained in Microbank storage vials (Cruinn
Diagnostic, Ireland) at �80 �C in bead vials and were resuscitated
by adding one bead in 10 ml of Tryptone Soy Broth (TSB, Difco
Laboratories, Detroit, Mich.) and incubating at 30 �C for 24 h
(preculture).

2.2. ELISA for the detection of CwhA protein

Detection of CwhA protein (formerly p60) in all test
L. monocytogenes strains occurred using indirect ELISA involved the
addition of 100 ml of cell-free supernatant per well of microtitre
plates (supernatant from an overnight culture and harvested by
centrifugation) and incubation for 2 h at 37 �C. Coated proteins were
washed three times with wash buffer (PBS containing 0.1% v/v
Tween 20) and the L. monocytogenes-specific monoclonal antibody
CwhA-mAb K3A7 was added. This mAb was generated against the
L. monocytogenes-specific epitope, peptide D, of the Cwha protein,
which has been described previously (Bubert et al.,1997). Generation
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of K3A7was achieved by using standard protocols (Kuhn and Goebel,
1989). The anti-CwhA-mAb was prepared as a tissue-culture super-
natant diluted 1/200 (v/v) in wash buffer and incubated for 1 h at
room temperature. The microtitre wells were washed three times
with wash buffer and sheep anti-mouse horseradish peroxidase
conjugate (Sigma) was added at 100 ml well�1 at a dilution of 1/1000
in wash buffer and incubated for 1 h at room temperature. Excess
conjugate was washed five times with wash buffer and the substrate
SIGMA FAST� OPD tablets (Sigma) were added at 100 ml well�1 with
0.5 h incubation at room temperature. The A492nm was measured
after the addition of 50 ml well�1 3 M H2SO4.

2.3. Cell or filament length and colony appearance determination

Overnight cultures of all L. monocytogenes strains described
in Table 1 were separately incubated in brain heart infusion broth
at 37 �C with aeration. At various time intervals, the lengths of the
cells were determined using image analysis (Nikon Optiphot-2
microscope that was connected to a Solitaire 512 Image
Analyzer, Seescan Plc.) as per methods described previously (Jones
et al., 1994). Ten cells were measured per sample. Overnight
cultures were also grown at 37 �C on Listeria selective agar (LSA;
Oxford formulation; Oxoid) to investigate differences in colony
appearance. The area (in square micrometers) of ten colonies per
sample were measured with the image analysis system mentioned
above.

2.4. Electron microscopy

Strains representative of the 3 different morphotypes of
L. monocytogenes were examined by transmission electron
microscopy as per methods described by Rowan et al. (2001) with
modifications. Cells were grown to their stationary phase, washed
twice with PBS and resuspended in sterile-distilled water before
application to formvar-coated grids. After the grid was dried, one
drop of a solution containing 3% v/v tungstophosphoric acid and
0.3% v/v sucrose (pH 6.8e7.4) was added. The solutionwas removed
after 30e60 s, and the grid was dried and examined on a Zeiss 902
transmission electron microscope.

2.5. Assays for induction of prior heating, acid, osmotic stress

The procedures of Lou and Yousef (1997) and Buchanan and
Edelson (1996) were followed to prepare cells under conditions of
mild acid, salt or heating, with modifications. Briefly, 10 ml of
bacterial preculture was inoculated into 100 ml of Tryptone Soy
broth containing 1% v/v glucose (TSB þ G) or TSB without any
glucose (TSB� G), and grown in an orbital shaker at 125 rpm for 24 h
at 37 �C where the pH of cultures following incubation in TSB þ G
and TSB � G were ca. 4.7 and ca. 6.7, respectively. Cells from final
working cultures where harvested by centrifugation (5000 � g,
10 min, at room temperature (RT)), washed twice with 0.1 M phos-
phate buffered saline (PBS) and finally resuspended in PBSwhere the
optical density was adjusted at 540 nm to 2.0 (ca. 109 CFU ml�1) by
spectrophotometric (Model UV-120-02 instrument, Shimadzu Corp.,
Kyoto, Japan) determination. L. monocytogenes strains grown in
TSB � G were subjected to short sub-lethal acid and salt stress
conditions by initially washing 10 ml of working cultures by
centrifugation as described earlier followed by resuspension directly
in 10 ml of fresh TSB � G for 1 h by centrifugation where the salt
content was adjusted to 7.5% w/v NaCl or the pHwas adjusted to 5.5.
Following NaCl addition or/and pH adjustment, these 10 ml mildly-
stressed working cultures were subsequently resuspended in 10 ml
fresh TSB � G containing high salt (17.5% NaCl) or low acid (pH 3.5,
adjusted with lactic) for 5 h (extreme acid and salt challenge). Lactic
acid was used as acidulant for pH adjustment in the pH adaptation
(pH 5.5) and for the challenge medium (pH 3.5). For mild-heat stress
studies,10 ml of non-adaptedworking TSB� G cultures were heated
at 48 �C for 1 h in a circulating constant temperature waterbath
(Model HE30, Grant Instruments Ltd, Uk) equipped with a thermo-
regulator capable of maintaining temperature to within �0.05 �C
(model TE-8A, Techne Ltd, Cambridge, UK), followed by a 2 h incu-
bation at RTwith subsequent exposure to 60 �C for 1 h (extreme heat
challenge) as per method described previously by Rowan and
Anderson (1998). Samples were treated in triplicate and were
spread, pour and spiral plated on Tryptone Soy Agar supplemented
with 6% yeast extract (TSYEA) followed by incubation for 24 and 48 h
at 37 �C before enumeration. Survivorswere recorded as log10 colony
forming units (CFU) per ml.

Table 1
Listeria monocytogenes strains used and their characteristic morphological and physiological properties identified in this study.

Strain Serotype Reference
Strain No.

Origin Tumbling
Motility

Cell Morphology and Physiological Properties Colony Area
(mm2)f

Titre by ELISA
(A492) with
anti-CwhA
MAbh

Cell form Cell Type
Designation

Cell Length
(mm)e

S1/WT 4b NCTC 11994 Adult meningitis þg Single, paired cells Wild-type smooth 3.0 � 1.0 A (1.9 � 0.6) � 105 A 0.61 � 0.05 B
S2/WT 4b NCTC 9863 Infantile meningitis þ Single, paired cells Wild-type smooth 3.7 � 1.2 A (2.3 � 0.8) � 105 A 0.53 � 0.09 B
S3/WTa 1/2c LO28 Begley et al. (2002) þ Single, paired cells Wild-type smooth 3.3 � 1.0 A (2.7 � 0.5) � 105 A 0.57 � 0.06 B
S4/WT 1/2a NCTC 10357 Type strain (rabbit) þ Single, paired cells Wild-type smooth 3.3 � 1.2 A (1.7 � 0.3) � 105 A 0.55 � 0.08 B
MCR1b 1/2a SLCC 5764 Kathariou et al. (1987) þ Long cell chains MCR variant 72.3 � 20.9 B (1.9 � 0.7) � 106 B 0.26 � 0.08 A
MCR2 1/2a Kathariou et al. (1987) þ Long cell chains MCR variant 80.1 � 27.4 B (1.6 � 0.9) � 106 B 0.28 � 0.03 A
MCR3 1/2a SL 5779 J. Potel (see text below)d þ Long cell chains MCR variant 81.3 � 19.0 B (2.1 � 0.8) � 106 B 0.23 � 0.03 A
FR1 4b Derived from NCTC 4885c e Long filaments FR variant 75.3 � 37.9 B (9.3 � 0.6) � 106 C 0.73 � 0.06 C
FR2 * L6705 Dried Custard powder e Long filaments FR variant 49.9 � 34.1 B (9.3 � 0.6) � 106 C 0.75 � 0.06 C
FR3 * L1342 Blood culture e Long filaments FR variant 73.5 � 18.3 B (9.5 � 1.1) � 105 C 0.65 � 0.04 B

*Autoagglutinable cultures (and therefore not serotypable), were kindly provided by J. McLauchlin, PHLS, Food Safety Laboratory, Colindale, UK.
a Kindly provided by Colin Hill, UCC, Ireland.
b Derived from L. monocytogenes Mackaness (SLCC 5764).
c Kindly provided by J. Potel (via A. Bubert), Institute for Medical Microbiology, Medical Academy, Hannover, Germany.
d Derived from L. monocytogenes NCTC 4885 after 5 min exposure to high-intensity, pulsed-plasma, gas-discharge (PPGD) stressing conditions (Rowan et al., 2007). Note,

NCTC denotes the National Collection for Typed Cultures, Colindale, London, UK, which was original source for strain.
e Mean length (mm) from ten measurements (�standard deviation). Single and paired cells were measured and averaged for the smooth-cell forms. Values in the same

column followed by the same letter did not differ at the p � 0.05 level, while values with different letters differed at the p < 0.05 level.
f Mean of area measurements for ten colonies grown for 48 h on LSA plates.
g þ indicates a positive motility test for L monocytogenes.
h OD492 values greater than 0.1 were considered a positive result. BHI broth controls gave a value of 0.004 � 0.01.
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2.6. PUV treatment of test cultures

A bench-top pulsed power source (PUV-1, Samtech Ltd., Glas-
gow) was used to power a low-pressure (60 kPa) xenon-filled
flashlamp (Heraeus Noblelight XAP type NL4006 series con-
structed from a clear UV transparent quartz tube), that produced
a high-intensity diverging beam of polychromatic pulsed light, was
used in this study as per method described by Farrell et al. (2010)
with modifications. The pulsed light has a broadband emission
spectrum extending from the UV to the infrared region with a rich
UV content and its intensity also depends on the level of the voltage
applied. The fabricant stated that the discharge tube represents
a line-source of limited length and consequently the light formed
an elliptical, equi-intensity profile over the sample plane elimi-
nating shading effects. This resulted in a w30% variation in lumi-
nous intensity between the centre and the edge of the sample. The
light source has an automatic frequency-control function that
allows it to operate at one pulse per second that was used
throughout this study. Light exposure was homogenous as the
xenon lamp measuring 9 cm � 0.75 cmwas longer than the 8.5 cm
diameter polystyrene Petri dishes used in the tests which were
placed directly below the lamp. For standard treatments, the light
source was mounted at 8 cm above the treatment area that was
designed specifically to accommodate a standard Petri dish con-
taining 10 ml of sample and was set as the minimum or lower
threshold distance by the fabricant. This was to ensure that full
coverage of the Petri dish occurred and to eliminate possible
shading effects. The optical density of test samples was then
spectrophotometrically adjusted at 540 nm to 2 units (ca. 109 CFU/
ml) as described earlier. Standard PUV treatments involved spread-
plating 0.1 ml aliquots of non-adapted and prior-acid, osmotic and
heat-stressed working cultures on TSYEA and LSA plates followed
by application of a pre-determined number of pulses ranging from
0 (untreated control) to 100 pulses using lamp discharge energies
of 7.2 J and 12.8 J at a distance of 8 cm from the light source. Mild-
PUV treated cultures were exposed to 3 pulses at 7.2 J (UV dose
0.08 mJ/cm2) followed by 2 h incubation under conditions of light
and dark repair before exposure to more extreme PUV conditions.
This low level PUV regime reduced a pre-determined population of
L. monocytogenes by less than 0.5 log CFU/ml. Measurement of
corresponding fluence rate (or ‘irradiance’) (Joule/cm2) at each
applied pulsed was also determined using chemical actinometry as
per Farrell et al. (2011), as the non-continuous emitted spectrum
did not facilitate use of a calibrated radiometer. The lethality of the
PUV process under varying experimental conditions was deter-
mined by treating pre-determined numbers of test cultures that
were inoculated on agar surfaces, and by enumerating survivors
post treatments (expressed in terms of log10 colony forming units
or CFU cm�2). Subtraction of the logarithm of the count after
different combinations of pulsing, discharge energies and distances
from light source, from the logarithm of the count before pro-
cessing provided a measure of process lethality. As it is not
appropriate to determine log-linear death rate kinetic data from
PUV-treated test bacteria as a function of time (as total duration of
treatment comprises the pulse-pause sequence as well as the actual
duration of pulsing), inactivation plots were measured following
a modified first order dependence formulae of Farrell et al. (2010):
(log10 (Np/N0) ¼ ekp, where k ¼ rate constant). N0 is the initial
concentration of bacteria and Np is the microbial concentration
after applying a defined number of pulses (p) at discharge energy
(J). This rate constant k defines the sensitivity of a microorganism to
a defined PUV treatment and is unique to each microbial species;
the higher the k value the more sensitive the test strain to
the treatment process. The former approach was also employed
to determine k values for all samples subjected to varying

combinations of low acid, high salt, heating and PUV conditions so
as to facilitate comparisons between samples for bacterial tolerance
to each combination of applied stressors. All experiments were
carried out in triplicate using same culture to avoid sample
variability.

2.7. Tissue-culture invasion assay

Invasion assays using the tumor-derived Caco-2 human colo-
rectal epithelial cell line (Cat no. 8601202, Health Protection
Agency, Salisbury, UK; passage number 46) were performed as
previously described (Rowan et al., 2000), with slight modifica-
tions. Briefly, Caco-2 monolayers were grown overnight in a 5% CO2
atmosphere at 37 �C in D-MEM supplemented with 10% foetal calf
serum (FCS, Gibco BRL) in 24-well culture tissue plates seeded with
approximately 3 � 105 cells per well. Prior to invasion assays,
monolayers were washed three times in D-MEM followed by the
addition of 1 ml of D-MEM containing 10% FCS to each well.
Bacterial cultures were resuspended in 1 ml of D-MEM to an optical
density at 580 nm of 2.0 (model UV-120-02 spectrophotometer,
Shimadzu Corp., Kyotoa, Japan). For adherence assays, triplicate
monolayers were infected with 0.1 ml of bacteria culture followed
by a 2-h incubation at 37 �C in a 5% CO2 atmosphere. After incu-
bation, nonadherent bacteria were removed by three washes with
3 ml of D-MEM. The tissue-culture cells were lysed with 1 ml of 1%
Triton X-100 (v/v distilled water) for 5 min at 37 �C, followed by
serial dilution in 0.9 ml of PBS, with subsequent enumeration by
plating 0.1 ml of appropriate 10-fold dilutions on BHI agar. For
invasion assays, 1-ml of fresh D-MEM containing 10% FCS and
100 mg/ml of gentamicin was added to the infected tissue-culture
monolayers followed by a 2-h incubation at 37 �C. The tissue-
culture cells were washed three times in 3 ml of D-MEM and were
then lysed with 1 ml of 1% Triton X-100 (v/v distilled water) for
5 min at 37 �C. Invasion efficiency is reported as follows: (the
number of bacteria recovered from each well following Caco-2 cell
lysis divided by the number of bacteria that had been used for
inoculation) � 100.

2.8. Statistical analysis

Analysis of variance e balanced model (Minitab software
Release 14, Minitab Inc., State College, PA) was used to compare the
effects of food-processing related stresses on microbial adaptation
and tolerance. Experiments were replicated three times with
duplicate treatments in each replication, and results are reported as
means� standard deviations. Significant differences were reported
at 95% confidence intervals.

3. Results and discussion

3.1. Studies on morphological and physiological characteristics of
different culture morphotypes of L. monocytogenes tested

All strains described in Table 1 were identified as L mono-
cytogenes by establishing the characteristic morphological, physi-
ological and biochemical properties associated with this pathogen.
All cultures produced catalase, were CAMP test positive with
Staphylococcus aureus and were identified as L. monocytogenes by
use of API Listeria biochemical profiling. Confirmation of species
identification occurred by analysis of culture supernatant for CwhA
protein by indirect ELISA with an L. monocytogenes-specific anti-
CwhA MAb (Table 1). The cell and colony appearances of all
rough variants were shown to significantly differ from those of the
wild-type L. monocytogenes strains, which had a typical smooth
wild-type morphology (S/WT). Unlike the latter smooth strains,
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whose cells have characteristic cocco-bacillus appearance (ca.
0.5 mm in diameter by 2 mm in length), cell types associated with
the rough variants were shown to be atypically long. Some rough
variants consisted of unseptated or paired filaments that measured
up to 113 mm in length (designated FR variants), whereas others
formed long chains that were up to 107 mm in length and that
consisted of multiple cells of similar size (designated MCR variants)
(Table 1). Rough variants isolated from clinical specimen or derived
under conditions of stress produced by exposure to pulsed plasma
gas discharge showed the FR filamentous phenotype. The mean cell
lengths for the various culture variants of L. monocytogenes were
shown to be 3.3 � 1.1 (wild-type normal S type), 77.9 � 22.4 (MCR
variant) and 66.2 � 30.1 (FR variant). MCR and FR variants were
found to be incapable of characteristic tumbling motility and
formed irregular or rough colonies that no longer produced
a blueegreen sheen upon oblique illumination. Image analysis data
showed that irregular rough colonies consistently had different
areas (in square micrometer) and appearances (p � 0.05) to that of
smaller, wild-type S-form colonies after 48 h growth on LSA plates
(Table 1). Indirect ELISA studies (Table 1) with an anti-CwhA MAb
showed that these MCR variants secrete a considerably reduced
amount of a peptidoglycan hydrolase protein. The addition of
partially purified CwhA led to a decay of the cell chains to normal
size within 3 h of treatment. Unlike MCR variants that secreted
diminished levels of cell-free CwhA, indirect ELISA studies showed
that FR variants produced wild-type or greater amounts of Cwha
indicating the latter FR morphotypes were type II in nature
(Table 1). The addition of partially purified CwhA from wild-type
L. monocytogenes to FR variants did not decay the lengths of the
filaments to the normal Listeria cell size.

Changes in bacterial colony morphology often accompany
microbial adaptation to new environments and ecological niches
(Monk et al., 2004). L. monocytogenes has also been reported to
form atypical elongated (filamentous) cells when exposed to
a range of adverse growth conditions, such as high concentrations
of NaCl (8e9%) in the presence (Bereski et al., 2002) or absence of
acid (Bereski et al., 2002; Isom et al., 1995; Jørgensen et al., 1995),
increased CO2 environments (Lie et al., 2003; Nilsson et al., 2000),
high hydrostatic pressure (Ritz et al., 2001), osmotic stress
(Jørgensen et al., 1995), alkaline stress (Giotis et al., 2007), above
optimum growth temperature, i.e., 42.5 �C (Rowan and Anderson,
1998), and the presence of antimicrobial growth agents such as
trimethorpim and co-trimoxazole (Minkowski et al., 2001). In the
present study, conversion of S2/WT and S3/WT strains to the fila-
mentous FR morphotype occurred under conditions of acid and
heat stressing with wild-type levels of the peptidoglycan hydrolase
Cwha detected. A number of earlier studies suggest that in some
cases, removal of such deleterious stresses results in a slow return
to normal wild-type cell forms within 24 h (Isom et al., 1995),
suggesting that filamentation of L. monocytogenes may be an
adaptive response to adverse growth conditions. Variant rough
colony morphotypes were thought to occur spontaneously and
irreversibly at low frequency during prolonged culture in the
laboratory. Monk et al. (2004) had previously observed that
chaining cells exhibited enhanced biofilm-forming capabilities, and
therefore further studies investigating the relationship between
susceptibility of planktonic versus biofilm morphotypes of
L. monocytogenes to non-thermal processing technologies is also
merited. The colonization of the murine gall bladder by L. mono-
cytogenes also resulted in a change in cellular morphology (chain-
ing), subsequently leading to the formation of biofilms within the
gall bladder, which resembles a dynamic rather than static envi-
ronment (Hardy et al., 2006). Apart from obvious physical differ-
ences, such as absence of blueegreen sheen upon Henri oblique
illumination and impaired cell separation that gave chaining cells

without coordinated motility, the fermentative and biochemical
profiles of rough and smooth colonies were considered identical
(Gutekunst et al., 1992; Rowan et al., 2000; Monk et al., 2004).
Characterization of molecular determinants involved in conversion
to the filamentous FR colony variants has been previously described
by a number of researchers (Kuhn and Goebel, 1989; Gutekunst
et al., 1992; Monk et al., 2004), with specific involvement of
a peptidoglycan hydrolase CwhA (formerly termed invasion-
associated protein or p60; Pilgrim et al., 2003) in the formation of
the rough colony morphotype. These so-called type 1 rough colony
isolates showed reduced CwhA secretion plus decreased attach-
ment and invasion of certain nonphagocytic cell lines (Gutekunst
et al., 1992). The isolation of a filamentous rough colony variant
(termed type II) showing wild-type levels of CwhA secretion and
cellular invasion have also been previously described (Lenz and
Portnoy, 2002). While the specific mechanisms governing these
morphological changes still remain unclear (Gardan et al., 2003;
Monk et al., 2004; Giotis et al., 2007), conversion to the atypical
rough culture forms may result in failure to accurately detect and/
or enumerate this enteropathogen from adverse conditions such as
food preservation or inimical stresses associated with exposure to
host immune system. Although FR variants have been isolated
previously from clinical specimens and food samples, the multiple
long cell chain form (MCR type) secreting reduced levels of CwhA
has not.

Different culture variants of microbial pathogens, including
L. monocytogenes, may arise from exposure to harsh growth
conditions and may alter their morphological, physiological and
virulence characteristics in order to protect itself from subsequent
exposure to lethal levels of same or different stresses (Rowan,1999;
Leistner, 2000; Hardy et al., 2006). However, despite the growing
number published work on the impact of food-processing stresses
on the adaptive survival of L. monocytogenes, very little information
currently exists on the susceptibility of non-adapted and mildly-
stressed culture morphotypes of this pathogen to novel non-
thermal food processing technologies or to conventional preser-
vation techniques.

3.2. Relationship between exposure to prior food-related sub-lethal
stressors and tolerance to normally lethal levels of the same stress

Findings showed a clear pattern where 3 culture morphotypes
of L. monocytogenes tested demonstrated variable tolerance to
normally lethal food-related stressors depending on type of prior-
sub-lethal stress applied and the type of morphotype challenged.
Fig. 1a shows that strains representative of the normal wild-type
coccobacilli cells (designated S/WT) were shown to be signifi-
cantly more tolerant to low acid conditions (pH 3.5 for 5 h)
compared to similarly treated filamentous rough (FR) andmultiple-
cell-chain (MCR) phenotypes. Fig.1b also shows that prior exposure
to sub-lethal acid-stress conditions (pH 5.5 for 1 h) significantly
enhanced resistance to normally lethal levels of acid exposure (pH
3.5 for 5 h) for all strains tested. Corresponding k-value determi-
nations for the salt-stressed (7.5% w/v NaCl for 1 h) representative
strains S1/WT, FR1 and MCR1 that were subsequently exposed to
high salt conditions (17.5% w/v NaCl for 5 h) are shown in Fig. 2. For
ease of comparisons between multiple strains under various
treatment regimes, corresponding k-value determinations were
then compared for different heat, acid and salt treatments (Table 2).
Prior exposure to sub-lethal heating, salt and acid-stress conditions
augmented resistance to normally lethal levels of the same stress
for all morphotypes tested following the order S/WT, FR and then
MCR as least resistant (Table 2). Strains that had been acid-adapted
by growth to stationary phase in TSB þ G were more tolerant
compared to similar strains cultured under similar conditions in
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TSB � G combined with mild-acid stress at pH 5.5 for 1 h (Table 2),
and compared to non-adapted cells (mean k values: 1.45 � 0.06,
1.68 � 0.04 and 1.72 � 0.05 respectively) (Table 2). Strain
L. monocytogenes MCR3 exhibited the least resistance to all
combinations of sub-lethal and lethal stressors (p � 0.05) (Table 2).

Acids, salts and heating are commonly used as major barriers to
prevent microbial growth in foods (Chorianopoulus et al., 2011),
where often these treatments are applied simultaneously as their
combinational use may act synergistically (Leistner, 2000). However,
this present work is in agreement with the findings of previous
researchers who demonstrated that prior exposure to mild-food-
related stressors augments resistance of L. monocytogenes to the
same and cross-protects against different stressors (Lou and Yousef,
1997; Chorianopoulus et al., 2011). Chorianopoulus et al. (2011) also
observed that regardless of acidity/salinity conditions during
attachment to stainless steel, the adaptive stationary-phase acid-
tolerance response (ATR) enhanced the resistance of sessile cells to
subsequent lethal challenge (exposure to pH 2 for 6 min; adjusted
with either hydrochloric or lactic acid). In the present study, a similar
pattern emerged where ATR grown strains of L. monocytogenes
exhibited greater tolerance to more extreme low acid conditions (pH
3.5 for 5 h; adjusted also with either hydrochloric or lactic acid)
compared to non-adapted cells or to cells subjected to mild-acid
conditions (pH 5.5 for 1 h). Lactic acid is commonly used for
decontamination in the meat environments (Gordon Greer and
Dilts, 1995). Adriao et al. (2008) also observed that a 2 h exposure
of exponential growing planktonic cells of L. monocytogenes to
moderate acid (pH 5.5) promoted subsequent survival of these
cells once they became attached to stainless steel coupons at low pH

(3.5) during a 2 h period, compared to cells that had not previously
been exposed to acid. This study also corroborates findings of
Koutsoumanis et al. (2003) who found that L. monocytogenes
cultured in the presence of 1% glucose till stationary phase wasmore
tolerant to low pH 3.5 compared with non-acid adapted cells.
However, the latter study only focused on typical wild-type cultures
of L. monocytogenes. The authors previously demonstrated that FR
morphotype strains of L. monocytogenes were more tolerant of
subsequent extreme heating at 56 �C, 60 �C and 65 �C compared to
typical wild-type S-form cells if grown at the elevated temperature
of 42 �C. However, this difference in microbial thermotolerance was
attributed to the fact that FR strains exhibited a pronounced tailing
effect in their death rate kinetic data plots that was not observed in
similar strains grown at�37 �C prior to heating (such as described in
the present study).

Previous studies have also shown that stressed pathogens such
as L. monocytogenes and Escherichia coli O157:H7 are able to adapt
to acidic food environments, allowing the cells to stay viable under
conditions long enough to cause illness if sufficient present in
sufficient numbers (Gabriel and Nakano, 2010). This acid habitua-
tion or acid tolerance is a response of bacterial pathogens towards
nonlethal acidic pH which helps in genetic and physiologic
changes that protect such stress-hardened cells from inactivation
(Gabriel and Nakano, 2010). Acid adaptation of E. coli O157:H7 and
L. monocytogenes has also been shown to induce cross-protection
against thermal inactivation in fruit juices, milk and chicken
broth (Sharma et al., 2005). In addition to degrading of nucleic acids
by exposures to heating (Gabriel and Nakano, 2010), other
researchers such as Wu (2008) observed that exposure of microbial
cells to high temperatures and desiccation damages the cell walls
of microorganisms leading to losses in vital cellular materials
including ions such as Mg2þ and Kþ, amino acids and peptides,
and nucleic acids. Therefore, different food-processing stresses
induce different types and amounts of damage to different sites in
a microbial cell that also consequently result in variations in
cellular repair mechanisms (Wu, 2008).

3.3. Relationship between exposure to prior food-related stresses
and adaptive tolerance to pulse UV-light irradiation

Prior exposure to sub-lethal levels of acid (pH 5.5 for 1 h) or salt
(7.5% NaCl for 1 h) significantly reduced the ability to all morpho-
types of L. monocytogenes to cope with extreme pulsed UV-light
irradiation at lamp discharge energies of 7.2 J and 12.8 J (Table 3).
Acid adaptation by growth of all strains in TSB þ G to their
respective stationary phase did not significantly influence tolerance
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Fig. 1. (a) Influence of exposure of different culture morphotypes of L. monocytogenes
to pH 5.5 for 1 h (adjusted with lactic acid) followed by subjection to extreme acid
(pH 3.5 for 5 h) compared to (b) non-adapted controls.

Fig. 2. Determination of inactivation rate constant k values for L. monocytogenes
S1/WT (A), MCR1 (,) and FR1 (6) strains after exposure to combination of sub-
lethal salt (7.5% w/v for 1 h) and high salt (17.5% w/v NaCl for 5 h) conditions.
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to PUV challenges (data not shown). However, exposure to
prior heating (48 �C for 1 h) did not significantly affect PUV
tolerance compared to non-adapted cells where similar k-values
were observed between these samples (Table 3). A similar
pattern of general sensitivity to PUV-irradiation was observed for
L. monocytogenes tested with the order of decreasing resistance to
applied PUV at low discharge energies seen as S/WT, FR and MCR
(Table 3). These findings are also in an agreement with recent
unpublished work from our laboratory which demonstrated that
prior short exposure or growth of Saccharomyces cerevisiae, Candida
albicans, L. monocytogenes or E. coli under osmotic stress conditions
(i.e., using increasing concentrations of dextrose ranging from 10 to
50 g/L) resulted in reduced susceptibility of these tempered strains
to pulsed UV-light irradiation compared to non-adapted controls.

There is currently a dearth of information on the influence of
prior food-processing conditions (applied sequentially or simulta-
neously) on the subsequent resistance of such adaptive strains to
non-thermal technologies such as pulsed UV. The authors have
previously reported on the relationship between pulsed UV-light
irradiation and the simultaneous occurrence of molecular and
cellular damage in clinical strains of C. albicans. PUV-irradiation
inactivates C. albicans through a complex multi-hit cellular
process that included inflicting irreversible damage to DNA and
destabilizing the functionality and integrity of plasma cell
membrane (Farrell et al., 2011). Takeshita et al. (2003) also noted
that the concentration of eluted proteins varied significantly
between pulsed UV and low-pressure UV irradiated yeast cell
suspensions, with the latter showing minimal protein leakage.

Table 2
Influence of prior sub-lethal exposure tomild acid, salt and heat stressing on subsequent resistance of differentmorphotypes of Listeria monocytogenes to normally lethal levels
of the same stress.

Test Straina Reduction rate (k) values at different combinations of prior sub-lethal and lethal stress conditionsb

pH 4.7c pH 3.5 for 5 hd 17.5% (w/v) NaCl for 5 h 60 �C for 1 h

[Growth in
TSY þ G]

Pre-exposure:
pH 5.5 for 1 h

Non-acid
stress control

Pre-exposure:
7.5% (w/v) NaCl for 1 h

Non-osmotic
stress control

Pre-exposure:
48 �C for 1 h

Non-heat
stress control

S1/WT 0.43 � 0.01 C 0.48 � 0.04 C 1.42 � 0.07 I 0.33 � 0.02 A 1.56 � 0.03 I 0.38 � 0.02 B 1.22 � 0.03 H
S2/WT 0.46 � 0.03 C 0.49 � 0.01 C 1.47 � 0.11 I 0.29 � 0.05 A 1.42 � 0.06 I 0.38 � 0.02 B 1.15 � 0.02 G
S3/WT 0.44 � 0.03 C 0.51 � 0.02 C 1.39 � 0.03 I 0.34 � 0.01 A 1.44 � 0.08 I 0.40 � 0.02 B 1.27 � 0.06 H
S4/WT 0.40 � 0.01 C 0.49 � 0.02 C 1.52 � 0.04 I 0.38 � 0.02 B 1.52 � 0.02 I 0.39 � 0.01 B 1.31 � 0.04 H

0.43 � 0.02 C 0.49 � 0.02 C 1.45 � 0.06 I 0.33 � 0.04 A 1.49 � 0.06 I 0.39 � 0.02 B 1.24 � 0.06 H

FR1 0.49 � 0.05 C 0.51 � 0.03 C 1.66 � 0.06 J 0.44 � 0.02 B 1.64 � 0.05 J 0.51 � 0.04 C 1.12 � 0.03 G
FR2 0.56 � 0.03 C 0.66 � 0.03 D 1.72 � 0.07 J 0.61 � 0.04 D 1.73 � 0.08 J 0.53 � 0.04 C 1.38 � 0.03 I
FR3 0.54 � 0.03 C 0.64 � 0.04 D 1.68 � 0.07 J 0.52 � 0.04 C 1.63 � 0.07 J 0.49 � 0.03 C 1.15 � 0.05 G

0.53 � 0.06 C 0.60 � 0.08 D 1.68 � 0.04 J 0.52 � 0.08 C 1.66 � 0.06 J 0.51 � 0.02 C 1.22 � 0.14 G

MCR1 0.83 � 0.03 E 0.98 � 0.03 F 1.71 � 0.04 J 1.24 � 0.06 H 1.63 � 0.11 J 0.89 � 0.01 F 1.51 � 0.04 I
MCR2 0.94 � 0.02 F 1.11 � 0.02 G 1.67 � 0.10 J 1.30 � 0.05 H 1.82 � 0.07 J 0.82 � 0.05 E 1.50 � 0.03 I
MCR3 0.93 � 0.04 F 1.08 � 0.04 G 1.77 � 0.05 J 1.24 � 0.05 H 1.76 � 0.10 J 1.01 � 0.05 F 1.47 � 0.04 I

0.90 � 0.05 F 1.06 � 0.04 G 1.72 � 0.05 J 1.26 � 0.03 H 1.74 � 0.09 J 0.91 � 0.09 F 1.49 � 0.02 I

a Full description of different test pleomorphic strains of L. monocytogenes provided in Table 1.
b Inactivation kinetic k data. Values with different capitalized letter are significantly different at p � 0.05.
c L. monocytogenes strains grown in TSB þ G to stationary phase (pH 4.7) without subsequent adjustment to pH 3.5. Cells were exposed to pH 4.7 for approximately 14 h.
d L. monocytogenes strains grown in TSB � G to stationary phase (pH 6.7) before exposure to pH 5.5 (adjusted with lactic acid) for 1 h.

Table 3
Influence of prior exposure to sub-lethal salt, acid and heat stressing on the subsequent resistance of different culture morphotypes of L. monocytogenes to pulsed UV-light
irradiation at lamp discharge energies of 7.2 J or 12.8 J (equivalent to UV doses of 2.7 and 8.4 mJ/cm2 resp.).

Test Straina Reduction rate (k) values at separate PUV treatments post exposure to different sub-lethal stress conditions b

Non-stressed control pH 4.7 for ca. 14 hc pH 5.5 for 5 hd 7.5% (w/v) NaCl for 1 h 48 �C for 1 h

7.2 J 12.8 J 7.2 J 12.8 J 7.2 J 12.8 J 7.2 J 12.8 J 7.2 J 12.8 J

S1/WT 0.40 � 0.02 A 0.94 � 0.01 E 0.50 � 0.02 B 1.10 � 0.02 G 0.53 � 0.02 B 1.16 � 0.04 G 0.66 � 0.02 C 1.11 � 0.02 G 0.45 � 0.03 A 0.93 � 0.02 E
S2/WT 0.39 � 0.03 A 0.92 � 0.03 E 0.54 � 0.04 B 1.11 � 0.03 G 0.56 � 0.03 B 1.13 � 0.04 G 0.56 � 0.02 B 1.00 � 0.01 F 0.41 � 0.04 A 0.90 � 0.03 E
S3/WT 0.42 � 0.02 A 0.98 � 0.01 E 0.46 � 0.01 A 1.05 � 0.01 F 0.51 � 0.02 B 1.08 � 0.03 G 0.64 � 0.01 C 1.01 � 0.01 F 0.45 � 0.01 A 1.02 � 0.01 F
S4/WT 0.45 � 0.04 A 0.90 � 0.03 E 0.53 � 0.03 B 1.08 � 0.04 G 0.57 � 0.04 B 1.15 � 0.02 G 0.65 � 0.01 C 1.13 � 0.03 G 0.43 � 0.02 A 0.95 � 0.01 E

0.42 � 0.02 A 0.94 � 0.03 E 0.51 � 0.01 B 1.09 � 0.03 G 0.54 � 0.03 B 1.13 � 0.04 G 0.63 � 0.04 C 1.06 � 0.06 G 0.44 � 0.02 A 0.95 � 0.05 E

FR1 0.46 � 0.04 A 0.88 � 0.03 E 0.61 � 0.03 C 1.01 � 0.03 F 0.67 � 0.03 C 1.08 � 0.04 G 0.71 � 0.05 C 1.09 � 0.04 G 0.52 � 0.02 B 0.89 � 0.02 E
FR2 0.41 � 0.04 A 0.93 � 0.04 E 0.60 � 0.03 C 1.15 � 0.03 G 0.69 � 0.03 C 1.28 � 0.02 H 0.66 � 0.04 C 1.15 � 0.05 G 0.43 � 0.01 A 0.91 � 0.03 E
FR3 0.48 � 0.02 A 0.96 � 0.04 E 0.66 � 0.01 C 1.19 � 0.01 G 0.76 � 0.01 D 1.29 � 0.01 H 0.79 � 0.01 D 1.19 � 0.06 G 0.53 � 0.02 B 0.93 � 0.03 E

0.45 � 0.03 A 0.93 � 0.04 E 0.62 � 0.04 C 1.12 � 0.04 G 0.71 � 0.04 D 1.21 � 0.11 H 0.72 � 0.06 C 1.14 � 0.05 G 0.49 � 0.06 B 0.90 � 0.01 E

MCR1 0.83 � 0.01 D 1.16 � 0.05 G 0.92 � 0.02 F 1.09 � 0.01 G 1.01 � 0.01 F 1.13 � 0.04 G 1.09 � 0.03 G 1.35 � 0.03 H 0.80 � 0.03 C 1.13 � 0.05 G
MCR2 0.77 � 0.04 D 1.14 � 0.06 G 1.02 � 0.04 G 1.28 � 0.04 H 1.09 � 0.04 G 1.31 � 0.01 H 1.18 � 0.04 G 1.48 � 0.01 I 0.80 � 0.04 C 1.09 � 0.03 G
MCR3 0.79 � 0.03 D 1.16 � 0.04 G 0.94 � 0.02 F 1.10 � 0.01 G 0.99 � 0.01 F 1.15 � 0.06 G 1.13 � 0.06 G 1.35 � 0.04 H 0.78 � 0.01 C 1.15 � 0.04 G

0.80 � 0.03 D 1.13 � 0.03 G 0.96 � 0.04 F 1.16 � 0.05 G 1.04 � 0.05 F 1.19 � 0.09 G 1.13 � 0.05 G 1.39 � 0.08 H 0.79 � 0.01 C 1.12 � 0.03 G

a Full description of different test pleomorphic strains of L. monocytogenes provided in Table 1.
b Inactivation kinetic k data. Values with different capitalized letter are significantly different at p � 0.05.
c L. monocytogenes strains grown in TSB þ G to stationary phase (pH 4.7) without subsequent adjustment to pH 3.5. Cells were exposed to pH 4.7 for approximately 14 h.
d L. monocytogenes strains grown in TSB � G to stationary phase (pH 6.7) before exposure to pH 5.5 (adjusted with lactic acid) for 1 h.
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Farrell et al. (2011) also advocated use of novel intracellular viability
markers (such as onset of late apoptosis or early stage necrosis) as
an alternative or complementary approach to use of plate count or
redox probes for the real-time detection of microbial lethality
post decontamination. These conventional viability enumeration
methods that are routinely used to confirm disinfection or preser-
vation efficacy of food processes are limited by the recognised fact
that a sub-population of treated microorganisms may be capable
of repair after resuscitation (Rowan et al., 2008; Rowan, 2011).
Whereas, confirmation of the detection of a late necrotic marker in
PUV-treated microorganisms appears to be related to a treatment
regime that inflicts irreversible damage and is beyond that identi-
fied by use of plate count and vital respiratory or redox staining.
Our findings also supports the viewpoint of Guerrero-Beltrán and
Barbosa-Cánovas (2004), which highlights the pressing need to
optimise all inter-related (synergistic) inimical factors to achieve
target inactivation level for specific food applications. Future
studies that explore and quantify the relationship between appli-
cation of minimal conventional combined with emerging (non-
thermal) food-processing conditions and onset of irreversible
microbial cell damage post treatments will facilitate optimisation
of PUV for safe food applications. Identifying the right combination
of mild preservation techniques known as “hurdles” is a very
powerful tool in preventing microbial growth and in minimising
organoleptic changes in foods. The latter is particularly relevant as
use of PUV is gaining in popularity as a novel approach for treating
liquid foods such as clover honey and infant foods (Choi et al., 2010)
and for decontaminating dried foods such as wheat flour and black
pepper (Fine and Gervais, 2004). Kelik et al. (2009) also reported on
the potential of PUV for decontaminating unpackaged and vacuum-
packaged chicken frankfurters.

3.4. Influence of prior sub-lethal stressing on invasion of human
Caco-2 cells

Findings showed that prior exposure to mild-heating (48 �C for
1 h), acid (pH 5.5 for 1 h), salt (7.5% w/v NaCl for 1 h) and PUV (UV
does 0.08 mJ/cm2) treatments had variable effects on the ability of
different morphotypes of L. monocytogenes to invade Caco-2 cells
when compared with non-adapted controls grown at 37 �C (Fig. 3).
Adherence and invasion data for strains S2/WT, FR2 and MRC3
were selected for illustration in Fig. 3 as they consistently
demonstrated greater tolerance to applied stresses including PUV-
irradiation compared to other test strains challenged. Prior expo-
sure to mild-acid and salt stressors reduced the ability of all
morphotypes to invade Caco-2 cells (Fig. 3), while mild-heating
significantly augmented this virulence-associated characteristic
in L. monocytogenes S/WT and FR strains (p � 0.05). Acid-adapted

stationary-phase L. monocytogenes strains showed similar viru-
lence attributes to samples exposed to mild-acid stress and
cultured in TSB� G (data not shown). Test strains exposed to mild-
PUV irradiation showed similar invasion abilities compared to
non-stressed controls (p � 0.05) (Fig. 3). This corroborates
previous studies investigating the influence on environmental
signals or stresses such as mild heating on the up-regulation of
PrfA gene, which is a transcriptional activator governing viru-
lence factor expression in L. monocytogenes (Portnoy et al.,
1992; Chakroborty et al., 1992). Interestingly, exposure of
L. monocytogenes to temperatures below human body temperature
such as refrigeration (4 �C) also causes down-regulation of PrfA and
an associated reduction in virulence factor expression. Irrespective
to the type of prior stressor applied, MCR strains were shown to be
less invasive and also demonstrated reduced ability to adhere to
Caco-2 cells (Fig. 3). A clear pattern emerged where the order to
decreased ability to invade Caco-2 cells was S/WT, FR and MCR
morphotypes. Note worthily, exposure of all morphotypes to
a simultaneous combination of acid (pH 5.5 for 1 h, adjusted with
lactic acid), salt (7.5% w/v NaCl for 1 h) and mild heating (48 �C for
1 h) produced the greatest reduction in invasion of Caco-2 cells
(Fig. 3). This present study also agrees with the previous findings of
Faith et al. (2007) who demonstrated that Cwha (or p60) mutant
of L. monocytogeneswas less capable to cause systemic infection in
A/J mice following intragrastric inoculation than the parental wild-
type strain (SLCC 5764, serotype 1/2a). Similar to MCR strains
studied in this work, this latter Cwha mutant also exhibited
a diminished ability to invade and multiply within Caco-2 cells
(Faith et al., 2007). Collectively, these findings intimate that
expression of the Cwha gene is required for maximal virulence of
L. monocytogenes in addition to possibly playing a housekeeping
role in adaptive tolerance to environmental stresses.

This study is in agreement with the findings of Lorentzen and
co-workers (2011) who recently observed a reduced ability of 7
salt-stressed strains of L. monocytogenes grown to either early or
late stationary phase at 4 �C to invade Caco-2 cells compared to
non-salt stressed control strains. At both growth phases, the strains
were exposed to either no salt or to salt stress comparable to
that applied in the production of rehydrated salt-cured cod, i.e., 21%
(w/v) NaCl followed by dilution to 2% (w/v) NaCl. The authors
contend that as the ability to invade Caco-2 cells correlates
with bacterial virulence, the results of their study suggests
L. monocytogenes represent a lower food-safety risk when exposed
to salt-curingwith extreme NaCl concentrations. This present study
also corroborates the landmark work of Garner and co-workers
(2006) who demonstrated a decreased invasion of stationary-
phase grown L. monocytogenes 10403S cells into Caco-2 epithelial
cells after a 1 h challenge at 37 �C post bacterial exposure to gastric
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Fig. 3. Influence of prior exposure of L. monocytogenes S2/WT, FR2 and MCR2 strains to sub-lethal salt, acid, heating and PUV (singly and combined) stresses on their subsequent
invasiveness to Caco-2 cells. Invasion efficiency is reported as follows: (the number of bacteria recovered from each well following Caco-2 cell lysis divided by the number of
bacteria that had been used for inoculation) � 100.
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fluid (pH 4.5 containing 2.2% (w/v) NaCl or 2.5% (w/v) sodium
lactate) compared to unadjusted gastric acid control samples (pH
4.5 without added salt or lactate). Invasion of Caco-2 cells post salt
and organic acid challenge in gastric acid (pH 4.5) was shown to
less than 5% for both mild stressors after 1 h exposure. However,
these authors also observed a marked increase in the invasion of
similar L. monocytogenes into Caco-2 cells where bacteria were
grown in brain heart infusion broth containing 2.2% w/v NaCl
(median 28% invasion) or 275 mM sodium lactate (median 37%
invasion) at 37 �C and pH 7.4. These researchers also observed
a significant reduction in invasion when L. monocytogenes cells
were grown at 7 �C compared to 37 �C. Loepfe et al. (2010) also
observed a significant reduction in the invasiveness of cold-
stressed L. monocytogenes when investigated using human Caco-2
and murine macrophage in vitro cell infection models. Walecka
et al. (2011) recently demonstrated that although stationary-
phase L. monocytogenes exhibit lower invasiveness to human
enterocytic HT-29 cells than log-phase cells, the latter have
a greater capacity to enhance their pathogenicity in response to salt
stress. However, Jaradat and Bhunia (2003) advocated caution in
interpreting results from in vitro Caco-2 adhesion profiles as this
might not be an accurate assessment of a strain’s ability to invade
human organs or tissues in a mouse model.

Akin to the hostile environment encountered in food,
L.monocytogenesmust survive the humanbodydefences that include
gastric acid (ranging frompH2.5 to 4.5 depending on feeding status),
bile salts and organic acids within the gastrointestinal tract in order
to elicit an infection (Gahan and Hill, 2005; Gray et al., 2006). Begley
et al. (2002) observed thatwhile exponential-phase L.monocytogenes
LO28 cellswere sensitive to unconjugated bile acids, prior adaptation
to sub-lethal levels of bile acids or heterologous stresses, such as acid,
heat, or salt significantly enhanced bile resistance. Thus, to survive
extreme and rapidly changing conditions, bacteria must sense these
changes and then respond with appropriate alternations in gene
expression and protein activity. Therefore, another important scien-
tific challenge is to identify mechanisms that control the switch(es)
that allow free-living bacteria to adjust to and invade a host organism
that also embraces prior exposure or adaptation to mild stressors
(Olsen et al., 2009; Lorentzen et al., 2011). It was shown previously
that bacteria which modify their metabolism in response to stress
alter their virulence (Walecka et al., 2011). Thus, Roche et al. (2005)
postulate that strains efficiently responding to environmental
changes should bemore virulent. However, exposure to food-related
stress conditions commonly found in ready-to-eat (RTE) products
(currently thought to be themost common cause of human listeriosis
infections in theUnited States (cited inGarneret al., 2006)) combined
with passage through the human gastrointestinal tract appears to
reduce the invasion of L. monocytogenes to Caco-2 cells, which brings
in the question the reliability and efficacy of interpreting data
from this in vitro infection model alone for estimating human path-
ogenesis potential.

In conclusion, typical and atypical culture forms of L. mono-
cytogenes appear to respond differently to applied conventional
food-related stresses and to pulsed UV-light irradiation. These
findings support the development of PUV for the decontamination
of foods and should be considered as a complementary treatment
technology for future applications in the food industry.While use of
linearized inactivation kinetic plots provided succinct comparisons
between strains and treatments in this study, there is also merit in
considering use of alternative approaches such as the Weibull
model that may take greater account of the variation in the shape
between inactivation plots (Mafart et al., 2002). Future research
should focus on expanding the range of stresses studied such as the
impact of refrigeration conditions on subsequent PUV survival and
pathogenesis. Research is also needed to simulate conditions

encountered in real complex food-processing ecosystems and to
develop more appropriate infection models to elucidate the impact
of stress-hardening on microbial pathogenesis with a nexus to food
safety and risk assessment. Studies on the possible difference in
sensitivity between planktonic compared to more recalcitrant
biofilm-challenged cultures of L. monocytogenes are also merited.
Additionally, elucidating knowledge and understanding of molec-
ular events jointly involved in the L. monocytogenes stress-
adaptive-responses to emerging non-thermal food preservation
techniques combined with their attachment to abiotic surfaces will
provide further valuable information.
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N . J . R O W A N , J .G . A N D E R S ON A N D A .A . G . C A N D L IS H . 2000. Transmission electron microscopy

(TEM) studies revealed that rough cell-forms of L. monocytogenes (designated FR variants),

isolated from clinical and food samples (and under conditions of sublethal heat stress),

consist of either single or paired long-®laments. These FR variants markedly contrast in cell

morphology from other previously described avirulent rough-mutants of L. monocytogenes

that form long chains consisting of multiple cells of similar size (designated MCR variants).

The identity of these Listeria isolates was determined using a commercially available, anti-

Listeria polyclonal KPL antibody and by the API Listeria biochemical gallery. This study

shows that ®lamentous rough-forms of L. monocytogenes may occur in clinical and food

samples that are of undetermined pathogenicity.

INTRODUCTION

Listeria monocytogenes is a facultative intracellular bacterial

pathogen responsible for serious disease in immunocom-

promised individuals and pregnant women (McLauchlin

1997). Epidemiological observations and electron micro-

scopic studies of tissues of infected guinea pigs (Racz et al.
1972) provided evidence that the gastrointestinal tract is an

important route of infection and that the epithelial cells of

the intestine may be the primary site of entry for these bac-

teria.

Spontaneously occurring, rough mutants of L. monocyto-
genes secreting greatly reduced levels of a 60-kDa major

extracellular housekeeping-protein (termed p60) and form-

ing long chains of cells were previously described (desig-

nated MCR variants in this study) (Kathariou et al. 1987;

Kuhn and Goebel 1989). This p60 protein is required for

normal cell division (Bubert et al. 1992), and is transcribed

independently of the central virulence regulator PrfA

(Chakraborty et al. 1992). Although septum formation still

occurs, separation of the divided cells does not take place

(Wuenscher et al. 1993).

MCR variants were shown to have reduced virulence in

the mouse model of infection and did not ef®ciently invade

mouse 3T6-®broblasts (Kuhn and Goebel 1989).

Treatment of MCR variants with partially puri®ed cell-free

p60 led to disaggregation of cell chains to normal-sized sin-

gle bacteria with restored invasiveness (Kathariou et al.

1987; Kuhn and Goebel 1989). Thus, for these MCR var-

iants, cell-free p60 not only causes decay of cell chains but

participates actively in the invasion process. We recently

described atypical rough cell forms of L. monocytogenes
from clinical and food samples that showed wild-type levels

of adherence, invasion and cytotoxicity to human epithelial

HEp-2 and HeLa cells (Rowan et al. 1999). Here, we show

that these invasive rough forms of L. monocytogenes consist

of single or paired long-®laments (designated FR variants).

MATERIALS AND METHODS

Bacterial strains

The L. monocytogenes strains used in the study were, if not

otherwise indicated, derived or obtained from the Special

Listeria Culture Collection [SLCC] of H. P. R. Seeliger,

WuÈrzburg, Germany, or from the National Collection of

Type Cultures [NCTC], Public Health Laboratory Service

[PHLS], Central Public Health Laboratory, Colindale,

London, UK. (Table 1). Two auto-agglutinable blood cul-

ture and food isolates of L. monocytogenes exhibiting a

rough phenotype were obtained from Dr Jim McLauchlin,

Food Safety Microbiology Laboratory, PHLS, Colindale,

London, UK. The clinical strains PHLRIII and PHLRIV

were blood-culture isolates from a 76 and 72 years-old

female and male, respectively; both individuals had sepsis

and pyrexia. The spontaneously rough variants L. monocy-
togenes RI, RII and RIII were kindly supplied by Dr

Andreas Bubert, Microbiological Analytics, Merck KGaA,

64271 Darmstadt, Germany. Where the rough variants RI

and RII were previously derived from L. monocytogenes
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Mackaness and EGD, respectively (Kuhn and Goebel

1989). Strain RII (SLCC 5779), was originally obtained

from J. Potel (Institute for Medical Microbiology, Medical

Academy, Hannover, Germany). L. monocytogenes RIII,

another rough mutant derived from a smooth strain of ser-

ovar 1/2a, was obtained from J. Potel (Institute for

Medical Microbiology, Medical Academy, Hannover,

Germany). The rough variants SURI and SURII were

derived from parent S1 and S2 strains, respectively, under

conditions of heat stress (Rowan and Anderson 1998).

Stored bacteria were kept at ÿ70 �C in phosphate-buffered

saline (PBS) with 20% glycerol (v/v) until used.

Biochemical and physiological methods

Catalase production was determined by applying a drop of

30% H2O2 to the colonies and observing the occurrence of

O2 bubbles, as described elsewhere (Bubert et al. 1997).

The CAMP test was performed using standard procedures

by streaking out bacteria perpendicular to Staphylococcus
aureus on 5% sheep blood agar plates and observing zones

of augmented haemolysis, as described elsewhere (Bubert

et al. 1997). Characteristic blue-green sheen from colonies

by obliquely transmitted light and tumbling motility of

Listeria cells were determined as described elsewhere

(Rowan and Anderson 1998). The commercial biochemical

API Listeria test (bioMerieux, Marcy l'Etoile, France) was

used according to the manufactures instructions.

Indirect ELISA

Detection of heat stable antigens in cell-free supernatants

was achieved by indirect ELISA using an anti-Listeria af®-

nity-puri®ed polyclonal antibody that was obtained from

Kirkegaard and Perry Laboratories (KPL, Gaithersburg,

Maryland) in a lyophilized form. Preparation of antigen

from overnight cultures involved centrifugation followed

by the addition of 100 ml of supernatant per well of microti-

tre plates and incubation for 2 h at 37 �C. Antigen-coated

plates were washed three times with wash buffer and the

KPL-antibody was added at a dilution of 1/1000 (v/v) in

wash buffer and incubated overnight for 1 h at room tem-

perature. Unbound antibody was removed by washing

three times with wash buffer, and rabbit antigoat horserad-

ish peroxidase conjugate (Sigma) was added at 100 ml/well

with a dilution of 1/1000 (v/v) in wash buffer and incu-

bated for 1 h at room temperature. Excess conjugate was

washed ®ve times with wash buffer and the substrate,

Sigma FASTTM OPD tablets (Sigma), were added at 100

ml/well with 0�5 h incubation at room temperature. The

A492nm was measured after the addition of 50 ml per well 3

mol lÿ1 H2SO4.

Transmission electron microscopy (TEM)

Cells were grown to mid-log phase in brain heart infusion

broth, washed twice with PBS and resuspended in sterile-

distilled water before application to formvar-coated grids.

Table 1 L. monocytogenes strains used

Cell morphology

Strain Serotype Reference No. Origin Form Designation

ELISA (A492){
KPL pAb

S1 4b NCTC 11994 Adult meningitis Single, paired cells WT smooth 0�56 � 0�12
S2 4b NCTC 9863 Infantile meningitis Single, paired cells WT smooth 0�82 � 0�16
RI{ 1/2a SLCC 5764 Kathariou et al. (1987) Long cell chains MCR variant 0�64 � 0�05
RIIx 1/2a Kathariou et al. (1987) Long cell chains MCR variant 0�78 � 0�12
RIII 1/2a SLCC 5779 J. Potel (see text) Long cell chains MCR variant 0�39 � 0�06
PHLRII L7071 Dried custard powder Long cell chains MCR variant 1�23 � 0�16
SURI* 4b Rowan and Anderson (1998) Long ®laments FR variant 0�62 � 0�06
SURII{ 4b Rowan and Anderson (1998) Long ®laments FR variant 0�93 � 0�15
PHLRI L6705 Dried custard powder Long ®laments FR variant 1�05 � 0�14
PHLRIII L7346 Blood culture Long ®laments FR variant 1�23 � 0�16
PHLRIV L1342 Blood culture Long ®laments FR variant 1�16 � 0�19

*Derived from L. monocytogenes NCTC 11994.

{Derived from L. monocytogenes NCTC 9863.

{Derived from L. monocytogenes Mackaness (SLCC 5764).

xDerived from L. monocytogenes EGD

{O.D.492 values greater than 0�1 were considered a positive result. BHI broth controls gave a value of 0�03� 0�01.
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After the grid was dried, one drop of a solution containing

3% v/v tungstophosphoric acid and 0�3% v/v sucrose

(pH 6�8±7�4) was added. The solution was removed after

30±60 s, and the grid was dried and examined on a Zeiss

902 transmission electron microscope.

RESULTS AND DISCUSSION

Due to the severity of listeriosis in predisposed-individuals,

the identi®cation of atypical rough cell-forms of L. monocy-
togenes in clinical or food samples (which are of undeter-

mined pathogenicity) is of clinical relevance (McLauchlin

1997; Rowan 1999). All of the bacterial strains described in

Table 1 were previously identi®ed as L. monocytogenes by

establishing characteristic morphological, physiological and

biochemical properties associated with this bacterial patho-

gen and by analysing secretions of p60 in culture superna-

tants by indirect ELISA using a L. monocytogenes-speci®c

antip60 monoclonal antibody (Rowan et al. 1999). The use

of this L. monocytogenes p60-speci®c mAb for the unequi-

vocal identi®cation of this species has been previously

demonstrated (Bubert et al. 1997). In this study, we have

shown that these rough isolates of L. monocytogenes can

also be identi®ed by indirect ELISA using the commer-

cially available anti-Listeria KPL pAb (Table 1) and with

the API Listeria biochemical galleries.

Unlike typical wild-type smooth (S) L. monocytogenes
strains that are characteristically `coccobacillus' in cell

appearance (approximately 2 mm in length), cell types asso-

ciated with the rough or R variants were previously shown

to be atypically long, measuring up to approximately 100

mm in length (Rowan et al. 1999). In the present study, we

have shown that some R variants consisted of unseptated

or paired-®laments (designated FR variants), whereas

others formed long chains that consisted of multiple cells

of similar size (designated MCR variants) (Table 1). Rough

variants isolated from clinical specimens and food samples,

or derived under conditions of heat stress predominately

showed a FR-®lamentous phenotype (Fig. 1a). Whereas

spontaneously occurring L. monocytogenes RI, RII and RIII,

and the food sample isolate PHLRII, exhibited a MCR-cell

phenotype (Fig. 1b), which con®rmed previous observa-

tions (Kuhn and Goebel 1989). MCR and FR variants

were previously shown to be incapable of characteristic

tumbling motility, and formed irregular or rough colonies

that no longer produced a blue-green sheen upon oblique

illumination (Rowan et al. 1999).

Here, we have shown that FR variants of L. monocyto-
genes differ from the wild-type smooth or S form of L.
monocytogenes by forming single or paired ®laments (Fig.

1a). Unlike MCR variants, the ®lamentous forms are not

impaired in the synthesis of the major extracellular protein

p60 (Rowan et al. 1999) which is required for a late step in

cell division (Kuhn and Goebel 1989). We have previously

shown that exposure of wild-type smooth forms of L.
monocytogenes to environmental stress conditions, such as

heat shock and growth at above-optimal temperatures,

resulted in the generation of atypical cell forms of Listeria
with a FR phenotype (Rowan and Anderson 1998; Rowan

1999). It has also been observed that long ®lamentous

forms of L. monocytogenes with a rough phenotype similar

Fig. 1 Transmission electron micrographs of FR variant L.

monocytogenes PHLRI (a) and MCR variant L. monocytogenes RI

(b). Bar, 4mm.
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to that of lactobacilli or ®lamentous forms with a smooth

phenotype can appear, in the latter case under the in¯uence

of suboptimal antibiotic concentrations (cited in Bubert

et al. 1997).

In conclusion, rough cell-forms of L. monocytogenes,
obtained from clinical and food samples and demonstrating

wild-type levels of invasiveness in HEp-2 and HeLa

epithelial cell lines (Rowan et al. 1999), were shown to con-

sist of atypical paired or single ®laments by TEM. While

these rough forms of L. monocytogenes possess some unu-

sual physiological and morphological properties, these var-

iants can be identi®ed by conventional biochemical and

serological tests.
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Atypical rough cell filaments of Listeria monocytogenes (designated FR variants), isolated from clinical and
food samples, form long filaments up to 96 mm in length and demonstrated wild-type levels of adherence, in-
vasion, and cytotoxicity to human epithelial HEp-2, Caco-2, and HeLa cells. Unlike previously described
avirulent rough mutants of L. monocytogenes that secrete diminished levels of the major extracellular protein
p60 and that form long chains that consist of multiple cells of similar size (designated MCR variants), FR
variants secreted wild-type or greater levels of p60. This study shows that virulent filamentous forms of L. mono-
cytogenes occur in clinical and food environments and have atypical morphological characteristics compared to
those of the wild-type form.

Listeria monocytogenes is a facultative intracellular bacterial
pathogen that can cause severe food-borne infections such as
meningitis, encephalitis, and septicemia in humans (16). The
major risk groups are immunocompromised individuals and
pregnant women (16). Virulent strains of L. monocytogenes are
able to survive and multiply within host macrophages and can
invade, replicate, and multiply in nonprofessional phagocytes
such as mouse 3T6 fibroblasts, hepatocytes, and human colon
carcinoma Caco-2 epithelial cells (9, 10, 11). Epidemiological
observations and electron microscopic studies of tissues of
infected guinea pigs (20) provided evidence that the gastroin-
testinal tract is an important route of infection and that the
epithelial cells of the intestine may be the primary site of entry
for these bacteria.

L. monocytogenes requires a 60-kDa major extracellular
housekeeping protein (termed p60) for normal cell division
(6). This p60 protein is transcribed independently of the cen-
tral virulence regulator PrfA, and it is also involved in the
attachment of L. monocytogenes to certain eukaryotic cells and
the internalization of L. monocytogenes into certain eukary-
otic cells (6, 14). Spontaneously occurring, rough mutants of
L. monocytogenes that secrete greatly reduced levels of p60 and
that form long chains of cells (designated MCR variants in this
study) were described previously (13, 14, 25). Although septum
formation still occurs, separation of the divided cells does not
take place (25). MCR variants were shown to have reduced
virulence in the mouse model of infection and did not effi-
ciently invade mouse 3T6 fibroblasts (14). Treatment of MCR
variants with partially purified cell-free p60 led to disaggrega-
tion of cell chains to normal-sized single bacterial cells whose
invasiveness was restored (6, 14, 25). Thus, for these MCR
variants, cell-free p60 not only causes decay of cell chains but
participates actively in the invasion process.

Here, we report on the identification and characterization of

atypical rough filaments of L. monocytogenes (designated FR
variants) from clinical specimens (isolated from patients with
sepsis and pyrexia) and food samples that show wild-type levels
of adherence, invasion, and cytotoxicity to human epithelial
HEp-2, Caco-2, and HeLa cells. In addition, we show that
these virulent FR isolates differ from previously reported avir-
ulent MCR strains in that they secrete wild-type or greater
levels of cell-free p60.

MATERIALS AND METHODS

Bacterial strains and growth media. The Listeria strains used in the study
were, if not otherwise indicated, derived or obtained from the Special Listeria
Culture Collection (SLCC) of H. P. R. Seeliger, Würzburg, Germany, or from
the National Collection of Type Cultures (NCTC), Public Health Laboratory
Service (PHLS), Central Public Health Laboratory, Colindale, United Kingdom
(Table 1). Two autoagglutinable blood culture and food isolates of L. monocy-
togenes that exhibited a rough phenotype were obtained from the Food Safety
Microbiology Laboratory, PHLS, Colindale, United Kingdom. Clinical strains
PHLRIII and PHLRIV were blood culture isolates from a 76-year-old female
and a 72-year-old male, respectively, both of whom had sepsis and pyrexia. Strain
RII (SLCC 5779) was originally obtained from J. Potel (Institute for Medical
Microbiology, Medical Academy, Hannover, Germany). The rough variants
SURI, SURII, and SURIII were derived from parent strains S1, S2, and S3,
respectively, via heating studies (23). Isolation of spontaneous rough variant RI
and L. monocytogenes rough variants RII and RIV, derived from L. monocyto-
genes Mackaness and EGD, respectively, was reported elsewhere (14). L. mono-
cytogenes RIII, another rough mutant derived from a smooth strain of serovar
1/2a, was obtained from J. Potel (Institute for Medical Microbiology).

Listeria cells were grown in brain heart infusion (BHI) broth (Oxoid Ltd.,
Basingstoke, England) at 37°C with agitation. For adhesion and invasion assays,
the bacteria were harvested in the logarithmic growth phase and were washed
three times by centrifugation (MSE Centaur 1) at 3,000 rpm for 10 min in
Dulbecco’s minimum essential medium (DMEM; Gibco BRL, Life Technologies
Ltd., Paisley, Scotland). The stored bacteria were kept at 270°C in phosphate-
buffered saline (PBS) with 20% (vol/vol) glycerol until they were used.

Biochemical and physiological methods. Catalase production was determined
by applying a drop of 30% H2O2 to the colonies and observing the occurrence of
O2 bubbles, as described elsewhere (4). The CAMP test was performed by
standard procedures by streaking out bacteria perpendicular to Staphylococcus
aureus on 5% sheep blood agar plates and observing zones of augmented he-
molysis, as described elsewhere (4). The characteristic blue-green sheen from the
colonies as detected with obliquely transmitted light and the tumbling motility of
Listeria cells were determined as described elsewhere (23). The test strains were
examined for arsenic and cadmium sensitivities as described elsewhere (17). The
commercial biochemical API Listeria test (bioMerieux, Marcy l’Etoile, France)
was used according to the manufacturer’s instructions.
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Adhesion and invasion assays. The ability of Listeria test strains to adhere to
and invade HeLa, HEp-2, and Caco-2 cells was determined by previously de-
scribed procedures (24), with minor modifications. HeLa, HEp-2, and Caco-2
cell monolayers were grown overnight in a 5% CO2 atmosphere at 37°C in
DMEM supplemented with 10% fetal calf serum (FCS; Gibco BRL) in 24-well
tissue culture plates seeded with approximately 3 3 105 cells per well. Prior to
adhesion and invasion assays, the monolayers were washed three times in
DMEM followed by the addition of 1 ml of DMEM containing 10% FCS to each
well. Bacterial cultures were resuspended in 1 ml of DMEM to optical densities
(ODs; model UV-120-02 spectrophotometer; Shimadzu Corp., Kyoto, Japan) at
580 nm of 2.0 for wild-type cells, 2.2 for FR-type cells, and 2.3 for MCR-type cells
(corresponding to cell populations of ;3.5 3 109 CFU/ml). For adherence
assays, triplicate monolayers were infected with 0.1 ml of bacterial culture,
followed by a 2-h incubation at 37°C in a 5% CO2 atmosphere. After incubation,
nonadherent bacteria were removed by three washes with 3 ml of DMEM. The
tissue culture cells were lysed with 1 ml of 1% (vol/vol) Triton X-100 (in distilled
water) for 5 min at 37°C, followed by serial dilution in 0.9 ml of PBS, with
subsequent enumeration by plating 0.1 ml of appropriate 10-fold dilutions on
BHI agar. For invasion and intracellular growth assays, 1 ml of fresh DMEM
containing 10% FCS and 100 mg of gentamicin per ml was added to the infected
tissue culture monolayers, followed by a 2-h incubation at 37°C. The tissue
culture cells were washed three times in 3 ml of DMEM and were then lysed with
1 ml of 1% (vol/vol) Triton X-100 (in distilled water) for 5 min at 37°C. The
surviving bacteria were quantified by the same method outlined above.

Cytotoxicity assay. Assessment of the cytotoxic effect was made by measuring
total cellular metabolic activity with the tetrazolium salt 3-(4,5-dimethylthiazole-
2-yl)-2,5-phenyl tetrazolium bromide (MTT; Sigma). The cytotoxicity assay of
Coote and Arain (8) was used, with minor modifications. HEp-2 and HeLa cell
monolayers were grown overnight at 37°C in a 5% CO2 atmosphere in DMEM
supplemented with 10% FCS in 96-well microplates seeded with ;5 3 104 cells
per well. Bacterial culture supernatants, prepared as described above, were
added in triplicate to the test plates immediately or after heating of the super-
natants at 95°C for 10 min. Positive and negative assay controls were 1% Triton
X-100 (Sigma) and PBS, respectively. Microplates that contained the infected
tissue culture monolayers were incubated overnight at 37°C in a 5% CO2 atmo-
sphere, followed by the addition of PBS containing 0.5% MTT (Sigma) to each
well for 4 h at 37°C. The suspension in the wells was then removed and the
formazan product was solubilized by the addition of 100 ml of 0.04 N HCl in
dimethyl sulfoxide (Sigma). The contents of the wells were measured spectro-
photometrically at 620 nm in a microplate reader (Bio-Rad). The toxic effect of
the cell-free bacterial culture supernatant on the HEp-2 and HeLa cell lines was
calculated from the following equation: (1 2 OD of test sample/OD of negative
control) 3 100.

ELISA for detection of p60 protein. Detection of p60 protein by an indirect
enzyme-linked immunosorbent assay (ELISA) involved the addition of 100 ml of
cell-free supernatant (supernatant from an overnight culture harvested by cen-
trifugation) to each well of the microtiter plates and incubation for 2 h at 37°C.
Coating proteins were washed three times with wash buffer (PBS containing
0.1% [vol/vol] Tween 20), and the L. monocytogenes-specific anti-p60 monoclonal
antibody (MAb) K3A7 (7) was added. This MAb was generated against the
L. monocytogenes-specific epitope, peptide D, of the p60 protein, which has been
described previously (6, 12). The anti-p60 MAb was prepared as a tissue culture
supernatant that was diluted 1/200 (vol/vol) in wash buffer and incubated for 1 h
at room temperature. The microtiter wells were washed three times with wash
buffer, sheep anti-mouse horseradish peroxidase conjugate (Sigma) was added at
100 ml well21 and a dilution of 1/1,000 in wash buffer, and the plates were
incubated for 1 h at room temperature. Excess conjugate was washed five times
with wash buffer, as the substrate SIGMA FAST OPD tablets (Sigma) were
added at 100 ml/well, and the plates were incubated for 0.5 h at room temper-
ature. The A492 was measured after the addition of 50 ml of 3 M H2SO4 to each
well.

Biological assay for p60. The cell chain disruption activity of p60 was tested
with rough L. monocytogenes strains (Table 1) as described elsewhere (25), with
minor modifications. Strains were grown in BHI broth to the early stationary
phase; cell chains were washed with PBS, resuspended to ODs of 2.0, 2.2, and 2.3
at 580 nm (for reasons described earlier) in PBS containing 20% (vol/vol)
glycerol, and stored at 220°C until use. The culture supernatant from L. mono-
cytogenes S1, which contained extracellular proteins including p60, was concen-
trated 100-fold with a 10-kDa-molecular-mass-cutoff Omega membrane (Mi-
crosep Microconcentrators; Filtron Technology Corp., Northborough, United
Kingdom), after which the culture supernatant was filter sterilized (pore size, 0.2
mm; Sartorius). To test for chain disruption activity, 30 ml of concentrated
supernatant was diluted serially twofold in PBS containing 2 mM dithiothreitol
(Sigma) and was separately incubated with 30 ml of the Listeria test strains for 1
to 3 h (samples were assessed at 30-min intervals). At the indicated time points,
10 ml of the mixture was examined by phase-contrast microscopy to evaluate the
lengths of the bacteria.

Cell chain length and colony appearance determination. Overnight cultures of
all L. monocytogenes strains described in Table 1 were separately incubated in
BHI broth at 37°C with aeration. At various time intervals, the lengths of the cells
were determined by image analysis (with a Nikon Optiphot-2 microscope that
was connected to a Solitaire 512 Image Analyzer [Seescan Plc.]). Twenty cells
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were measured per sample. Overnight cultures were also grown at 30°C on
Listeria selective agar (LSA; Oxford formulation; Oxoid) and on Tryptone soya
yeast extract agar (TSYEA; Oxoid) to investigate differences in colony appear-
ance. The areas (in square micrometers) of 20 colonies per sample were mea-
sured with the image analysis system mentioned above.

Electron microscopy. The cells were grown to the mid-log phase, washed twice
with PBS, and resuspended in sterile-distilled water before application to Form-
var-coated grids. After the grid was dried, 1 drop of a solution containing 3%
(vol/vol) tungstophosphoric acid and 0.3% (vol/vol) sucrose (pH 6.8 to 7.4) was
added. The solution was removed after 30 to 60 s, and the grid was dried and
examined on a Zeiss 902 transmission electron microscope.

Statistical methods. All experiments in this study were performed in triplicate,
and the results are reported as averages. Differences in secreted levels of cell-free
p60, cell chain or filament length, colony appearance, and putative virulence
properties such as levels of cytotoxicity, adherence, and penetration into human
epithelial HeLa, HEp-2, and Caco-2 cells were calculated at the 95 or 99.9%
confidence intervals by analysis of variance (one-way or balanced model) with
Minitab software, release 11 (Minitab Inc., State College, Pa.).

RESULTS

Identification of rough variants of L. monocytogenes from
clinical and food samples. All of the bacterial strains described
in Table 1 were identified as L. monocytogenes by establishing
the characteristic morphological, physiological, and biochemi-
cal properties associated with this bacterial pathogen. All cul-
tures produced catalase, were CAMP test positive with S. au-
reus, and were identified as L. monocytogenes by the API
Listeria tests. Confirmation of the species identification oc-
curred by analysis of culture supernatant for p60 protein by
indirect ELISA with an L. monocytogenes-specific anti-p60
MAb (Table 1).

The cell and colony appearances of all rough variants were
shown to differ from those of the wild-type L. monocytogenes
strains, which had the typical smooth morphology. Unlike wild-
type smooth strains, whose cells have the characteristic cocco-
bacillus appearance (approximately 0.5 mm in diameter by 2
mm in length), cell types associated with the rough variants
were shown to be atypically long. Some rough variants con-
sisted of unseptated or paired filaments that measured up to 96
mm in length (designated FR variants), whereas others formed
long chains that were up to 110 mm in length and that consisted
of multiple cells of similar size (designated MCR variants)
(Table 1). Rough variants isolated from clinical specimens and
food samples or derived under conditions of heat stress pre-
dominately showed an FR filamentous phenotype (Table 1).
MCR and FR variants were found to be incapable of charac-
teristic tumbling motility and formed irregular or rough colo-
nies that no longer produced a blue-green sheen upon oblique
illumination. Image analysis data also showed that irregular
rough-form colonies consistently had different areas (in square
micrometers) and appearances (P , 0.05) compared to those
of the smaller, wild-type smooth-form colonies after 48 h of
growth on both TSYEA and LSA plates (Table 1). The MCR
and FR variants of L. monocytogenes were not shown to differ
in colony size or appearance on either plating medium (Table
1).

It is unlikely that the FR variants PHLRI, PHLRIII, and
PHLRIV were epidemiologically linked, as they differed in
their sensitivities to arsenic and cadmium on biotyping. The
sensitivities to arsenic and cadmium were as follows: PHLRIII
and PHLRIV, arsenic sensitive and cadmium resistant;
PHLRI, arsenic and cadmium resistant. Serotyping of these
particular strains was not possible as they autoagglutinate.

FR variants of L. monocytogenes secrete wild-type levels of
p60 and vary in the degree of cell septation. Spontaneously
occurring MCR variants of L. monocytogenes with a rough
colony appearance, namely, RI, RII, RIII, and RIV (14), and
the food sample isolate PHLRII exhibited similar phenotypes;

they tended to form cell chains in which septum formation
between individual cells still occurred, but the cells did not
separate. However, L. monocytogenes RIV differed from the
other MCR variants by the random formation of septa along
the length of the cell chains, resulting in cells of dissimilar
lengths within the long chains. Indirect ELISA studies (Table
1) with an anti-p60 MAb showed that four of these MCR
variants secrete a considerably reduced amount of the major
extracellular protein p60, whereas the fifth one (variant RIV)
synthesized a wild-type level or an even larger amount of this
protein, as described previously (15). The addition of partially
purified p60 to L. monocytogenes RI, RII, RIII, and PHLRII
variants led to a decay of the cell chains (mean, 75.3 6 22.1
mm) to the normal size (mean, 3.5 6 1.1 mm) within 3 h of
treatment. However, treatment of L. monocytogenes RIV with
partially purified p60 of wild-type L. monocytogenes did not
lead to a decay of the cell chains, as the cell chain lengths
before (62 6 28.3 mm) and after (66.4 6 23.7 mm) 3 h of p60
treatment did not differ significantly (P , 0.05), which con-
firmed previous observations (14).

The two blood culture isolates PHLRIII and PHLRIV, the
food sample isolate L. monocytogenes PHLRI, and the three
L. monocytogenes variants SURI, SURII, and SURIII that we
previously derived from wild-type smooth-form cultures under
conditions of sublethal heat stress (Table 1) (23) also exhibited
a rough colony appearance. However, these rough strains dif-
fered in cell morphology from the aforementioned MCR vari-
ants, as these FR variants formed long filaments that either
were unseptated or contained a single septum (Table 1). These
filaments were often of dissimilar size, as septum formation
occurred at different locations. Unlike MCR variants that se-
crete diminished levels of cell-free p60, indirect ELISA studies
showed that these FR variants produced wild-type and larger
amounts of p60 (Table 1). The addition of partially purified
p60 from wild-type L. monocytogenes to all FR variants did not
decay the lengths of the filaments to the normal Listeria cell
size.

FR variants are invasive and show wild-type L. monocyto-
genes levels of cytotoxicity to human epithelial HEp-2 and
HeLa cells. All MCR variants tested showed a considerably
reduced ability to adhere to and invade HEp-2 and HeLa
epithelial cells under conditions that were appropriate for the
efficient attachment and uptake of the three wild-type smooth
L. monocytogenes strains (Fig. 1). In marked contrast, FR vari-
ants showed levels of adherence to and invasiveness of HEp-2
and HeLa cells that were similar to those of wild-type smooth-
form L. monocytogenes strains (Fig. 1). With the exception of
L. monocytogenes RIV, neither epithelial cell line was more
susceptible to adherence or penetration by the Listeria test
strains (Fig. 1). Addition of partially purified p60 from wild-
type L. monocytogenes S1 to the MCR variants L. monocyto-
genes RI, RII, RIII, and PHLRII not only caused a decay of
cell chains but also resulted in a restoration of L. monocyto-
genes invasiveness to wild-type levels in HEp-2 and HeLa cells
(Fig. 2). While treatment of the MCR variant L. monocyto-
genes RIV with p60 did not lead to a disruption of the cell
chains, it did restore invasiveness to a significant extent in these
human epithelial cell lines (Fig. 2). An interesting aspect of
RIV is that it appears to be an intermediary morphological
form (or IR variant), as it possesses both normal-sized bacte-
rial cells and long filaments within its cell chain.

It has also been reported that the ability of mutant RIII to
adhere to Caco-2 cells is not affected; however, no data re-
garding the ability of this variant to invade this cell line were
presented (5). Thus, the ability of a limited number of test
L. monocytogenes strains that varied in their cell morphologies

VOL. 38, 2000 VIRULENT ROUGH FILAMENTS OF L. MONOCYTOGENES 2645

82



(namely, the wild-type strain S1, the MCR variants RIII and
PHLRII, and the FR variant PHLRI) to adhere to and invade
Caco-2 cells was investigated. These particular bacteria showed
similar levels of adhesion (P , 0.05) to this epithelial cell line
(approximately 1.4% 6 0.5% adherence for all bacterial cells
challenged). However, the MCR variants L. monocytogenes
RIII and PHLRII showed markedly reduced levels of inva-
sion of Caco-2 cells (approximately 0.0009% 6 0.0003% and
0.0004% 6 0.0002% invasion of the cells that adhered, re-
spectively) compared to the penetrating abilities of the wild-
type L. monocytogenes S1 (2.3% 6 0.6% invasion) and the
FR variant PHLRI (1.9% 6 0.4% invasion). This ability of the
MCR variants of L. monocytogenes to show wild-type levels of
adherence to Caco-2 cells is in marked contrast to the reduced
adherence evident for these strains in other epithelial cell lines
(i.e., 0.22% 6 0.04% and 0.18% 6 0.05% adherence to HEp-2
and HeLa cells, respectively), as described above (Fig. 1).

Due to earlier described differences in cell morphology and
physiology between L. monocytogenes MCR and FR variants
and smooth-form cells, the ability of these Listeria strains to
elicit a cytotoxic response in HEp-2 and HeLa cells was inves-
tigated. All L. monocytogenes test strains showed similar levels
of cytotoxicity for both HEp-2 and HeLa cells (P , 0.05),
where the average toxicities for all 14 Listeria test strains were
68.3% 6 6.1% and 69.5% 6 4.7%, respectively. Both HEp-2
and HeLa cell lines were similarly affected by the levels of
toxicity produced by the test L. monocytogenes strains (P ,
0.05).

DISCUSSION

Due to the severity of listeriosis in predisposed individuals
and the uncertainty as to the infectious dose of this pathogenic
bacterium, the identification of atypical, virulent cell forms of
L. monocytogenes in clinical or food samples is of paramount
importance (16, 23). In this study we report on the character-
ization of atypical filaments of L. monocytogenes that were
isolated from the blood of patients with pyrexia and sepsis and
that showed wild-type levels of adherence, invasion, and cyto-
toxicity to human epithelial cells. Virulent filamentous cell
forms of L. monocytogenes were also obtained from food
samples and under conditions of sublethal environmental stress
(23). These FR variants of L. monocytogenes not only had

atypical cell and colony morphologies but were also unable to
produce tumbling motility and failed to provide a characteristic
blue-green sheen upon oblique illumination. While identifica-
tion of irregular colonies as L. monocytogenes by conventional
methods would appear to be problematic, once isolated, the
identities of these atypical Listeria strains can be rapidly de-
termined by conventional biochemical tests or by an indirect
ELISA with an L. monocytogenes-specific MAb that recognizes
a secreted p60 protein. The use of L. monocytogenes p60-spe-
cific antibodies for the unequivocal identification of this spe-
cies, including other avirulent rough isolates, has been dem-
onstrated in a series of publications (2, 4, 6). The test Listeria
strains can also be successfully identified by indirect ELISA
with the commercially available, polyclonal KPL antibody
(Kirkegaard & Perry Laboratories, Gaithersburg, Md.) (data
not shown).

Here, we have characterized rough variants of L. monocyto-
genes which differ from the wild-type smooth form of L. mono-
cytogenes either by the formation of long chains that consist of
multiple cells (MCR variants) or by the formation of single or
paired filaments (FR variants). MCR variants are impaired in
the synthesis of the major extracellular protein p60 and, con-

FIG. 1. Adherence of different L. monocytogenes strains to HEp-2 cells and invasion of different L. monocytogenes strains into HEp-2 cells. Due to similarities in
adhesion and invasion data for HEp-2 and HeLa cell lines (P , 0.05), only invasion results for HEp-2 cells are illustrated here.

FIG. 2. Reconstitution of invasiveness of L. monocytogenes MCR variants by
treatment of cells with p60 (concentrated supernatant of L. monocytogenes S1).
Due to similarities in adhesion and invasion data for HEp-2 and HeLa cell lines
(P , 0.05), only invasion results for HEp-2 cells are illustrated here.
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sequently, tend to form cell chains in which septum formation
between the individual cells still occurs but the cells do not
separate. Other researchers have shown that p60 possesses a
murein hydrolase activity which is required for a late step in
cell division (3, 25). Cell-chain-disruption activity can be
blocked by inhibition of the single cysteine residue that occurs
in all p60 proteins at the same position in the C terminus (25).

All MCR variants that we tested showed a considerably
reduced ability to invade the human epithelial HEp-2, Caco-2,
and HeLa cell lines under conditions that were appropriate for
efficient penetration by wild-type L. monocytogenes cells. This
finding is in agreement with those of other researchers, who
showed that spontaneously occurring MCR variants have a
reduced ability to adhere to and invade embryo mouse fibro-
blast 3T6 cells (14). These data suggest that the reduced inva-
siveness of this MCR variant for HEp-2 and HeLa cells was
due at least in part to the reduced adherence of this long-cell-
chain variant. This reduction in adherence appears to be di-
rectly related to the reduced amount of cell-free p60 synthe-
sized by these MCR mutants, since the addition of purified or
partially purified p60 restored the invasiveness of this variant
(14). It could be demonstrated that the addition of p60 to
L. monocytogenes RIII restored adherence to and invasiveness
into 3T6 fibroblasts to levels comparable to those demon-
strated by wild-type L. monocytogenes (6, 14). Our study also
corroborates the work of Kuhn and Goebel (14), who first
described wild-type levels of p60 secretion by L. monocytogenes
RIV and further showed that the addition of wild-type p60 did
not disrupt these long cell chains but restored invasiveness into
nonprofessional phagocytic 3T6 mouse fibroblast cells.

In contrast to MCR variants, we have described clinical and
food isolates of L. monocytogenes that showed a long filamen-
tous-like cell morphology and that secreted wild-type levels of
cell-free p60. The appearance of FR variants was not altered
by the addition of p60, and this atypical cell form demonstrated
wild-type levels of invasiveness to HEp-2 and HeLa cells (and
to Caco-2 cells for a limited number of FR variants tested). It
has been observed that long filamentous forms of L. monocy-
togenes with a rough phenotype similar to that of lactobacilli or
filamentous forms with a smooth phenotype can appear, in the
latter case under the influence of suboptimal antibiotic con-
centrations (as cited in reference 4). However, to our knowl-
edge, this is the only description of virulent filamentous forms
of L. monocytogenes that have naturally occurred in clinical and
food environments. It would appear that these autoaggluti-
nable FR variants isolated from clinical (L. monocytogenes
PHLRIII and PHLRIV) and food (L. monocytogenes PHLRI)
samples are not epidemiologically linked, as the strains were
isolated from different parts of the United Kingdom and have
different biotypes, as a result of which they vary in their sen-
sitivities to arsenic and cadmium. The FR phenotype is very
stable on agar plates, and we assume that the FR phenotype
was also presented by the clinical isolates during infection,
since we also observed cell chain formation during multiplica-
tion inside host cells in our tissue culture studies (data not
shown). Thus, it is not clear at which time point a mutation led
to this phenotype. It must be appreciated, however, that while
these clinical and food L. monocytogenes FR isolates exhibited
wild-type L. monocytogenes levels of virulence in a variety of
human epithelial cell lines, this does not necessarily allow one
to infer that these cultures can cause disease in a complete
animal.

However, in the laboratory it is possible to transform
L. monocytogenes from the wild-type smooth form to the rough
form. We previously showed that exposure of wild-type smooth
forms of L. monocytogenes to environmental stress conditions,

such as heat shock and growth at above-optimal temperatures,
resulted in the generation of atypical cell forms of Listeria with
an FR phenotype (23). Other researchers have also shown that
exposure of L. monocytogenes to other environmental stresses
results in a marked change in the lengths of treated cells (22).
It is likely that the ability of L. monocytogenes to react and
respond to changes in its surroundings is crucial to its survival
(1, 18). It has recently been shown that exposure of bacterial
enteropathogens such as Salmonella enterica serotype Typhi-
murium and verocytotoxigenic Escherichia coli to sublethal en-
vironmental stresses protects these problematic bacteria from
lethal levels of the same and different stresses and may also
increase their virulence (22). Acid-adapted L. monocytogenes
cells demonstrated increased tolerance to thermal stress, os-
motic stress, crystal violet, and ethanol; and emerging acid-
tolerant L. monocytogenes cells were often shown to be more
virulent when injected interperitoneally into mice (15). Recent
evidence shows that there is expressional cross talk between
the central virulence regulator PrfA and the stress response
mediator ClpC in L. monocytogenes (21). The reasons for the
difference in cell morphology and virulence of FR variants
compared with those of the wild-type smooth form of L. mono-
cytogenes and other types of R variants are still not known.
However, other studies have shown that double mutations of
the molecular chaperones ClpC and ClpE in Listeria cells also
affect both cell division and virulence (19).

In summary, we have described the occurrence and unequiv-
ocal identification of three different rough forms of L. mono-
cytogenes from clinical and food samples and from strains
derived under conditions of sublethal heat stress. As the oc-
currence of virulent FR variants in clinical and food environ-
ments may be underestimated because of misidentification and
underrecognition, we suggest that irregularly shaped bacterial
cultures from clinical and food samples that produce a char-
acteristic black precipitate on LSA plates should be further
investigated.
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Abstract

This study demonstrated that atypical virulent filaments of Listeria monocytogenes

(rough variant type II and designated FR for this study), isolated from clinical

specimens or generated during exposure to pulsed-plasma gas discharge in liquids,

were shown to be capable of survival when engulfed by human polymorpho-

nuclear leukocytes (PMNLs). Factors shown to significantly influence the maximal

respiratory burst response in PMNLs and survival of different internalized cell or

filament forms of L. monocytogenes were bacterial strain, culture form, degree of

opsonization (with and without the use of 10% serum) and composition of

the bacterial growth media used before uptake by PMNLs. Opsonized regular-sized

L. monocytogenes cells grown on blood agar (BA) elicited the greatest respiratory

burst response and survived best in PMNLs. The filamentous (FR) and multiple

cell chain (MCR) rough variants were significantly less susceptible to uptake

and survival in PMNLs. Supplementation of tryptone soya agar with hemin

resulted in significantly reduced chemiluminescence responses in phagocytosing

PMNLs compared with the maximal levels observed from prior bacterial growth

on BA or brain heart infusion agar that also contained a source of iron. The MCR

variants secreting decreased levels of a peptidoglycan hydrolase CwhA protein

exhibited the lowest percentage survival when internalized in PMNLs compared

with wild-type smooth or FR culture variants as determined by the macrophage-

killing assay.

Introduction

Listeria monocytogenes is a Gram-positive, rod-shaped, fa-

cultative intracellular bacterium that can cause severe food-

borne infections in humans and animals (Vázquez-Boland

et al., 2001). The major risk groups are immunocompro-

mised individuals and pregnant women. The infective

dose of this organism is yet to be determined, and is

most probably complicated by a number of factors, includ-

ing the susceptibility of the host and the virulence of

the infecting strain. Virulent strains of L. monocytogenes are

able to survive and multiply within host macrophages,

and can invade, replicate and multiply in nonprofessional

phagocytes such as mouse 3T6 fibroblasts, hepatocytes and

human colon carcinoma Caco-2 cells (Gaillard et al., 1987;

Dramsi et al., 1995; Drevets et al., 1995; Ohya et al., 1998).

Its ability to replicate in the cytoplasm of the cells of the

host is critical for virulence, as evidenced by the signi-

ficant attenuation of L. monocytogenes when intracellular

replication is compromised by mutation (Hardy et al.,

2004).

Changes in bacterial colony morphology often accom-

pany microbial adaptation to new environments and ecolo-

gical niches (Medina et al., 2003; Monk et al., 2004). Listeria

monocytogenes has also been reported to form atypical

elongated (filamentous) cells when exposed to a range of

adverse growth conditions, such as high concentrations of

NaCl (8–9%) in the presence (Bereski et al., 2002) or

absence of acid (Brezin, 1973; Isom et al., 1995; Jørgensen

et al., 1995; Bereski et al., 2002), acidic conditions, i.e. pH

5.0 at 37 1C (Isom et al., 1995), increased CO2 environments

(Nilsson et al., 2000; Lie et al., 2003), high hydrostatic

pressure (Ritz et al., 2001), osmotic stress (Jørgensen et al.,
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1995), alkaline stress (Giotis et al., 2007), above optimum

growth temperature, i.e. 42.5 1C (Rowan & Anderson,

1998), and the presence of antimicrobial growth agents such

as trimethorpim and cotrimoxazole (Minkowski et al.,

2001). A number of studies suggest that, in some cases,

removal of such deleterious stresses results in a slow return

to normal wild-type cell forms within 24 h (Brezin, 1973;

Isom et al., 1995), suggesting that filamentation of

L. monocytogenes may be an adaptive response to adverse

growth conditions. Monk et al. (2004) had previously

observed that chaining cells exhibited enhanced biofilm-

forming capabilities. The colonization of the murine gall

bladder by L. monocytogenes also resulted in a change in

cellular morphology (chaining), subsequently leading to the

formation of biofilms within the gall bladder, which resem-

bles a dynamic rather than a static environment (Hardy

et al., 2006). Variant rough colony morphotypes were

thought to occur spontaneously and irreversibly at a low

frequency during prolonged culture in the laboratory. Apart

from obvious physical differences, such as the absence of a

blue-green sheen upon Henri oblique illumination and

impaired cell separation that produced chaining cells with-

out coordinated motility, the fermentative and biochemical

profiles of rough and smooth colonies were considered

identical (Gutekunst et al., 1992; Rowan et al., 2000; Monk

et al., 2004).

Characterization of the molecular determinants involved

in conversion to the filamentous FR colony variants has been

previously described by a number of researchers (Kuhn &

Goebel, 1989; Gutekunst et al., 1992; Monk et al., 2004),

with the specific involvement of a peptidoglycan hydrolase

CwhA (formerly termed invasion-associated protein or p60;

Wuenscher et al., 1993) in the formation of the rough colony

morphotype. These so-called type 1 rough colony isolates

showed reduced CwhA secretion plus decreased attachment

and invasion of certain nonphagocytic cell lines (Gutekunst

et al., 1992), while a CwhA null mutant was previously used

to clarify the role of the CwhA protein during infection

(Pilgrim et al., 2003). The isolation of a filamentous rough

colony variant (termed type II) showing wild-type levels of

CwhA secretion and cellular invasion has also been de-

scribed previously (Rowan et al., 2000; Lenz & Portnoy,

2002). While the specific mechanisms governing these

morphological changes still remain unclear (Gardan et al.,

2003; Monk et al., 2004; Giotis et al., 2007), conversion to

the atypical rough culture forms may result in a failure to

accurately detect and/or enumerate this enteropathogen

from adverse conditions such as food preservation or

inimical stresses associated with exposure to the host

immune system. Although FR variants have been isolated

previously from clinical specimens and food samples

(Rowan et al., 2000), the multiple long cell chain form

(MCR type) secreting reduced levels of CwhA has not.

Despite a plethora of published data on the impact of

food-processing stresses and associated similarities to

deleterious stresses encountered by bacterial pathogens on

exposure to host immune cells on the survival and morpho-

logical stability of L. monocytogenes, very little information

currently exists on the susceptibility and/or the survival of

different culture morphotypes of this pathogen to a phago-

cytic attack by human polymorphonuclear leucocytes

(PMNLs).

In this report, we examined inter-related factors that

affect the susceptibility of different culture morphotypes of

L. monocytogenes to phagocytosis and survival in human

PMNLs.

Materials and methods

Bacterial strains and growth media

The Listeria strains used in the study were, if not otherwise

indicated, derived or obtained from the National Collection

of Type Cultures (NCTC), Public Health Laboratory Service

(PHLS), Central Public Health Laboratory, Colindale, UK

(Table 1). Autoagglutinable MCR2 and FR2 isolates of

L. monocytogenes exhibiting rough culture phenotypes were

obtained from Dr Jim McLauchlin, Food Safety Microbiol-

ogy Laboratory, PHLS, Colindale, UK. The FR2 clinical

strain of L. monocytogenes was obtained from a 72-year-old

male with sepsis and pyrexia. The rough filamentous variant

FR1 was derived from a wild-type smooth form of

L. monocytogenes NCTC 4885 after exposure to adverse

culture conditions created by high-intensity pulsed-plasma

gas discharge treatments according to the method described

in Rowan et al. (2008).

The Listeria cells were grown for 48 h at 37 1C on brain

heart infusion agar (BHIA), 7% (v/v) sheep blood agar (BA)

and on tryptone soya agar supplemented with 15 mgmL�1

hemin (TSHA) and tryptone soya agar without hemin

(TSA), before challenging with human PMNLs. Hemin

supplements were purchased from Sigma-Aldrich Chemical

Co. Ltd, dissolved in hot water, adjusted to pH 7 and

filter sterilized before adding to TSA as per the recommen-

dations of Tsai & Hodgson (2003). Stored bacteria were

maintained at 4 1C on TSA slopes until use; fresh isolates of

each test strain were also recultured every 2 weeks from

original vials that were kept at � 70 1C in the MicrobankTM

system.

Biochemical and physiological methods

Catalase production was determined by applying a drop of

3% H2O2 to the colonies and observing the occurrence of

O2 bubbles, as described elsewhere (Bubert et al., 1997). The

Christie, Atkins, Munch–Petersen (CAMP) test was

performed using standard procedures by streaking out
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bacteria perpendicular to Staphylococcus aureus on 7% sheep

BA plates containing and observing zones of augmented

hemolysis, as described elsewhere (Rowan et al., 2000). A

characteristic blue-green sheen from colonies by obliquely

transmitted light and tumbling motility of Listeria cells was

observed as described elsewhere (Rowan et al., 2000). The

commercial biochemical API Listeria test (BioMerieux,

Marcy l’Etoile, France) was used according to the manufac-

turer’s instructions.

Enzyme-linked immunosorbent assay (ELISA)
for the detection of CwhA protein

Detection of CwhA protein (formerly p60) in all test Listeria

strains using indirect ELISA involved the addition of 100 mL
of cell-free supernatant per well of microtiter plates (super-

natant from an overnight culture and harvested by centrifu-

gation) and incubation for 2 h at 37 1C. Coated proteins

were washed three times with wash buffer [phosphate-

buffered saline (PBS) containing 0.1% v/v Tween 20] and

the L. monocytogenes-specific monoclonal antibody CwhA-

mAb K3A7 was added. This mAb was generated against the

L. monocytogenes-specific epitope, peptide D, of the p60

protein, which has been described previously (Bubert et al.,

1997). Generation of K3A7 was achieved using standard

protocols (Kuhn & Goebel, 1989). The anti CwhA-mAb was

prepared as a tissue culture supernatant diluted 1/200 (v/v)

in wash buffer and incubated for 1 h at room temperature.

The microtiter wells were washed three times with wash

buffer, and sheep anti-mouse horseradish peroxidase con-

jugate (Sigma-Aldrich Chemical Co. Ltd) was added at

100 mL per well at a dilution of 1/1000 in wash buffer and

incubated for 1 h at room temperature. Excess conjugate was

washed five times with wash buffer and the substrate SIGMA

FASTTMOPD tablets (Sigma-Aldrich Chemical Co. Ltd) was

added at 100 mL per well with 0.5 h of incubation at room

temperature. The A492 nm was measured after the addition of

50 mL per well 3M H2SO4.

Cell or filament length and colony appearance
determination

Overnight cultures of all the L. monocytogenes strains

described in Table 1 were separately incubated in BHI broth

at 37 1C with aeration. At various time intervals, the lengths

of the cells were determined using image analysis (Nikon

Optiphot-2 microscope that was connected to a Solitaire 512

Image Analyzer, Seescan Plc.). Ten cells were measured per

sample. Overnight cultures were also grown at 37 1C on

Listeria-selective agar (LSA; Oxford formulation; Oxoid) to

investigate differences in colony appearance. The area (mm2)

of 10 colonies per sample was measured using the image

analysis system mentioned above.Ta
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Electron microscopy

Cells were grown to the stationary phase (30 h) on BA plates,

washed twice with PBS and resuspended in sterile-distilled

water before application to formvar-coated grids. After the

grid was dried, one drop of a solution containing 3%v/v

tungstophosphoric acid and 0.3% v/v sucrose (pH 6.8–7.4)

was added. The solution was removed after 30–60 s, and the

grid was dried and examined on a Zeiss 902 transmission

electron microscope.

Measurement of bacterial susceptibility to
opsonophagocytosis

Preparation of bacteria

Bacteria were separately grown for 16 and 30 h on BA, BHIA

and TSYEA at 37 1C. Bacteria were then harvested, washed

and standardized spectrophotometrically (OD560 nm) so that

suspensions containing 1� 108 CFUmL�1 (PMNL ingestion

studies) or 5� 108 CFUmL�1 (measurement of respiratory

burst) were available for investigation.

Bacterial opsonization

The standard bacterial suspensions were opsonized in 1mL

of 10% (v/v) normal human pooled serum containing 0.1%

gel-HBSS (Hanks basal salt solution with 0.1% gelatin) for

15min at 37 1C; the opsonized cells were harvested by

centrifugation and resuspended in diluent (PBS, pH 7.1) at

the original concentration. Unopsonized bacteria (no ser-

um) were used for comparison.

Isolation of neutrophils (PMNLs)

PMNLs were isolated from 20 to 30mL of fresh blood taken

from healthy human donors in heparin vacutainers (and

inverted to mix) using density gradient centrifugation

through Ficoll-Hypaque (Polymorphprep; Nycomed, Amer-

sham, UK) as per Gemmell & Ford (2002). The neutrophil-

rich layer was harvested and washed gently with 0.1%

gel-HBSS before standardization to a concentration of

c. 1� 107 cellsmL�1 (as determined using a hematocrit

chamber). Purity was Z95% and viability, as measured by

exclusion of trypan blue (0.1% solution), was alsoZ95%.

Phagocytosis and bacterial killing by PMNLs

The ability of PMNLs to phagocytose and kill opsonized

cells of L. monocytogenes was assessed using the previously

published method of Gemmell & Ford (2002). Briefly,

0.1mL of a suspension of opsonized or nonopsonized

bacteria grown separately on BA plates for 16 and 30 h were

added to duplicate polypropylene vials, followed by the

addition of 0.1mL of PMNLs. The vials were then incubated

for various time intervals up to and including 45min at

37 1C in an orbital shaking incubator at 250 r.p.m. Experi-

ments were performed using a bacteria/PMNL ratio of 50 : 1.

Immediately after removal from the incubator at the in-

dicated times, 2.5mL of ice-cold 0.1% gel-HBSS was added

and the phagocytic cells were washed three times in PBS by

differential centrifugation at 1000 g (4 1C) for 5min. Wash-

ing and shaking with PBS was carried out to remove trapped

or loosely adherent bacteria from neutrophils. Slide pre-

parations were then made of a selection of the bacteria/

PMNL mixtures, as follows: after the washing stages, the

reaction mixture was resuspended in 50mL of PBS and

centrifuged at 21 g for 5min on a silane-coated glass slide

using a cytocentrifuge (Cytospin 2, Shandon, Southern

Products Ltd, Runcorn, UK) in order to visually assess

phagocytic cells. After drying for 10min, the slides were

stained with Giemsa stain and examined microscopically at

� 1000 magnification. The phagocytic index was deter-

mined as percent positive macrophages (those containing

more than one bacterium) times the mean number of

bacteria per positive macrophage as described previously by

Alford et al. (1991).

The bacterial killing process was measured by constitut-

ing mixtures as for the phagocytosis assay above and

determining CFUs at specific times. Four sets of vials were

made up for each assay, one to be sampled immediately

upon the addition of PMNL (zero time) and the other three

to be sampled at 15, 30 and 45min, respectively. Volumes of

0.1mL of opsonized or nonopsonized bacteria were added

to each vial, followed by the addition of 0.1mL of PMNL.

Then, after the desired incubation intervals (0, 15, 30 or

45min), 0.1mL of cold sterile water was added to each vial;

the vials were mixed thoroughly, and appropriate dilutions

were prepared. Samples of these dilutions were pipetted

into sterile Petri dishes, and 15mL of sterile molten BHIA

was added, mixed well and allowed to solidify. Survivors

(expressed in terms of CFU) were enumerated after an

overnight incubation at 37 1C and percent change in CFU at

15, 30 and 45min, relative to CFU at zero time, was

calculated. Experiments were repeated in triplicate on at

least 3 separate days with PMNL from different normal

donors.

The phagocytic process was measured using the peak

chemiluminescence assay of Gemmell & Ford (2002), which

follows the respiratory burst in neutrophils exposed to

serum-opsonized (and nonopsonized) bacteria that had

been grown separately on BA, BHIA or TSHA and TSA

plates. Opsonized bacteria (5� 107 CFU) were added to a

reaction mixture consisting of 5� 105 PMNL and 50 mL of

1� 10�5M luminol in the dark. Light release was then

measured from the chemiluminescence counter (BioOrbit

1253, BioOrbit, Turku, Finland) over a 45-min period and

peak response (mV) was noted.
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Statistical methods

All experiments in this study were performed in triplicate,

and results are reported as averages with SDs. The influence

of strain type, culture form (wild-type smooth vs. cell-chain

and filamentous rough forms), opsonization and plating

medium on the uptake and survival of L. monocytogenes cells

in PMNLs was determined at the 95% or greater confidence

intervals using ANOVA (one-way or balanced model) with

MINITAB software Release 13 (Minitab Inc., State College, PA).

Results

Confirmation of the morphological and
physiological characteristics of different culture
types isolated previously from clinical and food
samples

All the bacterial strains described in Table 1 were identified

as L. monocytogenes by establishing the characteristic mor-

phological, physiological and biochemical properties asso-

ciated with this pathogen. All cultures produced catalase,

were CAMP test positive with S. aureus and were identified

as L. monocytogenes using API Listeria biochemical profiling.

Confirmation of species identification was performed by

analysis of culture supernatant for CwhA protein by indirect

ELISA with an L. monocytogenes-specific anti-CwhA mAb

(Table 1).

The cell and colony appearances of all rough variants were

shown to differ significantly from those of the wild-type

L. monocytogenes strains, which had a typical smooth

morphology. Unlike wild-type smooth strains, whose cells

have a characteristic coccobacillus appearance (c. 0.5 mm in

diameter� 2 mm in length), cell types associated with the

rough variants were shown to be atypically long. Some

rough variants consisted of unseptated or paired filaments

that measured up to 103 mm in length (designated FR

variants), whereas others formed long chains that were up

to 88mm in length and consisted of multiple cells of similar

size (designated MCR variants) (Table 1). Rough variants

isolated from clinical specimens or derived under conditions

of stress produced by exposure to pulsed-plasma gas dis-

charge showed the FR filamentous phenotype. The mean cell

lengths for the various culture variants of L. monocytogenes

were shown to be 3.3� 1.1 (wild-type normal S type),

49.2� 26.6 (MCR variant) and 64.3� 38.1 (FR variant).

MCR and FR variants were found to be incapable of the

characteristic tumbling motility and formed irregular or

rough colonies that no longer produced a blue-green sheen

upon oblique illumination. Image analysis data showed that

irregular rough colonies consistently had areas (mm2) and

appearances (Po 0.05) different from that of smaller,

wild-type form colonies after 48 h of growth on LSA plates

(Table 1). Spontaneously occurring MCR1 variant and food

sample isolate MCR2 with a rough colony appearance

exhibited similar phenotypes, tending to form long chains

in which septum formation between individual cells still

occurred, but the cells were not separate.

Indirect ELISA studies (Table 1) with an anti-CwhA mAb

showed that these MCR variants secrete a considerably

reduced amount of a peptidoglycan hydrolase protein. The

addition of partially purified CwhA led to a decay of the cell

chains (mean 49.2� 26.6mm) to normal size (mean

3.3� 1.0 mm) within 3 h of treatment. The blood culture

isolate FR2 and the FR1 variant of L. monocytogenes derived

from the wild-type S form culture after exposure to pulsed-

plasma gas discharge treatment also exhibited a rough

filamentous cell appearance. However, unlike MCR variants

that secreted diminished levels of cell-free CwhA, indirect

ELISA studies showed that FR variants produced wild type

or greater amounts of Cwha, indicating that the latter FR

morphotypes were type II in nature (Table 1). The addition

of partially purified CwhA from wild-type L. monocytogenes

to FR variants did not decay the lengths of the filaments

(mean 64.3� 38.1 mm) to the normal Listeria cell size.

Effect of opsonization and composition of
bacterial growth medium on the susceptibility
of different culture forms of L. monocytogenes
to phagocytosis by human PMNLs

The induction of a respiratory burst by human PMNL

following exposure to different culture forms of L. mono-

cytogenes was measured as the maximal chemiluminescence

(mV) response, usually occurring 15–20min after addition

of the bacterium/luminol reaction mixture in the dark. The

level of respiratory burst of PMNL exposed to 10% opso-

nized bacteria was significantly different (P= 0.00003) from

similar nonopsonized bacteria (Table 2). Studies revealed

that prior growth of all test bacteria on media containing or

supplemented with iron augmented respiratory burst activ-

ity in PMNLs (P= 0.0016), with mean (mV) measurements

of 56.2� 4.4, 45.6� 5.6, 43.0� 4.7 and 34.3� 3.3 for bac-

teria grown on BA, BHIA, TSHA and TSA, respectively

(Table 2). Albeit in lower measured amounts, a similar

pattern of respiratory burst activity was observed for non-

opsonized bacteria with mean (mV) measurements of

14.4� 3.6, 7.8� 2.7, 7.6� 1.7 and 5.5� 1.3 for BA, BHIA,

TSHA and TSA, respectively. Wild-type smooth Listeria

elicited the greatest respiratory burst in PMNLs (P= 0.008)

compared with MCR or FR variants. No significant differ-

ence was observed between rough MCR and FR culture

variants in eliciting maximal chemiluminescence responses

(P= 0.497). However, wild-type smooth S2 elicited a stron-

ger respiratory burst response compared with S1

(P= 0.006), while there was no difference in the chemilumi-

nescence responses between individual strains of either

FEMS Immunol Med Microbiol 57 (2009) 183–192 c� 2009 Federation of European Microbiological Societies
Published by Blackwell Publishing Ltd. All rights reserved

187Phagocytosis of atpical Listeria cells by human PMNLs

90



MCR or FR variants (P= 0.513). Visualization of the bacter-

ium/phagocyte mixture using light microscopy revealed

greater numbers of intracellular smooth-type bacteria com-

pared with PMNLs containing MCR or FR variants. The

mean numbers of bacteria ingested by phagocytosing

macrophages after 45-min exposure were shown to be

12� 4, 7� 4 and 6� 3 for the smooth, MCR and FR cell

types, respectively (Fig. 1). A quantitative measurement of

PMNL-ingested bacteria (phagocytic index) revealed signif-

icant differences (Po 0.05) between the wild-type smooth

form (984� 286) compared with similarly exposed rough

MCR (441� 213) and FR (330� 151) variants (Fig. 1).

Survival of different opsonized culture variants
of L. monocytogenes in human PMNLs

Survival of different opsonized (10% serum) culture forms

of L. monocytogenes in PMNLs was examined over a 45-min

exposure period (Fig. 2). A clear pattern emerged where the

percentage of bacterial survivors post-PMNL ingestion

decreased over the 45-min exposure for all Listeria culture

forms studied. While wild-type smooth and FR variants

exhibited a similar percentage survival in PMNLs, strains

belonging to MCR variant were significantly less resistant to

exposure to deleterious stresses associated with internaliza-

tion in PMNLs. Greater survival of all culture forms of

L. monocytogenes occurred in PMNLs where bacteria were

either grown before on BA plates (Fig. 3) and/or when older

30-h cultures were used compared with younger 16-h strains

(Fig. 4) (Po 0.05). Interestingly, less pronounced survival

in PMNLs occurred after 45-min exposure, where bacteria

had been grown before on TSA supplemented with hemin

(Fig. 5) compared with similar samples grown on BA (Fig.

3b) plates. However, although the mean survival percentages

were generally higher for the majority of morphotypes

studied compared with prior growth of similar samples on

TSA alone (Figs 3 and 5), only S2 grown on BAwas observed

to be significantly different at the Po 0.05 level after 45min

of exposure to PMNLs (Fig. 3b). Greater survival (Po 0.05)

occurred for all S and FR morphotypes studied after shorter

Table 2. Effect of Listeria monocytogenes strain type, culture morphotype, opsonization and composition of agar media on the maximal

chemiluminescence response (mV) elicited by phagocytosing PMNLs

Strain�

Maximal chemiluminescence (mV)w after ingestion of different morphotypes of L. monocytogenes by PMNLs

Opsonized cells (10% serum) Nonopsonized cells (0% serum)

BA BHIA TSHA TSA BA BHIA TSHA TSA

S1 62.7� 4.1 C 54.3� 8.3 D 48.1� 4.4 D 39.6�3.4 E 12.9� 2.3 G 7.6� 1.4 H 7.2�1.4 H 4.6� 1.2 I

S2 80.8� 7.1 A 70.8� 3.5 B 64.6� 5.3 C 52.3�4.5 D 23.5� 8.8 F 9.9� 3.8 G 9.1�1.8 G 6.9� 1.4 H

MCR1 45.2� 3.4 D 37.5� 5.0 E 35.1� 4.1 F 30.1�2.7 F 13.1� 4.7 G 5.8� 2.0 H 7.5�2.1 H 4.1� 1.1 I

MCR2 47.8� 3.9 D 37.0� 6.4 E 39.8� 5.4 E 30.0�2.9 F 10.8� 1.1 G 7.3� 6.8 H 6.7�2.0 H 4.1� 1.2 I

FR1 50.3� 2.9 D 39.3� 4.8 E 33.3� 4.1 F 26.2�4.1 F 11.4� 2.7 G 6.8� 1.3 H 6.5�1.3 H 6.2� 1.8 H

FR2 50.6� 5.5 D 34.9� 5.8 E 37.5� 5.3 E 28.1�2.2 F 14.9� 2.5 G 9.3� 1.4 G 8.5�1.4 H 6.7� 1.3 H

�Description of the strains provided in Table 1.
wMean (� SD) of triplicate samples measured from triplicate trials. Values (mV) having different uppercase letters differ at the Po 0.05 level.

BA and BHIA contain a source of iron, whereas TSHA is artificially supplemented with hemin.
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tosis, and (c) phagocytic index (mean� SD of three experiments).
�Statistical difference at the Po 0.05 level.
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durations of exposure to PMNLs, where the latter had been

grown before on BA plates (Fig. 3a).

Discussion

This study demonstrated that human PMNLs are capable of

engulfing and internalizing different cell or filament mor-

photypes of L. monocytogenes that were isolated from clinical

specimens and food samples. However, the efficacy of this

phagocytosis process was shown to depend on many factors

namely bacterial strain, culture form (normal smooth vs.

atypical rough variants), degree of opsonization and the

composition of bacterial culture media used before uptake

by PMNLs. The much smaller normal cell type of

L. monocytogenes (c. 2 mm in length) was shown to be much

more susceptible to phagocytic uptake compared with
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atypical rough chains of cells or filaments that measured up

to c. 100mm in length. Studies reporting previously on the

pathogenicity of different culture variants of L. monocyto-

genes are very limited. Wilder & Edberg (1973) appear to be

the first researchers to report on the interaction of regular-

sized smooth and atypical rough cells of L. monocytogenes

with normal mouse peritoneal macrophages in culture and

revealed that after 24 h the latter rough variants were almost

completely killed, whereas the smooth strain tended to show

complete survival. The authors did not indicate whether the

rough variants constituted a filamentous or the long cell

chain of cell arrangement. However, the findings of Wilder

& Edberg (1973) appear to markedly contrast similar PMNL

studies carried out earlier by Mackaness (1962), where the

latter reported that macrophages initially infected with

L. monocytogenes released their content of pathogens at

20 h. In the present study, the viability of all culture

morphotypes of L. monocytogenes was reduced within

45min of engulfment by human PMNLs.

Visual observation of L. monocytogenes S2 cells engulfed

in PMNLs revealed that some bacteria had converted to

longer chains of cells. The numbers of internalized Listeria

were shown to be o 16 cells or filaments in positive

PMNLs. Kingdon & Sword (1970) previously reported that

L. monocytogenes killed the host macrophage when the

intracellular population increased to approximately 16 bac-

teria per cell. Hardy et al. (2004) also observed the conver-

sion to chains of cells from normal-sized L. monocytogenes

cells during replication in murine gall bladder. Interestingly,

chain morphology was not observed during intracellular

growth of wild-type bacteria in an ordinary broth culture.

The significance of bacterial growth in the gall bladder with

respect to the pathogenesis and the spread of listeriosis

depends on the ability of the bacterium to leave this organ

and be disseminated to other tissues and into the environ-

ment. Rowan et al. (2000) previously demonstrated that

atypical rough filaments of L. monocytogenes, isolated from

clinical specimens and food samples, demonstrated wild-

type levels of adherence, invasion and cytotoxicity to human

epithelial HEp-2, Caco-2 and HeLa cells.

Use of 10% serum in the present study augmented

phagocytosis of all different culture variants of L. mono-

cytogenes, which appears to agree with findings from recent

studies of Vahidy & Jehan (2006), who demonstrated the

role of immune serum in augmenting the in vitro engulf-

ment of typical short cells of L. monocytogenes by PMNLs of

rabbits. Growth of different variants of L. monocytogenes on

BA resulted in increased respiratory burst activity and

bacterial survival in human PMNLs. This also correlated

with visible inspection of bacteria/phagocytes mixtures

(phagocytic indices) that revealed greater numbers of inter-

nalized Listeria cells in PMNLs when these bacteria were

grown on BA compared with similar cells grown on TSA

plates before PMNL challenge. While BA contains a source

of iron, supplementation of TSA with hemin did not

produce similar levels of respiratory burst activity in en-

gulfed bacteria, indicating that other constituents in BA

(and to a lesser degree in BHIA) contribute to the augmen-

ted chemiluminescence responses. The presence of hemin

augmented respiratory activity in PMNLs compared with

the use of TSA alone for many opsonized morphotypes

alone, indicating that prior microbial exposure to iron in

bacterial growth media influenced respiratory burst activity

in PMNLs. However, supplementation of bacterial growth

media with hemin did not significantly enhance survival in

this present study. The augmented respiratory burst activity

in the presence of iron may be indirectly mediated by the

Haber–Weiss–Fenton and related reactions (Yuan et al.,

1995). In these reactions, hydroxyl radicals are generated

from hydrogen peroxide in the presence of Fe21, which is

oxidized to Fe31. Generation of more hydroxyl radicals and

Fe31 results from the reaction between superoxide and Fe21.

It is likely that, in activated macrophages, the concentration

of superoxide ions and hydrogen peroxide increases due to

the above-summarized reactions. It is also well documented

that the level of iron determines the expression of several

virulence factors and that survival of bacteria during infec-

tion also depends on the ability to interact with and acquire

iron from the host (Braun, 2005). It has been reported

previously that during listerial infection, the availability of

iron determines the survival and invasiveness of the bacter-

ium (Rea et al., 2004).

It is interesting to note that the filamentous morphotype

of L. monocytogenes can also arise after exposure to deleter-

ious conditions associated with novel food processing or

environmental decontamination (Giotis et al., 2007). In the

present study, we describe the occurrence of an FR1 variant

that was generated after sublethal exposure to high-intensity

pulsed-plasma gas discharge conditions, which is a techni-

que similar in design to that of high-intensity pulsed electric

fields with the inclusion of a gas-sparging stage (Rowan et

al., 2008). Hahn et al. (1999) suggest that the switch to the

filamentous state in bacteria may be a survival response

defending the latter against flagellate grazing. While human

PMNLs were capable of engulfing type II filaments of

L. monocytogenes, it is not apparent from this present study

as to whether or not there was an upper limit or threshold in

terms of filament size. Although lower numbers of rough

cell chain or filament types were engulfed by macrophages

compared with normal short cell types of L. monocytogenes,

studies were not carried out to elucidate the ability

of macrophages to engulf Listeria based on the degree

of filament or chain length. Different culture variants of

microbial pathogens, including L. monocytogenes, may

arise from exposure to harsh growth conditions that may

alter their morphological, physiological and virulence
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characteristics. Prior exposure to hostile growth conditions

can protect these bacteria from subsequent exposure to

lethal levels of the same or different stresses (Aldsworth

et al., 1999; Rowan, 1999; Hardy et al., 2006). During the

parasitic lifecycle, L. monocytogenes must cope with a series

of challenges that arise during different stages of infection.

These challenges include low nutrient availability, resistance

to various physical stresses (e.g. temperature, acid, bile;

Gahan & Hill, 2005) and the host immune system (Pamer,

2004). Stress resistance and dramatic switches in cellular

morphology and survival characteristics in L. monocytogenes

are undoubtedly governed by the expression of specific gene

products, which is possibly coordinated and regulated by

PrfA and by other presently unknown transcriptional con-

trolling factors (Hardy et al., 2006; Riedel et al., 2009).

Interestingly, the latter authors also observed that differ-

ences in culture media formulations used for biofilm

production (i.e. use of 10-diluted BHI vs. TSB) had a

dramatic effect on the ability of an DagrD-mutant strain of

L. monocytogenes to form biofilms. A clear trend also

emerged where older cultures of L. monocytogenes survived

better in human PMNLs compared with similarly prepared

and exposed younger variants. Previous researchers have

also demonstrated that pathogens in their stationary growth

phase survive adverse conditions associated with food

processing, in part, due to the fact that their metabolic

processes have slowed down and are less susceptible to the

lethal action of extrinsic stresses (Rowan, 1999; Giotis et al.,

2007).

In conclusion, while human PMNLs are capable of

engulfing different culture morphotypes of L. monocyto-

genes, typical short and atypical type II filamentous types of

this pathogen appear to survive this immune challenge

better than multiple cell chain variants that secrete reduced

levels of the peptidoglycan hydrolase CwhA protein. All

esculin-positive culture isolates growing on LSA plates

should be tested further to confirm their identity using an

immunological or equivalent molecular-based probe that is

species specific for L. monocytogenes.
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Food manufacturing, distribution and storage rely on well-
placed deleterious stresses or hurdles that either inhibit or
inactivate contaminating microorganisms in food systems.
Recent molecular and physiological evidence points to the
fact that many food-borne pathogenic bacteria are adapt-
ing to these sub-lethal inimical stresses, and as a con-
sequence, becoming more resistant to lethal levels of the
same (homologous) or cross-protected against other (het-
erologous) stresses. Many stress-adapted microbial patho-
gens are also showing an enhanced virulence. As non-
stressed exponentially-growing bacteria are often used in
food safety studies, it is likely that predictive models using
such data may be underestimating the actual survival cap-
abilities of stress-challenged microorganisms. The `stress-
hardening' phenomenon has signi®cant food-safety impli-
cations, especially in situations where the food industry
explores levels of lethality that are close to the boundaries

of microbial control. In this Viewpoint article, I wish to focus
on the ability of environmental stress to augment or modulate
virulence; the ability of stress-adapted microbial-pathogens
to survive homologous or heterologous stresses commonly
encountered in foods and in the mammalian host; and also
to alter microbial cell morphological and physiological
characteristics as a consequence of these inimical stresses.
# 2000 Elsevier Science Ltd. All rights reserved.

In developed countries, we enjoy increased health and
longevity, and we take, as our right, the `safety' of the
foods and beverages we consume. However, as we enter
a new millennium current epidemiological and clinical
data poignantly show that we are not winning the battle
against food-borne diseases which represent a major
cause of su�ering, morbidity and mortality in both
developed and under-developed countries. This unac-
ceptable and rising trend is very evident, despite having
attained better knowledge and understanding of the
infection processes of many pathogenic bacteria that
contaminate our foods, together with better under-
standing of methods for controlling these microorgan-
isms in foods and much stricter regulations being
applied to food manufacturing, distribution and storage
[1±3].
It has been estimated that there are more than 1000

million yearly cases of gastroenteritis amongst children
under the age of ®ve and up to 5 million deaths in
underdeveloped countries and most are caused by the
consumption of contaminated foods [2]. As pointed out
by Baird-Parker, the level of food-borne disease in
technology-advanced Europe is also unacceptably high.
While precise ®gures are lacking, recent estimates of
food-borne illness would indicate that in many Eur-
opean countries there are at least 50,000 cases of acute
gastroenteritis per million population per year with a
®gure of 300,000 recently suggested for The Netherlands
[2]. Estimates for the USA are even higher, with one
recent estimate suggesting between 6 and 80 million ill-
nesses per year (resulting in up to 9000 deaths), with an
associated annual economic burden estimated at 5 billion
U.S. Dollars [1]. However, as there is considerable under-
reporting of cases of food-borne illness to the autho-
rities, the true extent of food-borne illness in all countries,
even in countries that have well-adapted epidemiological
surveillance systems may even be greater.

0924-2244/00/$ - see front matter Copyright # 2000 Elsevier Science Ltd. All rights reserved.
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While death rates from food-related illness are con-
siderably lower in developed countries, it has been
pointed out that `up to 5% of episodes of acute gastro-
enteritis lead to serious, and often chronic, sequelae
(including rheumatoid conditions such as Reiter's syn-
drome and ankylosing spondylitis), nutritional and
malabsorption problems, haemolytic-uraemic syndrome
(caused by verotoxin-producing strains of Eschericia
coli), and other illnesses such as aserosclerosis and
Guillain-BarreÂ syndrome following infection by Cam-
pylobacter species' [2]. The reason for the increase in the
reported illness is probably the result of a combination
of factors, including: better reporting; changes in agri-
cultural practices (e.g, a strong correlation between the
increase in human salmonellosis, and campylobacter
enteritidis and the increased consumption of poultry);
changes in food marketing and eating habits (e.g. pre-
ference for foods that are perceived to be more natural,
fresher, healthier, and more convenient, and increased
consumption of pre-prepared `convenience' food in the
home and greater consumption of food outside the
home); international travel and commerce; changing
population sensitivities (although it is well-recognized
that the young, old, immunode®cient and pregnant
women are particularly vulnerable, there are some indi-
cations that our quest for pathogen-free food may lead
to increased susceptibility to disease as a result of loss of
natural immunity caused by failure to prime the
immune system with subclinical numbers of pathogens);
and the identi®cation of new bacterial pathogens
(including stress-adaptive microbial strains).
In a recent Viewpoint article in this journal, Knùchel

and Gould [4] commented on the fact that consumers
are increasingly demanding more natural, healthy, and
convenient foods that are low in salt and low or lacking
in preservatives, and that the use of multiple hurdles in
foods is in¯uencing the physiology of food spoilage and
pathogenic microorganisms. In their article they posed
the question `With such a reduction taking place in the
preservation of foods, how are we going to achieve a
real reduction in the incidence of food-poisoning from
manufactured foods?' Both Archer [5] and I are in
agreement with Knùchel and Gould [4] regarding the
e�ects of stresses on the physiology of food-related
pathogenic microorganisms. However, as milder pre-
servation processes still rely on well-placed inimical
stresses to control the growth of microbial con-
taminants, it is unlikely that a reduction in preservation
will lead to a reduction in the immediate virulence of
certain pathogens and to a lowering to the rate of
emergence of new and better host-adapted microorgan-
isms. In this Viewpoint article, I intend to address the
under-recognized issues of adaptive-stress response and
enhanced virulence in Listeria monocytogenes, Escher-
ichia coli and Salmonella typhimurium (and where rele-
vant, other Salmonella spp., Campylobacter jejuni,

Aeromonas hydrophila, Bacillus subtilis, and Yersinia
enterocolitica). Evidence will be presented to show that
the stress-hardening phenomenon can also result in
adaptive-changes to cell morphology and physiology in
certain food-borne bacterial pathogens.

Stress-adaptation and cross-protection of lethal
preservation factors
As addressed by Leistner [6], food-borne bacterial

pathogens are commonly stressed during food proces-
sing, distribution and storage. For instance, in cheese
manufacture, pathogens existing in the raw milk
undergo a series of deleterious stresses, which include
heat (e.g. during milk thermal treatment), hydrogen
peroxide (e.g. that may be added to the raw milk), acid
(e.g. produced by starter cultures during the fermenta-
tion), and salt (e.g. added to the curd). For e�ective
food preservation and safety assurance, the food indus-
try relies on combination of intrinsic, extrinsic and
implicit inhibitory and lethal factors (hurdles) which
when applied simultaneously or sequentially, are inten-
ded to curtail or inactivate the development of con-
taminating pathogenic microoorganisms in food.
However, as these conditions represent extensions of the
natural variation that a microorganism may encounter,
it should not be surprising that many problematic bac-
teria are capable of mounting an adaptive-response.
Compelling evidence has been gathered over the last ®ve
years which shows that this is the case, where for many
food-borne bacterial pathogens, exposure to sub-lethal
environmental stresses hardens these bacteria, and as a
consequence, stress-adaptive strains have increased
resistance to normally lethal levels of the same (homo-
logous) or di�erent (heterologous) inimical stresses [7±
10]. In e�ect, stress adaptation to the ®rst encountered
hurdle, hardens or `arms' the pathogens and increases
the resistance to subsequent stresses, which may coun-
teract the e�ectiveness of food preservation hurdles and
compromise food safety.
Indeed, the ability of food-borne pathogens to react

and respond to changes in their surroundings is crucial
to their survival. Numerous researchers have previously
shown that certain food-borne bacterial pathogens can
adapt and survive single preservation hurdles [11±13].
For instance, the survival of L. monocytogenes after 15
days in cabbage juice (5% NaCl) and 21 days in orange
juice (pH 3.6) [7], or the isolation of verocytotoxigenic
E. coli serotype O157:H7 from apple-cider which was
implicated as the vehicle of infection in a number of
food-borne illnesses [14]. Because of the importance of
heat processing to the food industry, the focus of much
research has been temperature (in particular the heat
shock response and its impact on thermotolerance of
food pathogens) [5,11,15], and until recently, little
attention had been placed on the relevance of other
cross-protecting inimical factors to microbial stress-
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adaptation and survival. With current consumer pre-
ferences for foods that have avoided the extreme use of
a single preservation hurdle, there has been an awaken-
ing towards studies that focus on stress-adaptation and
cross-protection against multiple stresses, particularly in
minimally processed foods. Lou and Yousef [8] recently
showed that adaptation of L. monocytogenes to sub-
lethal doses of ethanol, hydrogen peroxide, salt, acid,
heat or nutrient deprivation, signi®cantly increased the
resistance of this pathogen to lethal levels of the same
and cross-protected the organism to di�erent stresses
[e.g. acid (pH 3.5), ethanol (15.7% vol/vol), H2O2 (0.1%
wt/vol), 25% NaCl, heat, and starvation (survival in
0.lM phosphate bu�er after 300 h)]. Marron et al. [16]
reported that L. monocytogenes exhibited a signi®cant
acid-tolerance response following a 1 h exposure to milk
acid (pH 5.5), which was capable of subsequently pro-
tecting cells from severe acid stress (pH 3.5) and against
lethal levels of other stresses such as heat, ethanol, salt
and crystal violet. Acid-adaptation enhanced the survi-
val of L. monocytogenes in foods containing lactic acid
(yogurt [pH 3.8] and cottage cheese [pH 4.7]), citric acid
(orange juice [pH 3.6]), or acetic acid (salad dressing
[pH 3.0]) [7]. Indeed, following prolonged exposure of
this pathogen to pH 3.5, mutants constitutively demon-
strated increased acid tolerance at all stages of the
growth cycle [7]. Thus, prior adaptation of L. mono-
cytogenes to mildly acidic conditions can greatly
enhance the survival of this pathogen in low-pH foods.
Recent evidence also shows that environmental stress-

adaptation and cross-protection against other lethal or
inimical preservation factors occurs in other food-borne
bacterial enteropathogens. For instance, adaptation of
S. typhimurium cells to sub-lethal acid stress greatly
increased their resistance to organic acids (lactic, pro-
pionic, acetic), heat inactivation, osmotic stress, an
activated lactoperoxidase system, and hydrophobic and
surface-active compounds [9]. Acid-adapted E. coli were
found to be more resistant to weak organic acids (pro-
pionic, lactic, acetic, benzoic, sorbic and trans-cin-
namic) [12]. Because a number of foods rely on low pH
to prevent the growth of pathogens and spoilage
organisms, the ability of food-borne pathogens to initi-
ate an acid-tolerance response (ATR) may be an
important factor in¯uencing their survival in normally
lethal food environments. Other pathogenic bacteria
acquiring increased resistance to low pH following
exposure to sub-lethal acidic conditions include Salmo-
nella typhi, and Aeromonas hydrophila [17,18].
The physiological and molecular responses by which

certain food-borne bacterial pathogens adapt and
acquire resistance to these complex inimical stresses,
such as heat, acid, salt, low iron, and starvation, have
been recently addressed in a number of seminal review
articles [5, 19±21]. Consequently, it is not the intention
in this review to delve into these stress-response systems

in ®ne detail. On the contrary, I will describe however,
some of the more broader and salient aspects of micro-
bial-stress adaptation that appear to have a bearing on
microbial virulence that will be addressed later. The
physiological response by bacteria to heterologous
inimical stresses that cause protein denaturation or loss
of function of some cell structures, is varied and com-
plex. The two main stress-response systems for which
we have insights are the physiological responses to
osmotic stress and to the heat-shock response [20]. The
latter stress-response system involves transiently aug-
mented rates of synthesis of stress or chaperone proteins
[such as heat shock proteins (Hsp) in the case of heat
shock] that alter the kinetics of protein folding in favour
of correctly assembled molecules and protein com-
plexes. Bacterial cells containing these stress proteins
appear to have enhanced potential to repair damaged,
to resist further homologous or heterologous stresses
and to prevent cell death [19]. In enteric bacteria, such
as E. coli and S. typhimurium, the induced synthesis of
stress proteins involved in the general stress response,
including heat shock proteins (e.g, GroEL and DnaK)
and certain outer membrane proteins, is thought to
provide a mechanism for maintaining intracellular
homeostatsis in normally lethal environments [18,19].
Mekalonos [22] pointed out that the induction of stress
proteins or molecular chaperons (e.g. as a consequence
of the ATR), also provides cross protection against a
wide-variety of other stresses.
Underpinning the tolerance of microorganisms to

sub-lethal stresses, such as salt and acid, is the activa-
tion of extant enzymes and transport systems which are
governed by changes in gene expression. Both speci®c
and general regulons (i.e. a group of coordinately-regu-
lated genes activated in response to an environmental
parameter), are involved in reducing susceptibility of an
organism to stress. As pointed out by Booth [20] a
major advancement in our understanding of stress-
response systems has been the recognition that bacterial
cells that have stopped growing (stationary-phase cells)
are more resistant to stresses. In the enteric bacteria, the
stationary-phase gene regulon is controlled by the RpoS
protein. It has been observed with E. coli O157:H7, that
entry into the stationary growth phase or starvation
induces the synthesis of protective proteins encoded for
by the rpoS gene, which confers resistance to a range of
chemical and physical challenges. Rowe and Kirk [10]
recently showed that cross protection of E. coli O157:H7
to lethal levels of acid and salt is mediated, at least in
part, by the rpoS gene.
An unnerving hypothesis recently tendered by many,

is that in a situation where E. coli is faced with starva-
tion or survival, it appears to `direct' the mutation
necessary to utilize the substrate that was available, and
thus survived the starvation stress [23,24]. Indeed,
Archer [5] pointed out that `the occurrence of acceler-
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ated or adaptive genetic change, either in the form of
mutation or extinction, in microorganisms faced with
stress is now accepted, only the mechanism(s) is deba-
ted'. Moxon [24] recently postulated that if the deleter-
ious environment persists, and if gene expression by the
classical stress response is not adequate, then either the
bacterium adapts genetically or it dies. Proposed the-
ories for adaptive mutations include; increase in trans-
ciption activity triggered by stress leads to mutation;
recombination between homologous repeats; the
existence of error-prone DNA-polymerase; or defects in
the mismatch-repair system. Moxon [24] suggests that
mutation rates will be higher in `genes whose products
interact with the environment in unpredictable ways'.
While the use of multiple inimical hurdles is su�cient

to control the growth and toxin production of certain
contaminating bacterial pathogens (such as Staphy-
loccus aureus and Clostridium botulinum that need to
grow to large cell populations in order to secrete toxins),
low level survival of other stress-adapted enteric bac-
teria (such as E. coli serotype O157:H7, S. typhimurium,
and L. monocytogenes), may be su�cient to cause food-
borne infections, particularly in sensitive individuals.
Therefore, the stress response could be classi®ed as a
putative virulence mechanism, as unless pathogenic
bacteria can cope with multiple preservation hurdles in
food and in other deleterious environments, they will
not go on to elicit a food-borne infection.

Microbial stress-adaptation and enhanced virulence
Whilst the induction of a stress-resistant phenotype in

sublethally stressed bacterial enteropathogens has pro-
found implications for their survival in foods, there is
strong evidence that sublethal environmental stressors
can also modulate the synthesis of virulence factors in
these microorganisms. Over the past ®ve years,
researchers have shown that for many stress-hardened
bacterial pathogens, the expression of important viru-
lence determinants is modulated by environmental sig-
nals, such as inimical stresses [5,22,25]. For instance,
environmental cues that are currently recognized as
having a modulating in¯uence on the expression of co-
ordinately regulated virulence determinants in bacteria
include CO2 (Bacillus anthracis and Vibrio Cholera),
temperature (Bordetealla pertussis, Escherichia coli, Sal-
monella typhimurium, Listeria monocytogenes, Vibrio
cholerae, Shigella and Yersinia species), iron (Cor-
ynebacterium diphtheriae, E. coli, L. monocytogenes,
Pseudomonas aeruginosa, S. typhimurium and Vibrio
cholerae), pH (Salmonella typhimurium, E. coli, L.
monocytogenes, H. Vibrio cholerae, and Agrobacterium
tumefaciens), starvation (L. monocytogenes, E. coli and
S. typhimurium), carbon source (L. monocytogenes and
E. coli), osmolarity (Pseudomonas aeruginosa, L. mono-
cytogenes), growth phase (S. typhimurium and Staphy-
lococcus aureus), Ca2+ (Yersinia species), oxidative

stress (S. typhimurium), phenolic compounds, mono-
saccharides, and phosphate (Agrobacterium tumefa-
ciens), SO4 and nicotinic acid (Bordella Pertussis) and
amino acids (Vibrio cholerae) [13,17,19,22]. The reg-
ulatory a�ect of many of these environmental signals on
microbial virulence to the human host has recently
received much attention.
The ability of L. monocytogenes, and other bacterial

pathogens such as E. coli O157:H7 and S. typhimurium
to adapt to low-pH environments is of particular inter-
est because the organism encounters such environments
in foods and during passage through the stomach (�pH
3.5) and during its transient residence in the macro-
phage phagosome (�pH 4.4±5.7) [17,19]. The isolation
of acid-tolerant mutants of L. monocytogenes and of S.
typhimurium suggests that these low-pH environments
have the potential to select for strains with increased
acid resistance. However, acid-tolerant variants of L.
monocytogenes were recently reported to have increased
lethality for mice relative to that of the non-stressed
wild type when inoculated by the intraperitoneal route
[16]. The increased capacity of the acid-tolerant mutants
of L. monocytogenes to grow under conditions of low
pH may account for their increased virulence in the
mouse model.
The induction of virulence determinants in L. mono-

cytogenes is also modulated by a variety of other envir-
onmental cues. Indeed, with the exception of the iap
gene, all of the known virulence genes of L. mono-
cytogenes are coordinately regulated by the pleiotropic
transcriptional activator PrfA [26,27]. It would appear
that for PrfA-mediated virulence gene regulation, PrfA
switches between transcriptionally inactive and active
forms depending upon interaction with a protein factor
termed Paf [PrfA activating factor(s)] that is responsible
for transducing signals from the environment to the
PrfA system [28]. Increased expression of the prfA gene
occurs in response to osmotic stress and heat shock, and
during the stationary phase of growth [29,30]. Other
environmental stimuli that were recently shown to
in¯uence expression of PrfA include the preservatives
nitrite and sorbate, carbon source (e.g. downregulated
in the presence of glucose), low levels of iron, charcoal,
and starvation [26,31].
There is also evidence for expressional crosstalk

between the central virulence regulator PrfA and the
stress response mediator ClpC in L. monocytogenes
where the ClcC ATPase downregulates the synthesis of
the PrfA. However, modulated prfA expression occurs
in the presence of carbohydrates such as cellobiose and
arabutin (commonly found in soil), and at temperatures
at or below 26�C, indicating that L. monocytogenes is
capable of sensing environmental stimuli outside the
host and reacts by downregulating the expression of
virulence genes [32]. Indeed, using molecular techniques
such as reverse-transcriptase polymerase chain reaction
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(RT-PCR) and green ¯uorescent protein (GFP)-medi-
ated ¯uorescence to analyse the regulation of PrfA-
dependent virulence genes of L. monocytogenes, it was
recently shown that this pathogen (like other intracel-
lular bacterial pathogens such as S. typhimurium and
Legionella pneumophila) has the ability to preferentially
and coordinately express virulence genes depending on
its location within the host cell [26,28]. Alarmingly, and
returning to the earlier theme of `adaptive-mutations',
Ripo et al. [33] recently showed that several L. mono-
cytogenes strains that express elevated levels of virulence
factors all carry a point mutation within prfA that con-
verts the gene product to an `activated' state. Gahan
and Hill [34] reported that both L. monocytogenes and
S. typhimurium adapt to intracellular growth environ-
ments by the synthesis of speci®c proteins, many of
which are stress-associated proteins In S. typhimurium,
these proteins represent some of the components of the
regulon involved in the adaptation to heat shock, oxi-
dative stress and acid stress.
Expression of the general stress response RpoS sigma

factor is necessary for both environmental-stress adap-
tation and virulence in enteric bacteria such as E. coli
and S. typhimurium [19]. However, the general stress
sigma factor sB, that is required for acid tolerance in L.
monocytogenes, has minimal in¯uence on survival of L.
monocytogenes in the mouse model of infection, how-
ever a role in the overall infection process cannot be
ruled out [35]. Interestingly, there appears to be a link
with normal expression of the verocytotoxin gene in E.
coli O157:H7 and the ability of this pathogen to tolerate
inimical stresses. Daboob [14] recently reported that
under certain osmotic stress and heat shock conditions,
the attenuated strain of E. coli O157:H7 (which does not
produce verocytotoxin) is less resistant and adapts
poorly to these stresses compared to wild-type E. coli
O157:H7 strains that syntheses this toxin. This indicates
a dual-function of this particular virulence determinant
in both environmental stress-adaptation and patho-
genicity. Due to the severity of the haemolytic-ureamic
illness associated with E. coli 0157:H7, this strain has
been re-designated a category III pathogen, which limits
most researchers to using attenuated strains for food-
safety studies. Whilst culture characteristics of the E. coli
O157:H7 verocyotoxin-negative strains are similar, food
safety studies using these attenuated strains as a mea-
surement of the survival capabilities of normal wild-type
E. coli O157:H7 are likely to be underestimating the
true resistance of this important pathogen, and are
likely to be ¯awed.
It has recently been proposed that `molecular chaper-

ones act as microbial virulence factors' [36]. They point
out that while molecular chaperones are normally con-
sidered to be intracellular proteins, several bacteria have
been shown to express Hsps on their outer surface that
also function as adhesins. For instance, the chaperone

60 of Helicobacter pylori has been found on the bacter-
ial surface, and this pathogen binds to sulphoglycolipids
that are present on the gastric epithelium at acid pH. If
this pathogen is heat-shocked at 42�C, then binding at
neutral pH is also achieved. Whereas, binding is blocked
by inhibitors of protein synthesis or antibodies to cha-
peronin 60 or Hsp 70, showing that the synthesis of
both molecular chaperones is needed for sulphatide
binding. Haemophilis in¯uenza, and the intracellular
bacterium Mycobacterium avium utilize surface-asso-
ciated Hsp70 to bind to eukaryotic cells.

Environmental stress and changes in microbial cell
morphology and physiology
Under conditions of sublethal environmental stress, in

addition to producing a host of protective factors that
arise due to preferential gene expression, adapted-
mutations or for reasons presently unknown, stressed-
bacteria may also alter their characteristic cell mor-
phology. Clinical microbiologists and food technolo-
gists rely on the identi®cation of characteristic
morphological and physiological properties (such as cell
shape, colony appearance, motility) when routinely
identifying pathogenic bacteria from clinical and food
samples. In our laboratory, atypical `Rough' cell forms
of L. monocytogenes have been isolated from labora-
tory-based culture media, bovine milk and reconstituted
infant milk formulae, under conditions of brief heat
shock or growth at above-optimal temperatures [13].
These stable but `Rough' variants produced cell ®la-
ments up to 110 mm in length, and although the identity
of these stress-altered microorganisms was con®rmed by
using L. monocytogenes-speci®c anti-p60 antisera and
by commercial biochemical test kits, these bacteria had
altered morphological (e.g. having an atypical, irregular
colony morphology with an associated loss of char-
acteristic blue±green sheen upon Henry illumination)
and physiological (e.g. being unable to tumble in
motion) properties [37]. Such stress-induced changes
may result in the mis-identi®cation of these variants
in clinical and food laboratories. Interestingly, these
unusual stress-derived ®lamentous organisms were
shown to be more heat resistant than wild type L.
monocytogenes, due in part to prominent shoulder and
tailing sections in their thermal death kinetic response.
The rough-®laments exhibited wild-type levels of adhe-
sion to and invasion of human epithelial CaCo-2, HeLa
and HEp-2 cells [37]. There is evidence to suggest that
these rough variants do exist outside the laboratory, as
atypical cultures of L. monocytogenes exhibiting similar
®lamentous cell-morphology and virulence capabilities
were recently isolated from blood cultures and food
samples by the Public Health Laboratory, London. As
the infective dose of L. monocytogenes is possibly very
low for sensitive individuals, the ®nding of atypical and
potentially virulent ®lamentous-forms of this pathogen
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in the environment (and under conditions of sublethal
stress) has obvious food safety and clinical implications
[26].
While there appears to be a propensity towards long

cell forms of L. monocytogenes in aged-cultures (6±9
days old), spontaneously-occurring mutants of this
pathogen producing long cell chains do occur at a rela-
tively high frequency (1 in 10,000 generations) [38], and
these mutants (designated SR-mutants) have been very
thoroughly characterized by Goebel and his colleagues
at the molecular, immunological and virulence levels
[26,27,38]. These SR-mutants di�er from the above-
mentioned stress-derived ®lamentous cultures, in that
they produce long cell chains (comprised of normal
sized Listeria cells that are separated by a double-sep-
tum), they produce diminished levels of p60 and are
unable to invade 3T6 ®broblasts, hepatocytes, epithelial
and endothelial mammalian cells. For many of these
SR-variants, the de®ciency in virulence is due pre-
dominantly to a diminished secretion of p60 (encoded
by the iap gene) which is an important virulence deter-
minant for adhesion to and internalization of non-pro-
fessional phagocytic cells.
The above ®ndings should not be considered in isola-

tion, as stress-induced changes in cell morphologies
have been described in L. monocytogenes and other
microorganisms by other researchers. Jùrgensen and co-
researchers [39] showed that there was a relationship
between the time of exposure to di�erent stressful levels
of NaCl (incorporated in laboratory based media and
minced beef) and the corresponding changes in thermo-
tolerance and cell morphology of L. monocytogenes.
Bacterial cells grown in media with 0.09 mol/L NaCl
subjected to a short osmotic up-shock in media con-
taining 0.5, 1.0 and 1.5 mol/L showed a 1.3, 2.5 and 8-
fold increase in thermotolerance, respectively. The
morphology of this pathogen was markedly a�ected by
the osmolarity of the growth medium as cells grown in
media containing 1.5 mol/L NaCl became up to 50
times longer than cells grown in media with 0.09 mol/L.
It was not mentioned, however, whether these elongated
cells were in chains or if they were ®laments. In the early
1970's, Brazin [40] also demonstrated that L. mono-
cytogenes underwent various morphological changes
when grown in foods containing high salt levels (NaCl
8±9%).
Besides enhancing thermotolerance, an elevated

osmolarity of the growth medium has also been linked
to changes in cell morphology in other bacteria, such as
E. coli and Bacillus subtilis [41±43]. Whilst low-osmol-
ality was recently shown to alter the cell morphology of
Campylobacter jejuni to an atypical coccoid-form (a
possible association with the so-called `viable non-cul-
turable' state) [44]. Other researchers have also reported
on a correlation between the acquisition of thermo-
tolerance in psychrophilic and phychrotrophic micro-

organisms, and a change in cell morphology (to long
®laments). McCallum and Inniss [45] showed that both
the psychrophile Aquaspirillium arcticum and the psy-
chrotroph Bacillus psychrophilus acquired thermo-
tolerance when either heat shocked or treated with 50
mg/ml nalidixic acid (DNA synthesis inhibitor); both
treatments resulted in the induction of heat shock or
stress proteins and a marked change in cell morphology
to a ®lamentous state. However, with the exception of
the earlier-mentioned ®lamentous L. monocytogenes, the
virulence potential of these pleomorphic microorgan-
isms was not ascertained.
There is evidence, at the molecular level, to suggest

that microbial stress-response and cell-division may be
linked. The ClpC and ClpE ATPases (both Hsp 100
proteins) which are necessary for the heat shock
response in L. monocytogenes are downregulated during
infection by virulence transcriptional activator PrfA
[46]. This is particularly interesting as a double ClpC-
ClpE mutation in¯uences cell division and virulence
where these mutants form long cell chains and are
avirulent [47]. The transcriptional levels of the iap gene
are also very low during infection, which is also inter-
esting as this gene is a general house-keeping protein
needed for both cell division and infection.

Under-estimation of microbial survival and viru-
lence using standard culture media
An artefact of current microbiological practice is to

measure the e�ects of inimical processes using labora-
tory rich culture media where the challenged micro-
organisms are commonly assessed during their
exponential growth phase. As pointed out by Archer [5]
and Hopkins [48], `although life on a petri plate with a
few simple sugars and a handful of amino acids might
not seem like much, to a bacterium it's a night in Trump
Tower with a breakfast in bed'. In reality, bacteria
experience and must adapt to multifaceted hostile
environments, let it be in food (containing a mixture of
complex substrates and natural antimicrobial com-
pounds such as lysozyme or hydrogen perioxide, a low
water activity perhaps, and acids and other deleterious
products that are inherent to the food or produced by
other competing micro¯ora), or during passage through
the environments of the stomach (such as low pH) and
on internalization by host macrophages (where the bac-
teria must overcome the host's immunological defenses).
To properly evaluate the survival capabilities of estab-
lished or emerging food-borne pathogens in these complex
environments, microbiologist and food technologists
must holistically consider the e�ects of these multiple
stresses, and endeavour to replicate these deleterious
environments in food safety studies.
A well-appreciated phenomenon in microbiology is

that bacterial cells in the stationary growth phase are
more resistant to preservation hurdles than exponential-
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phase ones [10]. In addition, it has been observed that
bacteria are better recovered from environmental isola-
tion or from sub-lethal stresses in the laboratory, if they
are plated on minimal rather than rich media. The single
cellular process that has been suggested to link these
two phenomena is `bacterial cell suicide' [15,20,49]. The
idea arose from studies assessing the e�ects of compet-
ing micro¯ora (using 108 living cells) on the resistance of
S. typhimurium to heat and freeze injury. A mixed ¯ora
of exponential-phase competitor bacteria (containing
equal numbers of E. coli, Citrobacter freundi and Pseu-
domonas aeruginosa) increased the heat resistance of 105

cful/ml exponential-phase S. typhimurium from a D-
value of 0.43 min to 2.09 min at 55�C, equivalent to the
resistance level of stationary-phase cells. D-value or
decimal reduction value, is the time taken to reduce a
population of cells by one log order i.e. 90%, under a
given process condition [20]. Aldsworth [49] also
showed that the presence of viable competitive micro-
¯ora at cell densities of 108 cfu mlÿ1 protected an
underlying population of 105 cfu of S. typhimurium
against freeze thaw. The mechanism of enhanced resis-
tance was initially postulated to be via an RpoS-medi-
ated adaptive response. However, while the onset of the
RpoS-mediated gene expression was brought forward
by the addition of competitive bacteria, the time taken
for induction was measured in hours, and since the
protective e�ect was observed to be essentially instan-
taneous, the `stationary-phase adaptive response' was
excluded as the physiological medium. The only instan-
taneous physiological e�ect of the competitive micro-
¯ora was a reduction in the percent saturation of
oxygen from 100% to less than 10%. Thus, for both
milk heat treatment (55�C) and freeze injury, this
alteration in oxygen tension a�ords S. typhimurium a
substantive (i.e. 2 orders of magnitude) augmentation in
survival.
Aldsworth et al. [49] pointed out that the self-

destruction is attributed to an oxidative-burst when
rapidly growing bacterial cells are growth-arrested fol-
lowing sub-lethal injury. The greater sensitivity of
exponential-phase cells is due to the production of
intracellular free radicals rather than the direct physical
action of the applied process, where the inimical process
disturbs cell growth but does not a�ect the metabolic
rate. What should be a sub-lethal injury becomes lethal,
through growth arrest, leading to a decoupling of cata-
bolic and anabolic metabolism (i.e. some stressed bac-
terial cells are unable to cope metabolically with
nutritious growth media and die though oxidative sui-
cide). The supplementation of oxygen scavengers such
as sodium pyruvate or glutathione to nutritionally
restricted growth media was shown to assist in the
recovery of stress-damaged bacteria. Dodd et al. [15]
also reported that protection against self destruction
can be provided by reducing the oxygen tension, or by

expression of the genes associated with the stationary
phase, which allow cells to adapt to stress responses and
which protect the cell against DNA damage, free radical
damage and protein denaturation. Oxoid Limited,
Basingstoke, UK, and Unilever Research Colworth,
UK, have recently developed the S.P.R.I.N.T. Salmo-
nella enrichment broth that contains an Oxyrase1

enzyme system to overcome the oxidative stress within a
medium which is detrimental to the growth of the sub-
lethally stressed cells [20]. It has been shown that the
addition of Oxyrase1 is equivalent to the addition of
108 competing bacteria cells per millilitre.
This `suicide hypothesis' may provide an explanation

for the so called `viable but non-culturable (VNC)'
phenomenon (i.e. where stressed bacterial cells are
metabolically active but unable to grow in standard
culture media), where sub-lethally stressed bacteria
exhibit normal respiratory and metabolic functions yet
fail to grow on standard culture media [50]. Indeed, a
daunting aspect of microbial stress-hardening shrouds
the probability that the survival rate of inimically trea-
ted bacteria may even be higher than currently reported.
Food safety studies predominately use standard culture
media that do not cater for the possibility that a small
section of the stressed bacterial population may be in
the so-called VNC state. Recent advances in ¯uorescent
microscopy should also help to re-address this issue.
One particular method measures the single-cell activity
of natural bacteria using the intracellular ¯uorescent
probe 5-cyano-2,3-ditolyl tetrazolium chloride (CTC)
[44]. This method results in the production of a ¯uor-
escent CTC-formazon product of reduction that can be
quanti®ed at low concentrations in individual cells and
is thought to indicate that cell electron transport system
activity or respiration is occurring. This CTC-staining
method was recently used to show that VNC forms of
Campylobacter jejuni do occur as a consequence of
osmotic stress [44]. Indeed, the consequence of low level
survival of VNC forms of the bacterial enteropathogens
E. coli O157:H7 and L. monocytogenes is signi®cant, as
the infective dose of these bacteria may be as low as 50
cells [14,26].
Another problem of notoriety that bedevils the food

industry is the inherent variability of bacterial cells,
which when translated in terms of food safety often
reveals that for many important bacterial pathogens
(treated singly or in a mixed culture of competing
microbes), death may not be exponential. For instance,
food-borne enteric pathogens such as L. monocytogenes
frequently exhibit an initial exponential kill proceeded
by a `tail section' that indicates an apparently increased
resistance in the later stages of exposure to inimical
processes. Booth [20] pointed out that these survivors
are likely to be physiologically protected from the stress
and are not mutants, as re-growth of the surviving cell
population from the tail section, and exposure to stress,
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repeats almost exactly the pattern of survival seen in the
initial study. However, for food safety studies that use
the above-mentioned D-values from linearized death
rate data, an under-estimation of survival capabilities is
highly probable. Interestingly, recent physiological data
shows that `laboratory-trained' strains do not show
tailing in survival studies, and Booth [20] postulates that
this tailing phenomenon may have been bred out of
them by the continuous culture on relatively rich media.
Are we also under-estimating the virulence cap-

abilities of food-borne pathogens when these micro-
organisms are grown under normal conditions on
standard laboratory rich media? Recent studies using L.
monocytogenes show that while a number of important
virulence genes (such as hly and plcA which encode lis-
teriolysin and a phospholipase respectively) are induced
by growth in laboratory rich media such as brain heart
infusion (BHI) broth, other important virulence deter-
minants (such as mpl, actA and plcB which are required
for escape of this pathogen from macrophages and cell-
to-cell motility) are not expressed unless BHI is prior-
treated with activated charcoal [26,28,33]. Indeed,
unless this growth medium had been charcoal-treated,
the role of the bvr gene and b-glucosidases, such as
cellobiose, in the suppression of the pleiotrophic viru-
lence transcriptional activator PrfA would have remained
cryptic [32]. Interestingly, charcoal-treatment of BHI is
required for the expression of virulence genes in
L. monocytogenes irrespective as to whether or not the
pathogen had been prior heat stressed. Considering
the perceived `better knowledge and understanding' of
microbial resistance and pathogenesis in foods, are we
still signi®cantly behind in our appreciation of environ-
mental-stress adaptation and associated virulence when
it comes to media formulation for parasite-host inter-
active studies?

Conclusions and outlooks
There is little room for complacency in the food

industry, as borne out by a relatively recent catastrophic
breakdown in equipment at a Chicago milk-pasteurising
plant, which resulted in an estimated 150,000 persons
becoming ill from salmonellosis [2]. The implications of
the aforementioned, are that the food industry may
currently consider certain homologous or heterologous
stresses as lethal, when in fact these inimical preserva-
tion treatments are actually sub-lethal. Given the cur-
rent short falls (particularly where predictive models
base bacterial survival against diverse inimical processes
using rapidly growing and rapidly metabolising expo-
nential-phase cells), the true level of susceptibility of
stress-resistant microbial populations has yet to be
determined. It is not to suggest that such predictive
models are intrinsically unsafe, rather to infer that
where these models explore levels of lethality that are
close to the boundaries of microbial control, then there

is scope for error [8]. For example, where the food
industry contemplates modi®cation to existing pre-
servation strategies, or develops new ones (e.g. where
there appears to be a trend towards more natural foods
that are preserved using a combination of novel elec-
trotechnologies and sub-lethal traditional methods).
In addition, not only are many problematic food-

borne bacterial pathogens adapting to these deleterious
stresses, it also would appear that certain pathogens are
altering their characteristic cell morphology and phy-
siology as a consequence of these inimical processes.
While the precise mechanisms for these stress-induced
cellular changes are currently unknown, adaptive-
mutations brought on by stress cannot be ruled-out.
For the immediate future, there is an urgent need for
food preservation and safety studies to focus on the
multiplicity of sub-lethal stresses that are commonly
experienced by food-borne bacterial pathogens during
food manufacture, distribution and storage, and to
translate this valuable data into current predictive
models. It is equally important to be mindful of micro-
bial-stress adaptation and enhanced virulence when
investigating parasite-host interactions. Best-published
knowledge currently recommends researchers to be
aware of `bacterial cell-suicide' due to oxidative stress
and to compensate for this phenomenon in their studies.
Finally, it's not all doom and gloom, the idea of apply-
ing sub-lethal stresses to boost the survival of bene®cial
microorganisms in foods, such as Bi®dobacterium,
might have signi®cant merit.
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phenotypic methods compared to genotypic
approaches for the identification of
staphylococcal species isolated from companion
animals in Irish veterinary hospitals
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Abstract

Background: Identification of Staphylococci to species level in veterinary microbiology is important to inform
therapeutic intervention and management. We report on the efficacy of three routinely used commercial
phenotypic methods for staphylococcal species identification, namely API Staph 32 (bioMérieux), RapID (Remel) and
Staph-Zym (Rosco Diagnostica) compared to genotyping as a reference method to identify 52 staphylococcal
clinical isolates (23 coagulase positive; 29 coagulase negative) from companion animals in Irish veterinary hospitals.

Results: Genotyping of a 412 bp fragment of the staphylococcal tuf gene and coagulase testing were carried out
on all 52 veterinary samples along with 7 reference strains. In addition, genotyping of the staphylococcal rpoB gene,
as well as PCR-RFLP of the pta gene, were performed to definitively identify members of the Staphylococcus
intermedius group (SIG). The API Staph 32 correctly identified all S. aureus isolates (11/11), 83% (10/12) of the SIG
species, and 66% (19/29) of the coagulase negative species. RapID and Staph-Zym correctly identified 61%
(14/23) and 0% (0/23) respectively of the coagulase-positives, and 10% (3/29) and 3% (1/29) respectively of the
coagulase-negative species.

Conclusions: Commercially available phenotypic species identification tests are inadequate for the correct
identification of both coagulase negative and coagulase positive staphylococcal species from companion animals.
Genotyping using the tuf gene sequence is superior to phenotyping for identification of staphylococcal species of
animal origin. However, use of PCR-RFLP of pta gene or rpoB sequencing is recommended as a confirmatory
method for discriminating between SIG isolates.

Keywords: Companion animals, Staphylococci species identification, Genotyping, tuf, rpoB

Background
Staphylococcal species are considered to be opportunistic
pathogens, colonising the skin and mucous membranes of
humans and animals. In animals, both coagulase positive
and coagulase negative Staphylococci have been associated
with infection, with a variety of sources identified [1,2].
International animal surveillance programmes on emerging

trends in antibiotic resistance typically focus on food ani-
mals. Consequently, there is a dearth of similar information
for pets or companion animals that frequently are adminis-
tered with antibiotics, particularly in veterinary hospitals.
Recent studies have reported a link between the isolation
of multi-drug resistant bacteria from pet owners with com-
panion animal carriage [1]. Antibiotic resistance to beta-
lactams, including methicillin resistance, has been found in
both coagulase negative and coagulase positive Staphylo-
cocci carried by healthy and infected cats, dogs and horses
[3-5] reported that various coagulase negative species of
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Staphylococci from bovine milk differed significantly from
each other in antimicrobial resistance profiles (both geno-
typic and phenotypic) with implications for treatment and
management decisions. Accurate speciation of Staphylo-
cocci is vital to establish critical links between bacterial
species of clinical origin and emerging trends in antibiotic
resistance.
Historically, identification of bacterial specimens has

been based on conventional microbiological procedures,
which include growth on various media, cell morph-
ology, staining reactions and biochemical profiles [6].
Currently in Ireland commercial systems such as API
Staph 32 (bioMérieux), Rap-ID (Remel) and Staph-Zym
(Rosco Diagnostica) are regularly used to identify species
of Staphylococci. There is an absence of published infor-
mation on the efficacy of using these commercial pheno-
typic methods for routine Staphylococcal identification
particularly from companion animals. Recent reports
suggest that phenotypic methods have inherent weak-
nesses due to the variability in expression of phenotypic
characteristics by isolates belonging to the same species
and their reliance on subjective interpretation of test re-
sults that can also introduce variability [7-11]. Blaiotta
and co-workers [8,12] reported a large variation in
phenotypic properties of Staphylococci isolated from
fermented sausages using laboratory-prepared basal
media supplemented separately with fermentable sugars.
This group also reported that 25% of these Staphylococci
were not identifiable using phenotypic methods. Most
phenotypic identification systems have been developed
for human healthcare and validated using clinical iso-
lates obtained from human infections [9,11]. When
employed on isolates of animal origin, the identification
system may be less reliable due to the lack of animal iso-
lates in the reference databases [13,14].
Genotypic methods are reported to have higher discrim-

inatory power, reproducibility and typeability compared to
phenotypic methods [10,11,15,16]. Several approaches are
available for genotyping bacterial isolates including AFLP
(amplified fragment length polymorphism), ribotyping,
PCR-RFLP and DNA sequencing. DNA sequence based
species identification of Staphylococci is currently the
most accurate method with the largest reference database,
and is considered to be the gold standard method [10,11].
Traditionally, the most common target for DNA sequen-
cing in bacteria is 16S-rRNA [11,17]. However, this gene is
highly conserved among Staphylococci, and often does
not provide sufficient discriminatory power to differentiate
closely related staphylococcal species [11]. Alternatives to
the 16S rRNA gene which have been successfully applied
to staphylococcal genotyping include gap [17], cpn 60
[18], tuf [9], rpoB [19], nuc [20] and sodA [21]. Heikens
et al., [9] first proposed partial amplification and sequen-
cing of the tuf gene as a reliable and reproducible method

for the identification of species of Staphylococci. Subse-
quent studies have confirmed tuf gene sequencing as
an accurate method for speciating coagulase negative
Staphylococci, [22,23]. Blaiotta et al. [24] revealed di-
versity among coagulase positive Staphylococcus species
strains based on partial kat (catalase) gene sequences
and reported a PCR-RFLP assay for identification of
coagulase-positive species (S. aureus, S. delphini, S. hyicus,
S. intermedius, S. pseudomedius, S. schleiferi subsp.
coagulans). Similarly, Sasaki et al. [25] used a multiplex-
PCR method targeting the staphylococcal thermonuclease
gene (nuc) to successfully differentiate between the same
species.
Based upon best-published literature, there is a dearth

of critical information on the efficacy of using pheno-
typic “quick tests” to identify staphylococcal species as-
sociated with companion animals. Therefore, this study
aimed to compare the efficacy of three routinely-used
phenotypic staphylococcal identification test kits with
genotypic methods in order to identify the most accurate
method of speciating clinical isolates of Staphylococci
from a variety of companion animals (dogs, cats, horses)
in primary care veterinary hospitals throughout Ireland.

Methods
Bacterial strains
Fifty two staphylococcal clinical isolates of veterinary
origin and 7 reference control strains were analysed in
this study. Clinical specimens were isolated from infec-
tion site swabs taken at primary care veterinary clinics
(Table 1). Animal species included feline (n=21), canine
(n=18), equine (n=11) and bovine (n=2). Infection types
included flesh wounds and superficial abscesses (n=38),
deep seated infections (n=9), post-operative infections
(n=4), and ocular infections (n=3). Swabs were streaked
onto Columbia blood agar and Staphylococci were identi-
fied by colony morphology, haemolysis patterns, Gram’s
stain characteristics, catalase activity, growth on Baird
Parker agar, coagulase activity and Voges-Proskauer (VP)
testing. Two different coagulase tests were performed: a
tube test for free coagulase and a slide test for bound co-
agulase of clumping factor. Seven control strains and fifty-
two clinical isolates were tube coagulase tested according
to Murray et al. [6] as follows: a mixture of a 0.1 ml nutri-
ent broth incubated with overnight culture was mixed
with 0.5 ml of reconstituted rabbit plasma containing
EDTA (Rabbit Coagulase Plasma, Cruinn Diagnostics) in a
sterile glass tube and incubated at 37°C in a water bath for
4 hrs. The tubes were observed for clot formation by gen-
tly tilting at a 90° angle from the vertical. The tubes were
then re-incubated and re-read at 24 hrs. Any degree of
clotting was read as a positive result. The slide coagulase
test was performed using a Staphylase test kit (Oxoid)
according to manufacturer’s instructions. A positive result
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Table 1 Source of Staphylococci isolated from companion animals in veterinary hospitals

Isolate
no.

Staphylococcal Companion Infection type Location of
veterinary
hospital

species animal

(Region of Ireland)

1 S. aureus equine Joint infection north

2 S. aureus feline Flesh wound north

3 S. aureus feline Face abscess west

4 S. aureus bovine Post caesarian west

5 S. aureus feline Interdigital infection west

6 S. aureus feline Interdigital infection west

7 S. aureus equine Abdominal trauma south

8 S. aureus canine Post ortho op east

9 S. aureus feline Cat fight abscess west

10 S. aureus feline Flesh wound west

11 S. aureus equine Flesh wound west

12 S. pseudintermedius canine Post ortho op west

13 S. pseudintermedius canine Granuloma type north

14 S. pseudintermedius canine Pyoderma north

15 S. pseudintermedius canine Flesh wound north

16 S. pseudintermedius feline Deglove wound west

17 S. pseudintermedius canine Flesh wound south

18 S. pseudintermedius canine Flesh trauma west

19 S. pseudintermedius equine Abdominal wound south

20 S. pseudintermedius equine Joint infection north

21 S. pseudintermedius canine Ear tip infection west

22 S. pseudintermedius feline Granuloma type east

23 S. pseudintermedius canine Flesh wound south

24 S. felis canine Flesh wound north

25 S. felis feline Ocular infection east

26 S. felis canine Post hysterectomy west

27 S. equorum canine Eyelid infection south

28 S equorum canine Flesh wound north

29 S. equorum canine Face pyoderma north

30 S. equorum canine Ear infection north

31 S. equorum feline Trauma to face south

32 S. equorum feline Cat fight abscess south

33 S equorum equine Uterine infection east

34 S. equorum feline Flesh wound south

35 S. succinus equine Uterine infection west

36 S. warneri/pasteuri canine Eyelid infection south

37 S. warneri/pasteuri bovine Chronic mastitis west

38 S. carnosus/simulans feline Abscess south

49 S. carnosus feline Rhinitis north

40 S. carnosus feline Pyoderma north

41 S. carnosus /simulans feline Puncture wound west

42 S. carnosus/simulans equine Chronic flesh wound west

43 S. carnosus/simulans feline Abscess south

44 S. carnosus feline Ear infection west

45 S. carnosus/simulans feline Puncture wound west

Geraghty et al. Irish Veterinary Journal 2013, 66:7 Page 3 of 9
http://www.irishvetjournal.org/content/66/1/7

108



was read when clumping occurred within 10 seconds. Ref-
erence strain identity and source are shown in Table 2.

Phenotypic identification testing
Phenotypic identification to species level was carried
out using three test kits which are commercially avail-
able to veterinary laboratories in Ireland, i.e. API Staph
32 (bioMérieux), RapID (Remel) and Staph-Zym (Rosco
Diagnostica). Prior to testing, isolates were cultured
overnight at 37°C on Columbia blood agar. Tests were
carried out according to manufacturers’ instructions
and results were interpreted using the appropriate
laboratory computer software or reference indices recom-
mended by the manufacturer. The results of the pheno-
typic tests in this study are also described in terms of
sensitivity, specificity and predictive value positive (PVP)
of the three test kits and were calculated in comparison
with tuf genotyping [5]. Sensitivity was calculated as the
proportion of the true positive isolates that are correctly
identified with the phenotypic tests. Specificity was calcu-
lated as the proportion of the true negatives that are cor-
rectly identified with the phenotypic tests. The predictive
value positive (PVP) for each test was calculated as the
proportion of isolates identified as a specific species based
on phenotypic testing that truly represented that particular
species.

Genotypic identification testing
Genomic DNA from overnight liquid cultures in nutrient
broth was extracted using a DNeasy kit (QIAGEN)
according to manufacturer’s instructions. For genotyping,
a 412 bp fragment of the tuf gene was amplified for all
clinical isolates and reference strains according to Heikens
et al. [9]. Amplification of a 750 bp rpoB gene segment
was carried out on all SIG isolates (3 reference strains and
12 clinical isolates) according to Drancourt and Raoult
[19], with the following modifications in PCR cycling con-
ditions: 2 minutes at 95°C for 1 cycle, 30 seconds at 94°C,
30 seconds at 47°C, 1 minute at 72°C for 35 cycles, and
5 minutes at 72°C for 1 cycle.

DNA sequencing
A total of 59 tuf amplicons (from 7 reference and 52
clinical isolates) and 15 rpoB amplicons (3 reference and
12 clinical isolates) were sequenced by Sequiserve,
Germany and Functional Biosciences, USA using ampli-
fication primers [9,19]. Forward and reverse sequences
were analysed using the BLASTn alignment program
and the NCBI nucleotide database NCBI [26].

PCR-RFLP to differentiate SIG species
Twelve clinical isolates were identified by both tuf and rpoB
genotyping as members of the Staphylococcus intermedius
group (SIG). PCR-RFLP involving amplification of the pta

Table 1 Source of Staphylococci isolated from companion animals in veterinary hospitals (Continued)

46 S. carnosus /simulans equine Uterine infection east

47 S. xylosus feline Laceration flesh east

48 S. xylosus canine Flesh wound east

49 S. xylosus equine Uterine infection west

50 S. xylosus canine Deglove RTA south

51 S. saprophyticus feline Flesh wound north

52 S saprophyticus feline Infection in paw south

Table 2 Identification of staphylococcal reference strains

Species ID Source* tuf rpoB pta-RFLP API Staph
32

RapID Staph-
Zym

S. aureus IMD247 Athlone Institute of
Technology

S. aureus - - S. aureus S. aureus S. vitulans

S. hycius 11249 University College Dublin S. hycius - - S. hycius S. aureus S. hycius

S. aureus 25923 ATCC S. aureus - - S. aureus S. aureus No result

S. aureus 43300 ATCC S. aureus - - S. aureus S. aureus S. vitulans

S. intermedius CCUG
6520

University of Copenhagen S. intermedius S. intermedius S. intermedius S.
intermedius

S.
intermedius

No result

S. delphini M4 University of Copenhagen S. delphini S. delphini S. delphini S.
intermedius

No result S. vitulans

S. pseudinter -medius
Y19

University of Copenhagen S. pseudinter -
medius

S. pseudinter -
medius

S. pseudinter -
medius

S.
intermedius

S.
intermedius

S. vitulans

*American Typed Culture Collection (ATCC).
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gene followed by digestion with Alu1 was used in this
study to distinguish between the three known species in
the SIG group according to Bannhoer et al., [27] and
Kadlec et al. [28].

Results
Comparative use of phenotypic ‘quick tests’ and
genotypic methods to identify reference strains of
staphylococcal species
Seven reference staphylococcal strains were analysed in
this study using each of the speciation methods: tuf geno-
typing, API Staph 32, RapID and Staph-Zym. The results
are displayed in Table 2. The tuf genotyping correctly iden-
tified all reference strains. The API Staph 32 test correctly
identified S. aureus, S. hycius, and S. intermedius reference
strains. However S. pseudintermedius and S. delphini, were
both misidentified indicating that this test does not distin-
guish SIG species. The RapID test correctly identified all of
the S. aureus reference strains and S. intermedius, but mis-
identified S. hycius and S. pseudintermedius. RapID gave
no result for S. delphini. Staph-Zym identified only one
(S. hycius) of the 7 control strains, correctly. The three
SIG reference strains in the study were also analysed by
rpoB genotyping and PCR-RFLP of the pta gene and
were correctly identified by both tests.

Speciation of staphylococcal clinical isolates
Based on using tuf genotyping as the reference identifica-
tion method for this study, the clinical isolate collection
(n=52) was found to comprise of a range of staphylococcal
species. The results are shown in Table 3. Forty four per-
cent (23/52) were identified as coagulase positive species,
of which 47.8% (11/23) were S. aureus and 43% (10/23)
were S. pseudintermedius (Table 3). For two of the co-
agulase positive isolates, tuf did not distinguish between
S. pseudintermedius and S. delphini (Isolate No’s. 18
and 23). All twelve SIG clinical isolates were confirmed
to be S. pseudintermedius according to banding patterns
using PCR-RFLP of the pta gene and rpoB genotyping.
Fifty six percent (29/52) of isolates were identified by tuf
genotyping as coagulase negative Staphylococci (CONS)
(Table 3). These included, S. equorum (n=8), S. xylosus
(n=4), S. carnosus/simulans (n=6), S. carnosus (n=3),
S. felis (n=3), S. warneri/pasteuri (n=2), S. saprophyticus
(n=2) and S. succinus (n=1). For six of the CONS isolates,
tuf genotyping did not distinguish between two closely
related coagulase negative species, identifying them as
S. carnosus or S. simulans, a finding which correlates with
research carried out by Ghebremedhin et al. [29]. For two
additional isolates a result of S. pasteuri or S. warneri was
obtained. The results of tuf genotyping were consistent with
the coagulase test results in all cases with five exceptions,
namely S. aureus (Isolate No. 1) and S. pseudintermedius
(Isolate No’s 16, 17, 22 and 23). These strains failed to

coagulate plasma in both slide and tube coagulation tests,
but were subsequently confirmed as coagulase positive spe-
cies by PCR-RPLP of the pta gene and rpoB sequencing.
The results of the phenotypic tests in this study are

summarised in Table 4, where the sensitivity, specificity
and predictive value positive (PVP) of the three test kits
are calculated in comparison with tuf species identifica-
tion. The API Staph 32 test showed greatest sensitivity
for S. aureus isolates (100%). A majority (10/12) of the
S. pseudintermedius isolates were positively identified as
members of the SIG group (83.3%), however, none were
accurately speciated. The remaining S. pseudintermedius
isolates gave either no result (n=1) or was misidentified
(n=1). Specificity was 100% for S. aureus, and 95% for the
SIG group. For the remaining 29 isolates, which were
CONS, 31% (9/29) were correctly identified. Isolates iden-
tified by tuf genotyping as S. carnosus/simulans were
correctly identified by API Staph 32 as either S. carnosus
or S. simulans in six out of nine cases (66.6% sensitivity).
S. xylosus species were correctly identified by API Staph
32 with a sensitivity of 75%. In this test, specificity for
these two species was 95.3 and 83.3% respectively. Sensi-
tivity was 0% for S. equorum, S. felis and S. succinus while
specificity was 97.7, 98 and 100% respectively. In the case
of S. warneri and S. saprophyticus sensitivity was 50%,
with 100% specificity in each case. The API Staph 32 dem-
onstrated the highest PVP with the coagulase positive iso-
lates, with S. aureus at 100% and the SIG group at 83.3%.
PVP values could not be interpreted for some coagulase
negative species, as the test did not identify the species in
some cases. S. xylosus demonstrated a PVP of 27.2%, due
to the high number of false positive results and low speci-
ficity (83.3%). Overall, the API Staph 32 had a sensitivity
value of 61.5%, a specificity value of 98% and a PVP value
of 80% compared to identification of staphylococcal spe-
cies by tuf genotyping.
RapID correctly identified 81.8% (9/11) of the S. aureus

isolates (sensitivity 81.8%, specificity 100%), but misidenti-
fied all of the S. pseudintermedius isolates. On consider-
ation of ability to identify the SIG group, the RapID test
had a sensitivity of 41.6% and specificity of 95.2%. Only 7%
(2/29) of the CONS were correctly identified, 58.6% (17/29)
were misidentified, and no result was obtained for 34%
(10/29). When attempting to identify S. xylosus, RapID
demonstrated a sensitivity value of 50%, but with a specifi-
city of 66.6%, resulting in a PVP of just 15.8%. Overall, the
RapID Staph had a sensitivity value of 32.7%, a specificity
value of 95.4% and a PVP value of 47.2% compared to
identification of staphylococcal species by tuf genotyping.
Staph-Zym correctly identified none of the coagulase

positive isolates in this study, and only one of the CONS
isolates (Isolate No. 39; S. carnosus). For 11.5% (6/52) of
isolates, Staph-Zym yielded more than one species name.
For 44.2% (23/52) Staph-Zym yielded “no result”.
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Table 3 Identification of coagulase positive and negative staphylococcal clinical isolates

No tuf API Staph 32 RapID Staph-Zym

1 S. aureus S. aureus S. aureus no result

2 S. aureus S. aureus S. aureus S. capitus

3 S. aureus S. aureus S. capitus no result

4 S. aureus S. aureus S. aureus no result

5 S. aureus S. aureus S. aureus no result

6 S. aureus S. aureus S. aureus no result

7 S. aureus S. aureus S. aureus S. warneri

8 S. aureus S. aureus S. aureus S. warneri

9 S. aureus S. aureus S. aureus S. vitulans

10 S. aureus st398 S. aureus S. aureus no result

11 S. aureus st398 S. aureus S. gallinarum/xylosus S. warneri

12 S. pseudintermedius S. intermedius S. xylosus no result

13 S. pseudintermedius S. intermedius S. gallinarum/xylosus no result

14 S. pseudintermedius S. intermedius S. xylosus no result

15 S. pseudintermedius S. intermedius S. intermedius/xylosus S. capitus

16 S. pseudintermedius S. intermedius S. capitus no result

17 S. pseudintermedius S. intermedius S. intermedius S. capitus/hycius

18 S. pseud/delphini* S. intermedius S. gallinarum/xylosus no result

19 S. pseudintermedius S. intermedius S. epidermidis S. vitulans

20 S. pseudintermedius no result no result no result

21 S. pseudintermedius S. intermedius S. intermedius no result

22 S. pseudintermedius S. intermedius S. intermedius no result

23 S. pseud/delphini* Kocuria rosea S. hominus/ capitus S. lentus/fleurettii

No tuf API 32 RapID Staph-Zym

24 S. felis S.chromogens S.chromogenes S. vitulans

25 S. felis S. carnosus S. intermedius S. capitus

26 S. felis s. xylosus S. xylosus no result

27 S. equorum S. xylosus S. xylosus no result

28 S. equorum S. warnerei S. warnerei no result

29 S. equorum no result S. xylosus S.xylosus/scuiri

30 S. equorum S. xylosus S. xylosus no result

31 S. equorum no result no result no result

32 S. equorum S. xylosus S. xylosus S. lentus

33 S. equorum S. xylosus S. xylosus no result

34 S. equorum S. epidermidis S. epidermidis no result

35 S. succinus S. xylosus S. xylosus no result

36 S.warnerei/ pasteureii S. warnerei no result S. vitulans

37 S.warnerei/ pasteureii S. carnosus no result S.lentus/fleurettii

38 S. carnosus /simulans S. carnosus no result S. warnerei

39 S. carnosus S. simluans S. simulans S. carnosus

40 S. carnosus S. carnosus no result no result

41 S. carnosus/simulans S. simulans no result S.capitus/ hyicus

42 S. carnosus/simulans S. simulans no result S. vitulans

43 S. carnosus/simulans s. xylosus S. xylosus S. lentus

44 S. carnosus no result no result no result

45 S. carnosus/simulans S. xylosus S. xylosus no result

46 S. carnosus/simulans S. equorum S. xylosus S.xylosus/conhii
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Discussion
The results presented herein emphasise the importance
of choosing the correct identification test for accurate
speciation of staphylococcal species of animal origin.
The accurate identification of staphylococcal species im-
pacts directly and positively on treatment outcomes and
on the epidemiological analysis of emerging trends in
multi-drug resistant staphylococcal infections in veterin-
ary medicine.
This present study revealed that all three phenotypic test

systems yielded inaccurate speciation results when com-
pared to tuf genotyping (Table 3). When considering
phenotypic test kits on their own, one must consider the
reliability of reading a result with a high “apparent” accur-
acy. For example, RapID identified one isolate as S. xylosus
with a 97% probability value; however this isolate was sub-
sequently identified by tuf as S. pseudintermedius, which
could mislead the diagnostician. One of the arguments for
using phenotypic test kits is that they are less costly than
genotyping. When comparing the costs of phenotyping
one must consider the potential consequences of misiden-
tification including unnecessary morbidity and mortality
of infected animals.
Of the phenotypic tests utilized, the API Staph 32 cor-

rectly identified 100% of S. aureus isolates, 83.3% of SIG
isolates and 31% of the CONS; the RapID test correctly

identified 81.8% of S. aureus, 33% of SIG isolates and 6.8%
of the CONS; while the Staph-Zym test correctly identified
only 2% of all isolates. Each of these tests is based on the
evaluation of expression of genetically encoded character-
istics by bacterial isolates. Inaccurate speciation may be
due to variable expression of biochemical traits within
species, as previously reported by Blaiotta et al. [8]. This is
supported in the present study where it was observed that
in each of the test systems, some biochemical tests fre-
quently gave a misleading response for a given species
tested. In particular, tests for arginine dihydrolase, arginine
arlyamidase, β-glucuronidase, fructose and mannitol fer-
mentation, novobiocin resistance and nitrate reduction,
were observed in one or more systems to generate a re-
sponse contrary to the expected result for a given species
(data not shown). In addition, species identification kits
such as these are manufactured for the human diagnostics
market and are interpreted against databases with refer-
ence strains of human origin. This suggests that the re-
producibility and therefore reliability of these tests is
questionable when applied to veterinary isolates. When the
identification of S. aureus by the three phenotyping test kits
is considered, it was observed that while all of the S. aureus
isolates were identified by API Staph 32, they were not con-
sistently identified by either Rap-ID or Staph-Zym, demon-
strating a lack of correlation between tests systems for a

Table 3 Identification of coagulase positive and negative staphylococcal clinical isolates (Continued)

47 S. xylosus S. xylosus S. xylosus no result

48 S. xylosus S. xylosus no result no result

49 S. xylosus S. intermedius no result S. vitulans

50 S. xylosus S. xylosus S. xylosus S. scuiri

51 S. sapraphyticus S.sapraphytics S. xylosus S. lentus

52 S. sapraphyticus S. xylosus S. xylosus no result

*= S. pseudintermedius or S. delphini.

Table 4 Sensitivity, specificity and predictive value positive of API Staph 32, RapID Staph and Staph-Zym tests
showing individual results for species isolated in this study and overall values for test kits

Species API Staph 32 RapID Staph-Zym

Sens1 Spec2 PVP3 Sens Spec PVP Sens Spec PVP

Overall 61.5 98 80 32.7 95.4 47.2 1.9 99 20

S. aureus 100 100 100 81.8 100 100 0 100 n/a

SIG 83.3 95 83.3 41.6 95.2 71.4 0 95 n/a

S. felis 0 98 n/a4 0 98 n/a 0 98 n/a

S. equorum 0 97.7 n/a 0 100 n/a 0 100 n/a

S. succinus 0 100 n/a 0 100 n/a 0 100 n/a

S. warneri 50 98 50 0 98 n/a 0 98 n/a

S. carnosus 66.6 95.3 75 11.1 100 100 11.1 100 100

S. xylosus 77 83.3 27.2 50 66.6 15.8 0 66.6 n/a

S. saprophyticus 50 100 50 0 100 n/a 0 100 n/a

Values calculated using tuf genotyping as a reference method.
1Sensitivity 2specificity 3predictive value positive 4not applicable.
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commonly isolated species. In addition, of the eight
S. equorum isolates identified by genotyping, API Staph 32
identified four as S. xylosus, one as S. epidermidis, one as
S. warneri and did not identify two, suggesting within spe-
cies variability for the test system. With respect to the
newly recognised Staphylococcus intermedius group [30],
the failure of the phenotypic test kits to correctly speciate
members of this group is of concern due to the relevance
of S. pseudintermedius, not only as a veterinary pathogen,
but as a source of nosocomial infection [31].
DNA sequencing of housekeeping genes is regularly used

to definitively type staphylococcal isolates, [9,18-21,32]. In
this study, tuf and rpoB gene segments were amplified
by PCR and sequenced according to published methods
([9,19], respectively). Both genes constitute more dis-
criminatory targets than the 16S-rRNA gene to differen-
tiate closely related staphylococcal species. The results
of this study demonstrated 100% accuracy for reference
strains using tuf genotyping. Among the clinical iso-
lates, 23 were identified by tuf genotyping as coagulase
positive species (Table 3). Interestingly, five of these iso-
lates failed to coagulate in both the tube and slide agglu-
tination tests. These findings are not atypical however.
According to Murray et al. [6] up to 30% of S. aureus
field isolates fail to display coagulase activity. Reduced
coagulase activity in S. aureus is also reported to be as-
sociated with reduced susceptibility to vancomycin [33].
It is worth noting that in the present study, each of the
four S. pseudintermedius isolates which failed to coagu-
late also showed reduced susceptibility to vancomycin
(data not shown). tuf genotyping identified 29 coagulase
negative isolates and 5 distinct species (Table 3). The
species S. carnosus and S. simulans, however, could not
be definitively differentiated from each other by tuf
genotyping. Likewise, S. warneri and S. pasteuri were
not differentiated by this method. Previous authors have
documented a close phylogenetic link between these pairs
of species [29,34,35] and the current findings support this.
All three of the reference SIG species were identified

correctly by tuf genotyping (S. intermedius, S. delphini,
S. pseudintermedius). Ten of the clinical isolates were
identified as S. pseudintermedius, but for two additional iso-
lates, tuf could not differentiate between S. pseudintermedius
and S. delphini. In an attempt to clarify the identity of these
two isolates, both of canine origin, rpoB sequencing and
PCR-RFLP of the pta gene were performed. Both isolates
were confirmed as S. pseudintermedius by the two methods.
Given the clinical significance of S. pseudintermedius in vet-
erinary medicine, and the published evidence that MRSP
(methicillin resistant S. pseudintermedius) is emerging as a
nosocomial infection, the importance of an accurate identi-
fication is paramount. Our findings suggest the use of rpoB
genotyping or PCR-RFLP of the pta gene as a confirmatory
method for discriminating between SIG isolates until a

larger cohort of these species are entered into the tuf gene
database, thereby enhancing its accuracy.

Conclusion
Of the three biochemical tests used, the API Staph 32 test
performed with the highest degree of accuracy for the co-
agulase positive Staphylococci. When compared to tuf
genotyping all three of the rapid biochemical tests
performed poorly for the speciation of coagulase negative
Staphylococci. This study highlights the importance of
choosing the correct identification test for accurate speci-
ation of staphylococcal species of companion animal ori-
gin, as failure to correctly identify specific pathogens may
impact on subsequent antimicrobial interventions.
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There is increasing evidence for a viable but non-culturable

(VBNC) state in microbes, particularly in the stressing

environment presented by modern foods with their varied

pre-treatment and packaging strategies. This is a cause for

concern because of evidence that microbial pathogens in

such a state may retain their capacity to cause infections

after ingestion by the consumer despite their inability to

grow under the conditions employed in procedures for

determining their presence in foods. Heavily stressed

pathogenic species of bacteria in a VBNC or not immedi-

ately culturable state are potentially dangerous public health

problems, particularly as stressed cells may be more virulent

than well-fed bacteria. In this viewpoint article, I wish to

focus on possible procedures for detecting such organisms

and assessing their physiological state.

q 2004 Elsevier Ltd. All rights reserved.

Safe food processing, distribution, and storage rely on a

high degree of assurance (close to 100%) that a food ready

to be consumed is free from pathogenic microorganisms

and/or their toxins (Rowan, 1999). Microbial population in

foods, food ingredients, and the food contact environment

normally constitute many different species that have

markedly varied growth requirements and come from

different sources. As microorganisms are extremely diverse

and highly dynamic, it is not surprising that the many

different types of microbial species present in food exist in

a number of physiological states that possess different

requirements for survival and to sustain growth.

The microbiological safety of food has benefited

significantly from advances made in predictive microbiolo-

gical modelling and by the introduction and implementation

of Hazard Analysis and Critical Control Points (HACCP)

(Buchanan, 1997). HACCP, when applied appropriately,

provides a systematic conceptual framework for identifying

hazards and critical control points (i.e. the places during

processing of a food where proper control measures need to

be implemented in order to prevent any risk to consumers)

thereby focusing efforts on the proper functioning of key

food production, processing and distribution steps. Such

methods of examining microbiological safety, storage

stability, and sanitary quality of food depend on testing

representative portions (or samples) from identified control

points (which may include the final product) for the

presence of appropriate pathogens (e.g. Salmonella) or the

number or level of selected pathogens (e.g. Staphylococcus

aureus), different microbiological groups (e.g. aerobic plate

counts, psychrotrophic counts, thermoduric counts, and

yeast and moulds), and indicator bacteria (e.g. coliforms and

enterococci) per gram or millilitre of food (Ray, 2001).

Because substantial knowledge is required, current

HACCP strategies cannot be expected to control all

unknown hazards such as emerging foodborne pathogens

or the occurrence of heavily stressed bacteria that are in a

viable but non-culturable (VBNC) or not immediately

culturable state (Buchanan, 1997; Kell, Kaprelyants,

Weichant, Harwood, & Barer, 1998). Emerging and

VBNC pathogens are unknown hazards; therefore, to

control them, key data must be acquired to convert these

pathogens from unknown to known hazards. Accurate

enumeration of total microbial load and identification of

types present in food and food ingredients are pivotal to

hazard identification and characterisation and contributing

significantly to assuring food safety (Rowan, 1999).

Underestimation in the levels of problematic microbes in

food products, and failure to identify the presence of

pathogenic organisms in representative food samples are

significant threats to public health. In addition, a reliable

microbiological examination of foods and food ingredients

helps food technologists and microbiologists to assess their

safety to consumers, their stability and shelf life under

normal storage conditions, and the level of sanitation used

during handling. In addition, microbial load and type can

Trends in Food Science & Technology 15 (2004) 462–467
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also provide important information about untreated foods

and/or treatments, usually some form of heat-processing

parameters that would be necessary to meet appropriate

microbiological standards, specifications or guidelines for

an acceptable food product (Ray, 2001).

Food preservation and microbial stress responses
The art of food preservation is principally, to poise

conditions within food close to an organism’s tolerance

threshold (Booth, 1998). Food manufacture, distribution and

storage rely on well-placed deleterious stresses or hurdles

which can be applied simultaneously or sequentially and are

intended to inhibit or inactivate the development of

contaminating organisms in food systems (Leistner, 1995).

Indeed, with current consumer preferences for foods that

have avoided the extreme use of a single preservation

hurdle, there has been an awakening towards studies that

have demonstrated microbial stress-adaptation and cross-

protection against multiple-stresses, particularly in modified

foods (Lou & Yousef, 1997). For instance, recent research

has shown that adaptation of Listeria monocytogenes to sub-

lethal doses of ethanol, hydrogen peroxide, salt, acid, heat or

nutrient deprivation, significantly increased the resistance of

this pathogen to lethal levels of the same and cross-

protected this problematic bacterium to different stresses

[e.g. acid (pH 3.5), ethanol (15.7% vol/vol), H2O2 (0.1%

wt/vol), 25% NaCl, heat, and starvation (survival in 0.1 M

phosphate buffer for 300 h)] (Lou & Yousef). Stress

adaptation and cross-protection has also been shown in

other foodborne bacterial pathogens, particularly in

Escherichia coli and Salmonella enterica serovar

Typhimurium (Foster & Spector, 1995).

However, while there is a body of evidence to show that

many microbes have the potential to adapt to food

processing, adaptation and survival to inherent sub-lethal

stresses that are intrinsically associated with food puts

considerable pressure on microbial physiology and on

critical metabolic processes. Bacteria that have been

subjected to environmental stresses often have reduced

capacity for gene expression, thus the rate at which new

proteins are completed is slower than in a similar cell

growing under optimum conditions (Rowan, 1999). Normal

practice for enumerating surviving cell population is to

grow sub-lethally stressed organisms on artificial culture

media (traditional agar plate count method), where

microbial counts are typically expressed as colony forming

units (CFU) per millilitre or gram of sample. However, use

of the traditional plate count method alone may not be

suitable for the enumeration of some sub-lethally stressed

bacteria that are not capable of growth on nutritionally rich

laboratory-based agar.

Bacterial cultures, especially in nature and under

conditions of stress (such as freezing, drying and starvation),

have been previously reported to display significant

heterogeneity in terms of the percentage of viable cells,

and with respect to their gross cellular metabolic activities

(Kaprelyants & Kell, 1993). In marine microbiology the vast

differences between bacterial numbers enumerated by direct

microscopic counts and by the agar-plate method have been

reported by many workers as far back as the late 1950s

(Jannasch & Jones, 1959). Although the differences can be

partly attributable to the clumping of cells and non-living

particles in seawater samples, it was suggested that the viable

plate count method may considerably underestimate the

bacterial cells actually living in natural seawaters.

Viable but non-culturable microbial cells
The introduction of the concept of viable but non-

culturable (VBNC) cells by Byrd and Colwell in the 1980s

has led to important research concerning the possible

existence and significance of these kind of cells in foodstuffs

(Byrd, Xu, & Colwell, 1991). Xu et al. (1982) were the first to

bring experimental evidence of the existence of the VBNC

state in pathogenic bacteria. They showed that E. coli and

Vibrio cholerae cells that were suspended in artificial

seawater quickly lost their ability to grow on the culture

media normally used for their detection. According to Oliver

(1993), a bacterium in the VBNC state is defined as “a cell

which is metabolically active, while being incapable of

undergoing the cellular division required for growth in or on a

medium normally supporting growth of that cell”. Besnard,

Federighi, and Cappelier (2000) suggest that the transition to

the VBNC state in L. monocytogenes represents a survival

strategy that bacteria can adopt under adverse conditions

(starvation, acid stress, etc.). VBNC bacteria are considered

to represent a sub-population of cells which are not able to

grow in the usual culture media and which cannot be

resuscitated by traditional resuscitation techniques, but yet

remain physically active for several functions such as cellular

elongation (Roszak & Colwell, 1987), respiratory chain

activity (Besnard et al., 2000; Rodriguez, Phipps, Ishiguro, &

Ridgway, 1992) or incorporation of radio-labelled substrates

(Rollins & Colwell, 1986). Alternatively, it has been

suggested that the VBNC state may be a survival mechanism

adopted by many bacteria when exposed to adverse

environmental conditions (Barer & Harwood, 1999).

The number of food and waterborne bacteria in which the

VBNC state has been reported has greatly increased,

particularly over the last two decades which mirrors technical

advances (Table 1). For instance, Campylobacter jejuni has

been shown to exist in two different cellular morphologies,

where the atypical coccus-form (currently associated with

the non-growing VBNC state) occurs under adverse growth

conditions (Reezal, McNeil, & Anderson, 1998). Jones,

Sutcliffe, and Curry (1991) showed that the non-culturable

coccal forms of the organism were capable of infecting mice;

however, this property differed between strains. Other

methods, such as the chick model, were also used to

investigate and demonstrate infectivity of the VBNC forms

of C. jejuni (Cappelier, Megras, Jouve, & Federighi, 1999).

The use of fluorescent redox probes for direct visualiza-

tion of actively respiring bacteria is gaining in popularity
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amongst research groups investigating this VBNC phenom-

enon (Besnard et al., 2000). For instance, use has been made

of the redox dye 5-cyano-2, 3-ditolyl tetrazolium chloride

(CTC) as an artificial electron acceptor that directly

competes with molecular oxygen. The reducing power

generated by the electron transport system converts CTC

into insoluble, fluorescent CTC-formazon crystals (i.e.

clearly visible with UV optics and epi-illumination),

which accumulate in metabolically active bacteria. A

number of research groups have used this metabolic staining

technique to illustrate enumeration differences between

agar-plate counts and total cell numbers that were still

capable of active respiration (Besnard et al.). Research in

my laboratory has shown previously that sub-populations of

Bacillus cereus and L. monocytogenes that were treated with

novel, high-intensity, pulsed electric fields were capable of

reducing the CTC stain, yet unable to form colonies on a

variety of laboratory-based culture media (Rowan,

MacGregor, & Anderson, 2001). That said, a demonstration

of active respiration does not necessarily infer that these

stressed bacteria are capable of future growth.

However, this redox staining method has recently been

used in combination with a novel direct viable count (DVC)

procedure to highlight differences in agar-plate counts. The

DVC method is based on the incubation of treated microbial

samples with an antimicrobial agent such as nalidixic acid

or ciprofloxacin, and nutrients (Besnard et al., 2000). These

antimicrobial agents act as specific inhibitors of DNA

synthesis and prevent cell division without affecting other

cellular metabolic activities. The resulting cells can

continue to metabolise nutrients and become elongated

and/or flattened during incubation. Thus, the size of

metabolically active cells increases, while inactive cells

remain unchanged as measured by epifluorescence

microscopy and image analysis. In addition to using cell

membrane integrity staining (based on propidium iodide

exclusion), Gunasekera, Sørensen, Attfield, Sørensen, and

Duncan (2002) recently employed inducible gene

expression (i.e. de novo expression of a green fluorescent

protein (gfp) reporter gene) to highlight differences in plate

counts for Pseudomonas putida and E. coli that have been

heat-treated in milk. Gene expression using inducible

genetic markers may be considered as another complemen-

tary approach for assessing microbial viability.

However, many research groups investigating the exist-

ence of viable non-culturable states in sub-lethally stressed

bacteria have not included an enrichment or resuscitation

stage, and have used laboratory-based media that are

nutritionally rich. As pointed out by Archer (1996),

“although life on a Petri plate with a few simple sugars and

a handful of amino acids might not seem like much, to a

bacterium it’s a night in Trump Tower with a breakfast in

bed”. In reality, bacteria experience and must adapt to

multifaceted hostile environments as seen in foodstuffs. To

properly evaluate the survival capabilities (and true numbers

of living cells) of established and emerging foodborne

pathogens in complex environments, microbiologists and

food technologists must holistically consider the effects of

multiple stresses, and endeavour to replicate these environ-

ments in food safety studies. It has been previously reported

that greater recovery of stress-damaged bacteria (e.g.

isolated from environmental samples or exposed to sub-

lethal stresses in the laboratory) occurs when these organisms

are plated on minimal rather than rich media (Rowan, 1999).

The single cellular process that may be responsible for this

phenomenon is ‘bacterial cell suicide’ (Aldsworth, Sharman,

Dodd, & Stewart, 1998), where self-destruction is attributed

to an oxidative-burst when rapidly growing bacterial cells are

growth arrested following sub-lethal injury. The greater

sensitivity of exponential-phase cells is due to the production

of intracellular free radicals rather than the direct physical

action of the applied process, where the inimical process

disturbs cell growth but does not affect the metabolic process,

e.g. what should be a sub-lethal injury becomes lethal,

through growth arrest, leading to a decoupling of catabolic

and anabolic metabolism (i.e. some stressed bacterial cells

are unable to cope metabolically with nutritious growth

media and die through oxidative suicide). Supplementation

with oxygen scavengers such as sodium pyruvate or

glutathione to nutritionally restricted growth media was

shown to assist in the recovery of stress-damaged bacteria

(Dodd, Sharmon, Bloomfield, Booth, & Stewart, 1997).

Indeed, the recent work of Reissbrodt and co-workers has

provided good evidence that supports my viewpoint that

Table 1. Food and waterborne bacteria that were reported
previously to exist in a VBNC state

Bacteria reported to
exist in a VBNC
state

Reference cited

Escherichia coli Gunasekera et al. (2002),

Reissbrodt et al. (2002),

Wang and Doyle (1998), Xu et al. (1982)

Vibrio cholerae Wolf and Oliver (1992), Xu et al. (1982)

Listeria

monocytogenes

Besnard et al. (2000), Rowan (2001)

Legionella

pneumophilia

Hussong et al. (1987)

Salmonella enteritidis Roszak et al. (1984)

Salmonella enterica

serovar Typhimurium

Reissbrodt et al. (2002)

Citrobacter freundii Reissbrodt et al. (2002)

Campylobacter jejuni Cappelier et al. (1999), Jones et al. (1991),

Reezal et al. (1998), Rollins and Colwell

(1986)

Pseudomonas putida Gunasekera et al. (2002)

Shigella dysenteriae

type 1

Rahman, Shahamat, Chowdhury, and
Colwell (1996)

Enterobacter

agglomerans

Besnard et al. (2000)

Bacillus cereus Rowan (2001)

The purpose of this table is to intimate commonly occurring food
and waterborne bacteria that were reported previously to exist in
a VBNC state. As such, it should not be considered nor serve as a
definitive list of all bacteria that were reported previously to exist
in this viable nonculturable form.
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heavily stress-damaged bacterial cells shown to be in a

VBNC or not immediately culturable state can be

resuscitated by the inclusion of various growth factors in a

non-selective recovery medium (Reissbrodt et al., 2002).

The authors showed that the addition of trihyhdroxanamate

siderophore ferrioxamine E, the commercially available

antioxidant Oxyrase, and a heat-stable autoinducer of

growth secreted by enterobacterial species in response to

norepinephrine, resuscitated cells of either Salmonella

enterica serovar Typhimurium and/or enterohemorrhagic

E. coli that were stressed by prolonged incubation in water

microcosoms or by heat treatment. The enterbacterial

autoinducer (AI) also resuscitated stressed populations of

Citrobacter freundii and Enterobacter agglomerans. That

said, the study showed marked variations in the ability of the

aforementioned growth factors to restore growth of stress-

damaged cells on laboratory-based culture media. Whilst

the mechanism of action of AI was not established, it could

possibly function as a quorum sensor for stressed bacteria or

by interaction with components of the bacterial global stress

responses such as RpoS (i.e. ss subunit of RNA polymerase

which is a central stress response regulator for many

enterobacterial bacterial pathogens).

In the case of pathogenic species of bacteria, the VBNC

state is a potentially dangerous public health problem,

particularly as stressed bacteria are apparently more virulent

than well-fed bacteria (Sylvester, Taylor, & LaHann, 2001).

Whilst the induction of a stress-resistant phenotype in sub-

lethally stressed bacterial enteropathogens has profound

implications for their survival in foods, there is strong

evidence that sub-lethal environmental stressors can also

modulate the synthesis of virulence factors in these

microorganisms (Rowan, 1999). Therefore, bacteria which

adapt to a heavily stressed environment are more likely to

survive levels of stress that would previously be considered

lethal (Gahan, O’Driscoll, & Hill, 1996) and also acquire a

heightened state of virulence (Marron, Emerson, Gahan, &

Hill, 1997).

Use of genotypic and phylogenetic studies to unravel
the viable nonculturable phenomenon in food
and waterborne bacteria

The advent of computer technology in the 1950s along

with other dramatic breakthroughs in molecular biology and

immunology has significantly advanced the field of bacterial

taxonomy. This has enabled a holistic polyphasic system of

bacterial classification to be adapted which combines key

characteristics identified by practical (e.g. phenotypic,

genotypic, chemotaxonomic) and evolutional (e.g. phylo-

genetic) taxonomic schemes (Vandamme, 2003).

Through technological advances made particularly in

whole genome DNA–DNA hybridisation and rRNA/DNA

homology studies (where the latter approach focuses on

important macromolecular chronometers such as rRNA

genes), we are now capable of amplifying and sequencing

genetic information from bacteria from disparate

environments, irrespective as to whether or not they have

been cultured previously or not. While the efficacy of this

approach depends on having an extensive genebank of

reference sequences that can be used to correlate newly

sequenced data from nonculturable bacteria, it is critically

important to have a broad, yet uniform technical base with

expertise to analyse and interpret properly such data. The

International Committee on Systematic Bacteriology have

recognised a new category for nonculturable bacteria which

is named ‘Candidatus’ (Murray & Stackebrandt, 1995).

This is considered a taxonomic status for uncultured

‘candidate’ species for which relatedness has been deter-

mined (e.g. for which phylogenetic relatedness has been

determined by amplification and sequence analysis of

prokayotic RNA genes with universal prokaryotic primers)

and authenticity has been verified by use of in situ probes.

Members of the taxa Candidatus failed to grow using

traditional culturing approaches, yet their presence was

identified using by genotypic and phylogenetic methods

(Vandamme, 2003). For instance, it was shown recently that

a new non-culturable bacterial species present in human

faeces samples correlated well with partial 16S rDNA

sequence information obtained by Campylobacter genus-

specific PCR. It was proposed that this organism be named

Candidatus Campylobacter hominis as it could not be

cultured by the classic methods of culturing enteric

campylobacters. As phylogenetic analysis clustered this

organism in a group of Campylobacter species, some of

which prefer anaerobic conditions for optimal growth,

application of anaerobic culture conditions in a subsequent

study allowed the organism to be cultured and the classical

binomial species name Campylobacter hominis was adopted

(Lawson, On, Logan, & Stanley, 2001). Using this

information, the organism was successfully cultured under

anaerobic conditions. There are other recent examples

where molecular information was used to identify and

delineate appropriate conditions, and subsequently isolate in

pure culture strains of Desulfovibrio and Arcobacter which

had not been cultured previously in isolation (Teske,

Sigalvich, Cohen, & Muyzer, 1996). Thus, among the

minority of bacteria that have been discovered, it is

estimated that more than 90% are as yet nonculturable.

Such nonculturable organisms may be detected only by

molecular techniques based on probes such as 16S and 23S

rRNAs or on determination of mRNA, either by reverse

transcriptase PCR (Sheridan, Masters, Shallcross, &

MacKey, 1998) or by fluorescent techniques such as

in situ hybridisation, microradiography, epifluorescence

microscopy, and flow cytometry (Reissbrodt et al., 2002).

Conclusions and outlooks
There is compelling evidence that foodstuffs, particularly

after processing, could harbour microorganisms which

cannot be detected by conventional techniques such as

cultivation on standard broth or agar media, although other

tests show that these organisms retain various levels of
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metabolic activity. There is evidence that they may, in

suitable conditions, regain the ability to grow and/or produce

toxins and other harmful changes that can be pathological to

those consuming the food. This seemingly anomalous

situation may result from damage caused by exposure to

the nutrient-rich conditions in conventional media. In at least

some cases, ‘lean’ (low nutrient) media supplemented with

suitable anti-oxidants may improve recovery of sub-lethally

stressed microbes. Methods such as staining with redox

compounds can reveal which cells retain some metabolic

activity, but the links between this and possible resumption of

growth are not yet established. Furthermore, these methods

are difficult to apply in routine screening of foods. The need

to clarify these matters is becoming more urgent as

consumers exercise preference for lightly treated foods. In

order to successfully meet such challenges, it is important

that we holistically harness the tremendous wealth of

information that is steadily becoming available in the fields

of microbial genomics and proteomics, and that we continue

to make strides to expedite the speed and quality of data

interpretation by utilising combatant advances in infor-

mation and computer technologies. It is equally important

that effective strategies for data dissemination be adopted,

whereby both research scientists and front-line food

technologists benefit mutually from seminal breakthroughs

in this area (Roszak, Grimes, & Colwell, 1984).
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Section Two- Adaptive Microbial Stress Responses and Inactivation Performance under 

Non-thermal Processing and Decontamination  

The second section of this thesis describes development of ‘nonthermal food and water 

Technologies – Elucidation and Development’. It was as an evolution of earlier bacterial 

pathogen detection and survival post traditional food treatments and involved collaborations 

with Professor Scott MacGregor (High Voltage Engineering, Strathclyde University). Studies 

describe first reports on important operational factors governing reliable and repeatable 

destruction of bacterial and fungal pathogens using high intensity pulsed light (PUV), pulsed 

electric fields (PEF) and pulsed-plasma gas-discharge (PPGD) technologies. A growing 

number of published papers failed to incorporate appropriate levels of microbial killing (log 

reductions or biological load) nor described methods in sufficient detail to inform development 

of international standards for the safe and effective safe deployment of appropriate non-thermal 

technologies. Studies describe the use of a new biocidal wash from PPGD technology including 

first reporting on cellular imaging using fluorescent, confocal, transmission and electron 

microscopy. Studies were reported on the role in microbial inactivation kinetic modelling to 

elucidate efficacy of technology applications including addressing the occurrence of different 

survivor curves. At this time I was employed as Senior Lecturer and first Enterprise Manager 

for the Roberston Laboratories for Electronic Sterilisation Technologies at Strathclyde 

University.  Thereafter, I moved to Dublin Institute of Technology and Athlone Institute of 

Technology (now Technological University of the Shannon), where the first studies advanced 

the combinational effects of simultaneous and sequential stresses produced by emerging. 

Technologies. This study revealed the pulsed-UV light kills pathogenic yeast using a multi-hit 

lethal cascade process encompassing membrane permeabilization, lipid peroxidation, genomic 

damage, reactive oxygen species generation, necrosis and apoptosis. It revealed that detection 

of latter apoptosis phase after increasing UV pulse coincides with occurrence of irreversible 

lethality in clinical isolates of Candida albicans. Detection of biomarker for apoptosis in such 

treated-pathogens can be potentially used as rapid real-time approach to elucidate rapid 

irreversible destruction of such contaminating pathogens that supplement alternative plate 

counts that demands a lengthy resuscitation and enumeration process. Studies describe the 

development of appropriate surrogate or bioindicators (chemical and biological) for real-time 

evaluation of non-thermal treatment technology development and performance that hurdles 

limitations of traditional culture-based approaches.   Critical bacterial inactivation, photo 

inactivation and dark repair are also described for Pulsed UV compared with similarly treated 
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low pressure UV light sources. Subsequent studies were also conducted using PPGD for 

complex water borne parasites Cryptosporidium parvum and Giardia lamblia. These studies 

revealed efficacy of PUV dose but required the co-development of a combined cell culture-

quantitative PCR assay (along with Gold Standard Mice assay) to prove disinfection efficacy 

for suspended water applications. These parasites don’t grow on normal agar plates.  Studies 

revealed that these non-thermal treatment technologies can also kill pathogen harboured in 

complex biofilms.  Studies were also conducted to determine other surrogate bioindicators for 

complex pathogens post non-thermal treatment technologies including use of ATP and safe 

Bacillus endospores.  Studies revealed the importance of design and PPGD configuration, as 

the earlier prototype model was shown to produce undesired toxicological and eco-

toxicological endpoints due to corrosion of unshielded electrodes during pulsing; thus, deemed 

to be unsafe for follow on industrial treatment applications.   
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The effects of high-intensity pulsed-light emissions of high or low UV content on the survival of predeter-
mined populations of Listeria monocytogenes, Escherichia coli, Salmonella enteritidis, Pseudomonas aeruginosa,
Bacillus cereus, and Staphylococcus aureus were investigated. Bacterial cultures were seeded separately on the
surface of tryptone soya-yeast extract agar and were reduced by up to 2 or 6 log10 orders with 200 light pulses
(pulse duration, ;100 ns) of low or high UV content, respectively (P < 0.001).

Despite significant advances made towards a better under-
standing of bacterial transmission and pathogenicity in foods,
the incidence of reported food-borne illnesses associated with
bacterial enteropathogens continues to be a major problem in
the United Kingdom (5) and North America (7). It is generally
accepted that contamination of both unprocessed and un-
cooked foods with pathogenic bacteria is a major source of
concern, and any method of either reducing or eliminating
food contamination will have a significant effect on the inci-
dence of food-borne disease (5). A possible approach to re-
ducing the level of microbial contamination on food surfaces in
slaughterhouses, and in other food preparation environments,
is UV irradiation (1–3, 5, 8, 9). Stermer et al. (8) indicated that
the bacterial load on fresh meat can be effectively reduced by
UV irradiation, while Wallner-Pendleton and coworkers (9)
showed that this method of disinfection reduced Salmonella
surface contamination without adversely affecting poultry car-
cass color or increasing meat rancidity. These studies indicate
that if an effective and economic method of UV generation can
be developed, then UV irradiation may have a practical appli-
cation in the disinfection of food and contact surfaces.

While conventional alternating-current systems produce
light with a power dissipation in the range of 100 to 1,000 W
per device, a pulse power energization technique (PPET) can
dissipate many megawatts of electrical power in the light
source (4). PPET also tends to produce a greater intensity of
the shorter bactericidal wavelengths of light, and, by using this
approach, it is possible to design an extremely short energiza-
tion time of the light source (;100 ns). For modest energy
input (e.g., 3 J), this results in high peak power dissipation
(;35 MW). Here we present evidence that PPET may lend
itself to surface disinfection since it significantly reduces large
populations of various food-related microorganisms on labo-
ratory-based media.

The effectiveness of PPET, with two different light sources,
in reducing predetermined microbial numbers on agar surfaces
was determined by using a variety of proven bacterial patho-
gens, namely, Escherichia coli NCTC 12079 (serotype O157:
H7), Listeria monocytogenes NCTC 11994 (serotype 4b), diar-
rheagenic Bacillus cereus NCTC 11145, Salmonella enteritidis
NCTC 4444, Staphylococcus aureus NCTC 4135, Pseudomonas

aeruginosa NCTC 8203, and the yeast Saccharomyces cerevisiae
NCTC 10716, obtained from the National Collection of Type
Cultures, Colindale, London, United Kingdom. Bacterial cul-
tures were grown at 30°C and maintained on tryptone soya
agar supplemented with 0.6% yeast extract (TSYEA). The
yeast culture was grown at 25°C and maintained on malt ex-
tract agar supplemented with 0.3% yeast extract, 1% glucose,
and 0.3% mycological peptone (MYGPA). Analysis of vari-
ance, balanced model (Minitab software release 11; Minitab
Inc., State College, Pa.), was used to compare the effects of
pulsed-light irradiation, number of pulses applied, and the type
of microorganism treated. The studies were performed in qua-
druplicate, and all significant differences are reported at 95%
(P , 0.05) and 99.9% (P , 0.001) confidence intervals.

Pulsed-light inactivation of food-related microorganisms.
The bacterial test strains were inoculated into 100 ml of tryp-
tone soya broth supplemented with 0.6% yeast extract
(TSYEB) and cultivated on a shaker at 125 oscillations per
minute to a population density of ;109 cells ml21 (confirmed
via plate counts). A 0.1-ml aliquot of a 1025 dilution of this
culture (the diluent used was 0.01 M sodium phosphate [pH
7.2]–0.15 M NaCl) was transferred to 100 ml of fresh TSYEB.
The bacterial test strains were again grown to a density of ;109

cells ml21. S. cerevisiae was grown to a cell density of ;109 cells
ml21 (confirmed via plate counts) in 100 ml of malt extract
broth supplemented with 0.3% yeast extract, 1% glucose, and
0.3% mycological peptone (MYGPB) at 25°C. Ten samples,
each containing 20 ml of a bacterial or yeast test culture, were
surface inoculated on separate TSYEA or MYGPA plates,
respectively, by using the Miles and Misra method (6).

The test assembly consisted of a rectangular polyvinyl chlo-
ride housing, a pulse generator, and associated switching with
controlling circuitry as shown in Fig. 1. The light source was
mounted 4.5 cm above two sample holders that were set at a
position 45 degrees to the horizontal. This allowed two samples
to be irradiated simultaneously, with each sample receiving the
same average exposure. Two light sources were employed. The
first of these was a Heraeus Noblelight XAP series (type
NL4006) constructed from a clear fused-quartz tube (UV
transparent) filled with xenon to a pressure of 59 kPa. The
second light source was a Heraeus Noblelight XFP series (type
NL4320) with a cerium-doped quartz envelope, again filled
with xenon to a pressure of 59 kPa. The envelope of this tube
(NL4320) restricted the light output in the UV region. Both
light sources produced a broad spectrum of white light with
peak spectral emissions at wavelengths of ;550 nm, as shown
in Fig. 2A for the low-UV-content tube and in Fig. 2B for the
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high-UV-content tube. The major differences in emission spec-
tra occur between 200 and 450 nm.

A single-stage, inverting, pulse-forming-network Marx gen-
erator was used to create a high-peak-power discharge. The
generator was charged to a DC voltage of 30 kV for all exper-
iments and was discharged directly into the light source by
using a plasma switch triggered via a high-voltage autotrans-
former. The generator source capacitance was 6.4 nF, and the
source impedance, when fired, was 6.25 V. A fiber-optic link
and timing control circuit were used to activate the pulse gen-
erator at a pulse repetition rate of 1 pulse per s. The generator
was charged by using a Brandenburg 50-kV, 1-mA DC supply,
and, at full voltage, the pulse-forming-network Marx generator
contained a stored energy of 3 J. The nominal duration of the
output pulse was 85 ns, representing an average peak electrical

power, per pulse, of 35 MW. This should be compared with the
;100-W average power rating of the light source when oper-
ated continuously. At 1 pulse per s, the average power con-
sumption of the system was 3 W, and consequently no discern-

FIG. 3. Pulsed-light inactivation of surface-inoculated E. coli using two light sources which contained either a low- or high-UV content.

FIG. 1. Schematic layout of experimental facility for microbial inactivation
with a pulsed-light source.

FIG. 2. Emission spectra (range, 200 to 900 nm) from two different light
sources; one shows a low UV content (A), and the other shows a higher UV
content (B).
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ible increase in sample temperature was observed during
treatment. The electrical diagnostics consisted of a high-volt-
age DC probe, used to measure the charging voltage, and a
high-speed transient probe to monitor the pulsed voltage ap-
plied to the light source. With the line-source geometry em-
ployed, the light intensity profile varied by 230% from the
center to the edge of the sample. The light emission was mon-
itored with a four-channel Ocean Optics SQ2000 fiber-optic
spectrometer. The spectral resolution was 1.25 nm for each
channel (50-mm slit width), and the detectors (Sony 1LX511)
were enhanced to allow UV detection. Continuous monitoring
of the optical emissions verified that the emission spectra were
constant throughout the experiment.

Surface-inoculated TSYEA and MYGPA plates containing
approximately 109 cells ml of test culture21 were positioned in
the PPET assembly (Fig. 1). Samples of each test culture were
treated with either 100 or 200 pulses of high-intensity light
which contained either a low or high level of UV. Following
treatment, the plates were wrapped in aluminium foil to pre-
vent photoreactivation and were incubated for 48 h at 30°C.
The study was carried out in quadruplicate with duplicate
plates for each set of exposures. The surviving populations
were enumerated and expressed as log10 CFU per plate.

Initial experiments with E. coli (Fig. 3) showed that the type
of light source used had a significant effect on the level of
inactivation (P , 0.001). A 5- and 6-log10-order inactivation
occurred after treatment with 100 and 200 pulses, respectively,
with the higher UV light source, whereas 300 pulses of low-UV
light gave a reduction of only 1 log10 order. Subsequently, 100
and 200 pulses were selected to test Salmonella enteritidis,
Staphylococcus aureus, Escherichia coli, Pseudomonas aerugi-
nosa, Bacillus cereus, Listeria monocytogenes, and the yeast
Saccharomyces cerevisiae.

The results showed with each test culture that significantly
greater levels of microbial inactivation (P , 0.001) occurred
with light pulses of high-UV content. With 200 pulses of
high-UV light, all of the microbial populations treated were
reduced by 5 to 6 log10 orders, whereas with low-UV light, only
a 1- to 2-log10-order reduction in cell numbers occurred. It was
found that there were variations in the susceptibility of test
cultures (Table 1). The levels of resistance of the following
bacteria differed (and are listed in order of decreasing resis-
tance): L. monocytogenes, Staphylococcus aureus, Salmonella
enteritidis, E. coli, B. cereus, Saccharomyces cerevisiae, and P.
aeruginosa (the levels of resistance between S. aureus and S.
enteritidis and those between B. cereus, and S. cerevisiae did not
significantly differ at the P , 0.05 level). These findings are in
agreement with the work of Jay (2), in which gram-positive
bacteria were shown to be more resistant to the effects of UV

light than gram-negative bacteria and pseudomonads and fla-
vobacteria were shown to be the most sensitive.

By using this PPET approach for high-intensity light gener-
ation, it was possible to produce significant levels of peak
power in the light source which are not achievable under con-
ventional continuous excitation (4). This in turn results in a
greater relative production of light in the shorter biocidal
wavelengths. It has been well documented that UV is effective
in killing microorganisms contaminating the surfaces of a va-
riety of materials, including food (2, 3, 8, 9). The lethal action
of high-intensity broad-spectrum light is due predominantly to
either photothermal and/or photochemical mechanisms (e.g.,
the formation of lethal thymine dimers on the microbial DNA)
(1, 2). Since only a negligible rise in temperature (i.e., less than
1°C) occurred in the treated agar, there were no appreciable
photothermal effects. Therefore, it is likely that the lethality
of this PPET approach can be attributed to the photochem-
ical action of the shorter UV wavelengths. This is supported
by the data in Fig. 2, which compares the spectral emissions
produced by both PPET light sources and shows that they
differ in the level of the shorter wavelengths in the range of
200 to 450 nm.

Bank and coworkers (1) have shown previously that a 6-log10
decrease in viable bacterial numbers, which had been surface
inoculated onto trypticase soy agar plates, could be achieved by
using a computer-controlled modulated UV-C light source
(100 to 280 nm). Their light system used exposures of up to 60 s
at 40-W peak power compared to an 85-ns exposure at 35-MW
peak power in the present study, demonstrating the antimicro-
bial effectiveness of the PPET. This approach may be further
improved by optimizing the emission spectra to enhance the
antimicrobial UV-C content.

In conclusion, this study has shown that a 6-log10 reduction
in microbial populations was achieved after exposure to 200
pulses of light containing high-intensity UV. The energy deliv-
ery system has modest energy requirements, ;3 J, and if this is
delivered in a short period of time, with a high repetition rate,
then rapid treatment can be achieved.

We thank S. M. Turnbull, Y. Koutsoubis, F. A. Tuema, and D. A.
Currie (University of Strathclyde) for their assistance in this study.
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Abstract
Microorganisms are naturally found as biofilm communities more than planktonic
free-floating cells; however, planktonic culture remains the current model for
microbiological studies, such as disinfection techniques. The presence of fungal biofilms
in the clinical setting has a negative impact on patient mortality, as Candida biofilms have
proved to be resistant to biocides in numerous in vitro studies; however, there is limited
information on the effect of pulsed light on sessile communities. Here we report on the
use of pulsed UV light for the effective inactivation of clinically relevant Candida species.
Fungal biofilms were grown by use of a CDC reactor on clinically relevant surfaces.
Following a maximal 72h formation period, the densely populated biofilms were exposed
to pulsed light at varying fluences to determine biofilm sensitivity to pulsed-light
inactivation. The results were then compared to planktonic cell inactivation. High levels
of inactivation of C. albicans and C. parapsilosis biofilms were achieved with pulsed light
for both 48 and 72h biofilm structures. The findings suggest that pulsed light has the
potential to provide a means of surface decontamination, subsequently reducing the risk
of infection to patients. The research described herein deals with an important aspect of
disease prevention and public health.

Keywords: pathogenic; yeast; UV inactivation; sessile communities; surfaces; Candida

Introduction

In the last three decades, fungi have appeared as a
major cause of human disease, predominantly
among immunocompromised individuals, neonates,
burns patients and patients with serious underlying
illnesses (Trofa et al., 2008). Candida species are
opportunistic eukaryotic fungal pathogens com-
monly associated with clinical infections resulting
in deep tissue infection, high mortality rates and
financial burden.
Biofilms (sessile communities) are a form of

microbial growth where cells grow in a self-
produced protective environment, which allows
the cells to escape the dangers of their surrounding
location. Biofilms are usually associated with wet
or damp surfaces, such as indwelling medical

devices and/or tubing on medical equipment.
However, it is now known that microbes can
survive for extended periods in a dehydrated state
on dry hospital surfaces. Indeed, biofilms have
recently been discovered on dry hospital surfaces
(Otter et al., 2014). Candida biofilms are com-
posed of yeast cells and filaments that are structur-
ally attached to biotic or abiotic surfaces and
embedded in an extracellular matrix (Nailis et al.,
2010). Research has shown that such biofilm cell
communities are more resistant to chemical disin-
fection techniques than planktonic (free-floating)
cells, due to their extracellular matrix, structural
complexity, gene upregulation and metabolic het-
erogeneity (Fanning and Mitchell, 2012). Biofilm
formation by pathogenic microorganisms such as
Candida plays a key role in infections resulting
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from intravascular devices in the clinical setting.
Indeed, the association between Candida species
biofilm formation and continued host infection
has become more evident. Once a biofilm forms,
it can continuously supply cells which detach from
the main structure into the bloodstream, acting as a
source of infection.
It has been reported by Kumanoto (2002) that

conditions with a high flow rate, such as that
encountered within the circulatory system, may
favour the development of persistent biofilms on
devices placed in the bloodstream. Furthermore,
Candida species biofilms are quite resistant to
antifungals such as fluconazole, amphotericin B,
nystatin and voriconazole (Kumanoto, 2002). In
recent years there has been a marked increase in
non-C. albicans-related bloodstream infections
from Candida species, mainly C. parapsilosis, C.
krusei and C. tropicalis (Trofa et al., 2008). The
resistance of this species to antibiotics and the abil-
ity of Candida biofilms to tolerate chemical disin-
fection suggest the need for alternative methods of
removing this pathogen from clinical settings.
Prevention of infection is a superior method than

infection treatment in terms of cost and patient
well-being. An alternative or supplementary means
of control is to minimize the extent of exposure of
the patient to these fungal pathogens, thereby
preventing an infection from occurring. Typical
clinical surfaces, such as plastics, have been shown
to act as reservoirs for viable pathogenic fungi,
such as Candida albicans and C. parapsilosis
(Neely and Orloff, 2001). Proper cleaning regi-
mens that include the use of effective surface de-
contamination techniques can help prevent patient
exposure to pathogenic species.
The use of ultraviolet (UV) light has proved ef-

fective for the inactivation of a range of microbial
species; however, there is limited information
available on its use for the removal of clinically
relevant Candida species or Candida biofilms.
UV disinfection occurs following exposure of test
species to UV energy at 254nm, which has a neg-
ative effect on genetic material, preventing micro-
bial replication. Standard UV lamps emit UV
energy as a continuous wave from either a low-
pressure (LP) or a medium-pressure (MP) lamp
source at set wavelengths. Ultraviolet C (UVC)
has been found to be efficient at sterilizing the
inner surface of catheters contaminated with
bacterial biofilms and subsequently preventing

catheter-related infections (Bak et al., 2009).
Studies by this research group have focused on
the use of an alternative means of delivering UV
energy, referred to as ’pulsed UV’ (PUV), which
delivers UV light in short-duration pulses of
high-intensity light with a broader range of wave-
lengths in the range 100–1100nm, enriched with
shorter germicidal wavelengths (Farrell et al.,
2011). These wavelengths may potentially affect
more cellular targets, such as cell membranes and
protein structures, than DNA alone, producing
irreparable cellular damage. Due to the delivery
mechanism of short-duration pulses, PUV also
has a better penetration depth than LPUV. Addi-
tionally, PUV has proved effective for the inactiva-
tion of numerous microbial species, bacterial
endospores, biofilms and parasite species in a
shorter treatment time than LP- or MP-UV, leading
to a reduction in operation costs (Garvey et al.,
2014). Considering these important advantages of
PUV over LP-UV, the aim of this study was to
determine the potential of a PUV light system for
the inactivation of clinically important Candida
species in both planktonic and biofilm form on
surfaces commonly found in the health care setting.

Methods

Test strain culture conditions

All Candida test strains used in this study were
sourced from the American Type Tissue Culture
Collection (ATCC), with the exception of a C.
albicans hospital isolate, which was sourced from
a blood culture at the National University of Ire-
land, Galway Hospital. Saccharomyces cerevisiae
(ATCC 9763) was also sourced from the ATCC
and used for PUV studies as a comparative strain
to Candida. Strains were cultured and maintained
on malt extract agar (Cruinn Diagnostics, Ireland)
at 37 °C following removal from storage in
microbank vials (Cruinn Diagnostics, Ireland) at
�80°C. C. parapsilosis (ATCC 22019) was cul-
tured and maintained on Sabouraud agar (Cruinn
Diagnostics, Ireland) at 30 °C and incubated at 5 °
C for short-term storage on agar slopes. Strains
were identity confirmed by Gram staining and the
germ-tube assay, according to Farrell et al.
(2011), following a maximal 2week storage pe-
riod. For treatment studies, single colonies were
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aseptically transferred to 100ml malt extract broth
and incubated at 37 °C under rotary conditions at
125 rpm for S. cerevisiae, C. albicans (ATCC
10231), C. albicans (clinical isolate NUIG 6250),
C. krusei (ATCC 14243) and C. tropicalis (ATCC
13803); C. parapsilosis was cultured in 100ml
Sabouraud broth at 30 °C at 125 rpm for 18h.

CDC reactor biofilm growth

All fungal biofilm growth was achieved by the use
of a CDC biofilm reactor (Biosurface Technologies
Corp., Bozeman, MT, USA). The CDC reactor is a
recognized method for the growth of microbial
biofilms under high shear and continuous flow
(Coenye and Nelis, 2010) and is the standard
method in use by the American Society for Testing
and Materials (ASTM 2012).
The CDC reactor is composed of a glass vessel,

which holds the reactor medium. Placed into this
vessel is a polyethylene top which holds eight re-
movable polypropylene rods, each of which in turn
has three inserts for holding the coupons on which
the microbial cells attach. Therefore, each biofilm
reactor has the capacity for 24 coupons equivalent
to 24 separate biofilms, which makes it an ideal
apparatus for inactivation studies. In the centre of
the reactor a magnetic stirrer is present, which pro-
vides a continuous flow of nutrients over the colo-
nized surface of the coupons. Continuous mixing
of the culture liquid is achieved by placing the re-
actor on a magnetic stir plate (RCT Basic Stir Plate
IKA®, Staufen, Germany) at 130 rpm. The reactor
vessel was filled with 300ml malt extract broth for
C. albicans (ATCC), hospital strains and C. krusei;
300ml Sabouraud broth was added for C.
parapsilosis; 1ml of an 18h culture of the test
strain, grown in suitable broth, was then added to
the reactor vessel and incubated at 37 °C (30 °C
for C. parapsilosis) under rotary conditions at
130 rpm. The reactor was incubated for 48 and
72h to allow for biofilm growth to a maximal cell
density, according to the method of Nailis et al.
(2010). Fungal cell counts were performed at inoc-
ulation of the reactor broth and at 48 and 72h of
incubation to determine the planktonic cell density
of the reactor. The cell density of sessile cells was
determined for stainless steel and PVC surfaces by
scraping the surface with a sterile cell scraper
(Sarstedt, Germany) into 10ml sterile phosphate-
buffered saline (sPBS; Sigma-Aldrich, Ireland),

according to the ASTM-recommended procedure
for biofilm cell density analysis. Colony forming
units (cfu/ml) were determined by spreading
100μl serially diluted sessile cells on suitable agar,
followed by incubation for 24h at 30 °C or 37 °C.

Pulsed UV studies

Pulsed-light inactivation was conducted on test
strains in planktonic form in suspension and on
agar surfaces for comparative studies to that of
the biofilm communities on PVC and stainless
steel surfaces. The PUV system used throughout
this study was the PUV-01 (Samtech Ltd, Glas-
gow, UK), consisting of two main components, a
treatment chamber and a driver circuit. The driver
unit consists of the trigger and discharge outputs,
frequency control, trigger control and the dis-
charge voltage control. The trigger cable connects
the trigger output of the driver unit with the trigger
electrode of the flashlamp, while the discharge ca-
ble connects the discharge output of the driver unit
with the lamp anode and cathode. The treatment
chamber consists of a polyvinyl chloride housing
containing a xenon light source and a circular treat-
ment table. The light source has an automatic fre-
quency control function that allows it to operate
at 1 pulse/s (pps), which was used throughout this
study. Petri dishes used in the tests were placed
directly below the lamp, which ensured that full cov-
erage of the plate surface occurred and eliminated
possible shading effects. In this study, standard
treatments involved exposing the test samples to
lamp discharge energy of 16.2 J at 8cm distance
from the light source.

PUV treatment of planktonic cells

Planktonic cells of all Candida test strains and
S. cerevisiae were treated by PUV for analysis
compared to the sessile cells. For PUV studies, a
single colony of the test strain was aseptically
transferred to 100ml sterile malt extract broth,
followed by incubation at 37 °C for 18h at
125 rpm. For surface treatment, 100μl of an appro-
priate dilution was spread onto malt agar surfaces.
Sabouraud broth and agar were used as previously
described for the growth of C. parapsilosis. Test
plates were then exposed to pulses of UV light at
16.2 J at varying fluences at a rate of 1 pulse/s,
according to Garvey et al. (2014), up to a PUV
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fluence of 8μJ/cm2 (treatment time of 80 s) for sur-
faces and 11μJ/cm2 (treatment time of 100 s) for
fungal suspensions. PUV studies were also con-
ducted on samples diluted from the 18h broth in
20ml final volumes of sterile PBS at 8 cm from
the light source, after which 100μl treated liquid
was transferred to suitable agar and incubated at
37 °C for 24h, or 30 °C for C. parapsilosis.

PUV treatment of biofilm structures

PVC and stainless steel coupons were aseptically re-
moved from the reactor, rinsed with sPBS and trans-
ferred to a sterile Petri dish. Samples were exposed
to pulses of UV light at 16.2 J at 8cm from the light
source at varying UV fluence (μJ/cm2) up to a PUV
fluence of 6.48μJ/cm2 (equivalent to a treatment
time of 60s). Once treated, the coupons were im-
mersed in 10ml sterile PBS and the surface scraped,
using a sterile cell scraper, to remove the treated
biofilms and to determine fungal cell viability. The
liquid was then transferred to a sterile 20ml con-
tainer and centrifuged at 800×g for 10min to pellet
the cells. The sample was then resuspended and ag-
itated to ensure biofilm dispersion. Serial dilutions
were made from the biofilm suspensions and
100μl spread on triplicate agar plates to determine
the cfu/ml of treated samples. This process was re-
peated for coupons at varying UV fluences to deter-
mine the log10 reduction obtained with increasing
UV fluence compared to an untreated control. A cell
count was also conducted on the medium present in
the reactor vessel, using the spread plate technique.

Statistics

All the experiments were performed three times, with
three plate replicates for each experimental data
point, providing a mean result for each experimental

batch. The log reduction was calculated as log10 of
the ratio of the concentration (cfu/ml) of the non-
treated (N0) and UV-treated (N) samples [log10
(N0/N)]. Linear regression analysis was used to
determine the rate of inactivation for each test species
under the regime of PUV treatments applied at the
95% significance level. Student’s t-test and one-
way ANOVA model (Minitab software release 16;
Mintab Inc., State College, PA, USA) were used
to determine the sensitivity of each test strain to
PUV light.

Results and discussion

Candida biofilm formation

The CDC reactor proved an effective tool for the
formation and growth of fungal biofilms. Sessile
colony counts showed that high-density biofilms
formed at the 48 and 72h incubation time points
for both surface types in the reactor (Table 1). Af-
ter 48h, a 4.7, 4.2 and 4.6 log10 cfu/ml biofilm
formed for C. albicans, C. albicans (clinical
isolate) and C. parapsilosis, respectively, on PVC
surfaces. There was a significant difference
(p<0.05) in the sessile population density on
stainless steel surfaces, where a 4.2 log10 cfu/ml
biofilm formed for each test species. A similar
trend was observed following 72h of incubation
with 4.8, 5.2, 5.1 and 4.3, 4.0 and 5.0 log10
cfu/ml biofilm growths for C. albicans, C. albicans
(clinical isolate) and C. parapsilosis on PVC and
stainless steel coupons, respectively. These data
suggest that both surface types can support the for-
mation of densely populated Candida biofilm
structures; however, PVC appears more favourable
for growth, evident from the significantly higher
sessile cell count than on stainless steel surfaces.

Table 1. Clinically relevant Candida species biofilm cell density after 48 and 72 h of growth in a CDC biofilm reactor (± SD)

Biofilms cell density (log10 cfu/ml)

48 h 72 h

PVC SS PVC SS

C. albicans 4.7 (±0.2)A 4.2 (±0.01)B 4.8 (±0.1)A 4.3 (±0.05)D

C. albicans (clinical) 4.2 (±0.1)B 4.2 (±0.05)B 5.2 (±0.03)F 4.0 (±0.1)C

C. parapsilosis 4.2 (±0.05)B 4.2 (±0.1)B 5.1 (±0.02)E 5.0 (±0.04)E

A–E, significant differences in cfu/ml; SS, stainless steel.
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Furthermore, it was found that, with further incu-
bation (>72h), there was no significant increase
in the number of sessile cells present. Biofilm cell
counts reached a maximum at 72h, after which
there was no increase in cell number on either sur-
face material, a similar trend to that reported by
Nailis et al. (2010). Indeed, research by this group
concluded that the CDC reactor allows for the
formation of more densely populated Candida
biofilms than alternative methods, such as microti-
tre plates (Nailis et al., 2010), and attributed this to
the availability of nutrients within the reactor.
Studies assessing in vivo models for catheter-
associated Candida infections, such as micro-
scopic structure analysis, indicate that in vitro
techniques such as the CDC reactor show struc-
tured biofilm communities similar to those found
in vivo (Lopez-Ribot, 2005). Furthermore,
in vitro studies have shown that Candida can
survive in the low-iron environment found in the
tissues surrounding implanted devices, such as
catheters, with the additional factor of its filamen-
tous life cycle making it proficient at colonizing in-
ert surfaces such as PVC (Suci and Tyler, 2002).
These studies suggest that in vitro model systems
do mimic in vivo events, indicating that the
research outputs made are clinically relevant.

Pulsed UV inactivation of planktonic and sessile
Candida test strains

The Candida and Saccharomyces test strains under
study proved sensitive to PUV inactivation, albeit

to varying extents. Figure 1 details the inactivation
of test strains on agar surfaces following exposure
to PUV irradiation. Interestingly, the C. albicans
clinical isolate proved significantly (p<0.05) more
sensitive to UV disinfection that the reference strain
C. albicans (ATCC), with 5.6 and 3.25 log10 cfu/ml
inactivation obtained with a PUV fluence of 1.08μJ/
cm2 for each strain, respectively, on agar surfaces.
This trend of an increased sensitivity of the clinical
isolate continued for all applied treatment fluences
up to 5.39μJ/cm2 (treatment time of 50s). A fluence
of 5.39μJ/cm2 was needed to obtain a 5.8 log10
cfu/ml of C. albicans reference strain, with
2.15μJ/cm2 giving a similar inactivation rate of the
clinical isolate (Figure 1). C. albicans (ATCC) and
S. cerevisiae showed similar levels of inactivation
(ca. 3.2 log10) at 1.08μJ/cm2 (treatment time of
10s). This UV fluence resulted in a ca. 5 log10
cfu/ml inactivation of C. albicans (clinical), C.
krusei and C. parapsilosis and 4 log10 cfu/ml inacti-
vation of C. tropicalis. A fluence of 5.39μJ/cm2 re-
sulted in a ca. 5.8 log10 cfu/ml inactivation of S.
cerevisiae, C. tropicalis and C. albicans and a ca.
7.5 log10 cfu/ml inactivation of C. parapsilosis, C.
krusei and C. albicans (clinical), indicating that
levels of sensitivity to treatment varied with the
UV fluence on agar surfaces. The order of sensitivity
from least to most resistant to PUV at 5.39μJ/cm2/
pulse on agar surfaces was: C. parapsilosis, C.
krusei, C. albicans (clinical), C. tropicalis, S.
cerevisiae and C. albicans (ATCC).
A similar trend was observed when treated in

suspension, where C. albicans (clinical) proved
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Figure 1. Pulsed light inactivation of Candida and Saccharomyces test species on agar surfaces (± SD)
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more sensitive to UV exposure than the reference
strain (Figure 2) at all treatment fluences. There
was no significant difference between the inactiva-
tion of S. cerevisiae and C. albicans (clinical) at
treatment fluences of 4.32, 5.39 and 7.56μJ/cm2

in suspension, with complete inactivation of both
strains achieved with 8.64μJ/cm2 (Figure 2). Addi-
tionally, C. krusei and C. parapsilosis showed
similar levels of sensitivity to PUV with C.
tropicalis proving significantly more resistant than
both strains in suspension. Significantly more UV
fluence was needed to obtain similar levels of
inactivation with fungal suspension compared to
surface spread for all test strains. The order of
sensitivity from least to most resistant to PUV
for fungal suspensions at 7.56μJ/cm2 was S.
cerevisiae, C. albicans (clinical), C. parapsilosis,
C. krusei, C. tropicalis and C. albicans (ATCC).
Neely and Orloff (2001) have shown that fungal

pathogens have the ability to survive on clinical
surfaces. Established biofilms on these surfaces
pose a difficult challenge to hospital cleaning and
disinfection, due to their resistance to biocides
and difficulty in removing them by detergent
cleaning (Otter et al., 2014). Fungal infections
are increasing at a disturbing rate, affecting a
growing population of severely ill patients, which
poses important challenges for health care profes-
sionals. Studies by Chandra et al. (2001) have
shown that cellular resistance to biocides increased
as the biofilm structure matured, with a 72h
biofilm of C. albicans showing a dramatically
increased level of resistance than earlier-stage

biofilm counterparts (Chandra et al., 2001). A
means of inactivating planktonic and sessile cells
that renders the surface free of pathogenic species
is essential to prevent patient infection or the con-
tamination of medical materials. The PUV system
used in this study repeatedly inactivated Candida
species biofilms on both PVC and stainless steel
surfaces. Significant levels of inactivation were
obtained for C. albicans (ATCC), C. albicans
(clinical) and C. parapsilosis for 48h (Figure 3)
and 72h (Figure 4) biofilm structures. For both
time points, ca. 3.5–4 log10 cfu/ml inactivation of
all test strains was achieved with a fluence of
6.68μJ/cm2. There was no difference in the inacti-
vation rates of C. parapsilosis 48 and 72h biofilms
on PVC surfaces. C. albicans biofilms appear more
UV sensitive at 48h, with a significant (p<0.05)
increase in inactivation obtained for each PUV
fluence. The C. albicans clinical isolate showed
similar or a slightly decreased level of inactivation
at 48h compared to 72h biofilm formation; 48h
biofilms on stainless steel surfaces appear more
UV-sensitive, with an increase in inactivation
achieved for C. albicans up to a UV fluence of
4.32μJ/cm2 and for all treatment fluences for C.
albicans (clinical) and C. parapsilosis. At 48h
biofilm formation, C. parapsilosis appears most
resistant to UV pulses, with both C. albicans
strains showing similar levels of sensitivity on
PVC surfaces. A similar trend was observed for
biofilms grown for 48h on stainless steel surfaces.
The order of increasing sensitivity to UV fluence
was C. parapsilosis, C. albicans and C. albicans
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(clinical) on PVC surfaces and C. albicans (clini-
cal), C. parapsilosis and C. albicans on stainless
surfaces for 72h biofilm structures. In general it
was found that planktonic cells are more sensitive
to PUV than attached cells on either surface mate-
rial. The order of sensitivity to UV pulses was the
same for fungal suspensions and biofilms on stain-
less steel surfaces, meaning that planktonic cells
treated in suspension had the same level of suscep-
tibility to pulsed light as cells in biofilms on stain-
less steel surfaces. C. parapsilosis proved the most
sensitive test strain on agar surfaces and PVC-
attached biofilms.
Biofilm communities are the natural state of mi-

crobial habitat, where they are found attached to
biotic or abiotic surfaces, more so than planktonic
free-floating cells. Regardless of this, planktonic
culture remains the main mechanism for

microbiological studies, such as disinfection (Otter
et al., 2014). This study assessing the sensitivity of
fungal biofilm structures to pulsed-light treatment
provides a direct relationship between treatment
fluence and loss of viability in sessile cells. Here
we have dealt with an important aspect of clinical
disinfection and disease prevention. The findings
demonstrate the effective use of pulsed UV light
for the effective inactivation of clinically relevant
Candida species on surfaces commonly associated
with the health care setting. Although these initial
studies are promising, further studies are warranted
to assess the disinfection of multi-species biofilm
communities. Biofilms often develop as a multi-
species structure, with a synergistic relationship
providing protection from a range of environmen-
tal stresses. Additionally, studies are merited to
assess the potential of fungal biofilms to harbour
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Figure 3. Pulsed-light inactivation of 48 h Candida species biofilms grown on (a) PVC and (b) stainless steel surfaces (± SD)
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other opportunistic pathogens, such as viruses and
parasite species.
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Abstract

Aims: To investigate critical electrical and biological factors governing the effi-

cacy of pulsed light (PL) for the in vitro inactivation of bacteria isolated from

the clinical environment. Development of this alternative PL decontamination

approach is timely, as the incidence of health care–related infections remains

unacceptably high.

Methods and Results: Predetermined cell numbers of clinically relevant

Gram-positive and Gram-negative bacteria were inoculated separately on agar

plates and were flashed with £60 pulses of broad-spectrum light under varying

operating conditions, and their inactivation measured. Significant differences in

inactivation largely occurred depending on the level of the applied lamp

discharge energy (range 3Æ2–20 J per pulse), the amount of pulsing applied

(range 0–60 pulses) and the distance between light source and treatment

surface (range 8–20 cm) used. Greater decontamination levels were achieved

using a combination of higher lamp discharge energies, increased number of

pulses and shorter distances between treatment surface and the xenon light

source. Levels of microbial sensitivity also varied depending on the population

type, size and age of cultures treated. Production of pigment pyocynanin and

alginate slime in mucoid strains of Pseudomonas aeruginosa afforded some

protection against lethal action of PL; however, this was evident only by using

a combination of reduced amount of pulsing at the lower lamp discharge

energies tested. A clear pattern was observed where Gram-positive bacterial

pathogens were more resistant to cidal effects of PL compared to Gram nega-

tives. While negligible photoreactivation of PL-treated bacterial strains occurred

after full pulsing regimes at the different lamp discharge energies tested, some

repair was evident when using a combination of reduced pulsing at the lower

lamp discharge energies. Strains harbouring genes for multiple resistances to

antibiotics were not significantly more resistant to PL treatments. Slight

temperature rises (£4Æ2�C) were measured on agar surfaces after extended puls-

ing at higher lamp discharge energies. Presence of organic matter on treatment

surface did not significantly affect PL decontamination efficacy, nor did growth

of PL-treated bacteria on selective agar diminish survival compared to similarly

treated bacteria inoculated and enumerated on nonselective agar plates.

Conclusions: Critical inter-related factors affecting the effective and repeatable

in vitro decontamination performance of PL were identified during this study

that will aid further development of this athermal process technology for applica-

tions in health care and in industry. Very rapid reductions (c. 7 log10 CFU cm)2
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Introduction

There is growing international concern regarding the

unacceptably high levels of health care–related infections

due in part to the continued development of antimicro-

bial resistance. Prevention of infection is a superior

approach compared to the cost and consequences of

treatment of infection, with strong emphasis placed on

hand hygiene compliance and proper cleaning regimens

that include use of effective surface decontamination

techniques (Solberg 2000). However, conventional surface

decontamination approaches such as chemical biocides

have recognized limitations that include unwanted micro-

bial adaptation, subsequent cross-resistance to front line

antibiotics, and lingering chemical residues (Lambert

et al. 2001; Randall et al. 2001; Gebel et al. 2002).

Numerous studies have also highlighted limitations of

decontamination techniques such as conventional, contin-

uous-wave (CW) UV mercury lamps of low pressure

designed to produce energy at 254 nm (called monochro-

matic or germicidal light) that include microbial repair

and the necessity for lengthy durations of exposure to

obtain suitable levels of decontamination (Bintsis et al.

2000). More recently, medium-pressure mercury UV

lamps have been used because of their much higher

germicidal UV power per unit length and because of their

ability to emit polychromatic light comprising germicidal

wavelengths from 200 to 300 nm (Bolton and Linden

2003).

Pulsed light (PL) is an approach that has received con-

siderable attention as a strategy for decontaminating food,

packaging, water and air (Dunn et al. 1997; Gómez-López

et al. 2007). However, PL technology is also a strong

candidate for contact surface decontamination in the

health care setting. This approach kills micro-organisms

by using ultrashort-duration pulses of an intense

broadband emission spectrum that is rich in UV-C

germicidal light (200–280 nm band). PL is produced

using techniques that multiplies power manifold by

storing electricity in a capacitor over relatively long times

(fractions of a second) and releasing it in a short time

(millionths or thousandths of a second) using sophisti-

cated pulse compression techniques (Rowan et al. 1999;

Gómez-López et al. 2007). The emitted flash has a high

peak power and usually consists of wavelengths from 200

to 1100 nm broad-spectrum light enriched with shorter

germicidal wavelengths (MacGregor et al. 1998; Gómez-

López et al. 2007). This technology has received several

names in the scientific literature: pulsed UV (PUV) light

(Anderson et al. 2000; Sharma and Demirci 2003; Wang

et al. 2005), high-intensity broad-spectrum PL (Roberts

and Hope 2003), PL (Rowan et al. 1999), intense PL

(Gómez-López et al. 2007) and pulsed white light

(Marquenie et al. 2003). Seminal developments pertaining

to these next generation light-flashing technologies has

been the subject of recent review (Elmnasser et al. 2007;

Gómez-López et al. 2007), with emphasis strongly placed

on decontamination efficacy for food and water applica-

tions that aptly reflects the focus of research in this field

of study to date. A strong advantage of using pulsed

xenon lamps over continuous low-to-medium pressure

conventional UV lamps is that the latter has a characteris-

tic high peak power dissipation, which allows for more

rapid microbial inactivation. A continuous 10 W lamp

needs to be operated for 10 s to achieve the same decon-

tamination efficacy (supplying same energy) as a pulsed

lamp of typically 1 MW operated for just 100 ls. Otaki
et al. (2003) also reported that adaptive microbial survival

(tailing phenomenon) occurs when samples are treated in

high turbidity solutions using continuous UV sources,

whereas tailing did not occur when similar samples were

treated with pulsed xenon lamp.

While current findings from the literature suggests that

development of a pulse light approach appears promising,

most of the studies to date have focused on food or water

applications using a limited range of electro-physical or

biological parameters, such as use of a single lamp

discharge energy (J) or fluence (UV dose cm)2) and ⁄or
employing a single distance from light source to target

treatment area. These landmark in vitro and in vivo PL

within £10 pulses) occurred using discharge energy of 20 J for all tested clinically

relevant bacteria under study when treated at 8 cm distance from xenon light

source. While no resistant flora is expected to develop for treatment of microbial

pathogens on two-dimensional surfaces, careful consideration of scale up factors

such as design and operational usage of this PL technique will be required to

assure operator safety.

Significance and Impact of the Study: Findings and conclusions derived from

this study will enable further development and optimization of this decontami-

nation technique in health care and in food preparation settings, and will

advance the field of nonthermal processing technologies.
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studies have been recently reviewed for efficacy in terms of

inactivating food-related spoilage organisms and potential

microbial pathogens (Elmnasser et al. 2007; Gómez-López

et al. 2007), and include studies carried out using

lamp discharge energies of 3 J (MacGregor et al. 1998;

Rowan et al. 1999), 7 J cm)2 (Marquenie et al. 2003 and

Gómez-López et al. 2005), 0Æ99 J cm)2 (Krishmanmurthy

et al. 2004, 0Æ7 J cm)2 (Takeshita et al. 2003) and 1 J cm)2

(Wekhof et al. 2001). These studies demonstrated that

factors such as number of light pulses applied, lamp dis-

charge intensity, distance from lamp to treatment surfaces,

shading, microbial species, age and density affected the effi-

cacy of PL decontamination performances. To the best of

our knowledge, no published study to date has investigated

the in vitro decontamination efficacy of varying critical

electro-physical parameters and biological conditions on

PL-treated bacteria that were originally isolated from

patients in health care environment.

Despite advances highlighted earlier, more extensive

basic research is required to understand comprehensively

how PL affects clinically relevant bacteria with view to

maximizing the potential of this decontamination tech-

nique for application in various settings. This study there-

fore (i) includes a critical evaluation of the effect of

varying key electrical parameters such as lamp discharge

energy and pulse number on the sensitivity of a wide

range of bacteria isolated from patients from clinical envi-

ronment to PL treatments, (ii) the influence of bacterial

population size, age and type on the level of decontami-

nation by PL, (iii) the influence of bacterial production

of light absorbing pigments and alginate slime on PL

decontamination efficacy, (iv) the influence of antimicro-

bial drug resistance status on treated bacteria and

presence of organic mater on sensitivity to PL treatments,

(v) investigate how the relative position of the sample

with respect to xenon lamp affects lethality of PL using

different discharge energies, (vi) verifying the existence of

the photoreactivation phenomenon and possible develop-

ment of resistance in flashed clinically relevant bacteria,

(vii) the heating of supporting agar medium by PL

irradiation; emphasizing the implications of these findings

for application of PL in health care settings.

Materials and methods

PL equipment

These studies used a bench-top pulsed power source

(PUV-1; Samtech Ltd, Glasgow, UK), a low-pressure

(60 kPa) xenon-filled flashlamp (Heraeus Noblelight XAP

type NL4006 series constructed from a clear UV transpar-

ent quartz tube; Heraeus Noblelight Inc., Duluth, GA)

that produced a high-intensity diverging beam of poly-

chromatic PL as per the system arrangement described

recently by Wang et al. (2005). The solid-state pulsed

power source utilizes power-compression to transfer

stored electrical energy to the xenon flashlamp in a short

duration but with peak power. When the pulsed power

source operates at 1 kV, as in this study, the energy of

20 J is stored in a 40 lF capacitor, and the energy is dis-

sipated in the flashlamp within 30 ls, thereby producing

a peak power of 1 MW. The PL has a broadband emis-

sion spectrum extending from the UV to the infrared

region with a rich UV content and its intensity also

depends on the level of the voltage applied as shown by

the UV ⁄ visible lamp spectra in Fig. 1 as reported by the

fabricant. The fabricant stated that the discharge tube

represents a line source of limited length and as a conse-

quence of this, the light formed an elliptical, equi-inten-

sity profile over the sample plane eliminating shading

effects. This resulted in a c. 30% variation in luminous

intensity between the centre and the edge of the sample.

The light emission spectrum was monitored using a four

channel Ocean Optics SQ2000 fibre optic spectrometer

(Ocean Optics, Dunedin, FL) (Fig. 1). The spectral reso-

lution was 1Æ25 nm on each channel and the optical

detector (Sony 1LX511; StellarNet Inc., Tampa, FL) had

been enhanced to allow UV detection. The pulsed broad-

band emission spectra exhibit rich output in the UV-C

region from 220 to 280 nm comprising three distinct

peaks at 229, 247 and 260 nm. This xenon lamp is there-

fore capable of providing high-energy UV output using a

small number of short-duration pulses. The light source

has an automatic frequency-control function that allows

it to operate at 1 pulse per second that was used through-

out this study. Light exposure was homogenous as the

xenon lamp (9Æ0 cm · 0Æ75 cm in length and width,

respectively) was longer than the 8Æ5 cm diameter poly-

styrene Petri dishes used in the tests, which were placed

directly below the lamp. For standard treatments (unless
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Figure 1 Spectral distribution of used xenon lamp at different

applied voltages with equivalent discharge energies. ( ) 1000 V or

20 J; ( ) 800 V or 12Æ8 J and ( ) 600 V or 7Æ2 J.

Source and permission: Samtech, Glasgow, UK.
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otherwise noted), the light source was mounted at 8 cm

above the treatment area that was designed specifically to

accommodate a standard Petri dish.

PL inactivation procedures

In this study, standard treatments involved surface spread-

inoculating 8Æ5 cm Petri dishes that were positioned at

8 cm distance from the light source (unless otherwise

noted), and separately subjected to lamp discharge energies

of 3Æ2, 5, 7Æ2, 9, 12Æ8 and 20 J. The number of pulses of light

applied ranged from 0 (control) to 60 pulses. The influence

of varying distance from the light source from the inocu-

lated Petri dishes (range 8–20 cm) on inactivation efficacy

was also investigated by rotating the treatment shelf in the

PL system to the desired distance. The PL system was

manually adjusted to deliver 1 pulse per second for all

studies. The lethality of the PL process under varying

experimental conditions was determined by treating pre-

determined numbers of test organisms that were inoculated

on agar surfaces and by enumerating survivors post treat-

ments (expressed in terms of log10 CFU cm)2). Subtraction

of the logarithm of the count after different combinations

of pulsing, discharge energies and distances from light

source, from the logarithm of the count before processing

provided a measure of process lethality. As it is not appro-

priate to determine log-linear death rate kinetic data from

PL-treated test bacteria as a function of time (as total dura-

tion of treatment comprises the pulse-pause sequence as

well as the actual duration of pulsing), inactivation plots

were measured following a modified first-order dependence

formulae of Kühn et al. (2003): (log10 (Np ⁄N0) = )kp,
where k = rate constant). N0 is the initial concentration of

bacteria and Np is the microbial concentration after apply-

ing a defined number of pulses at discharge energy (J). This

rate constant k defines the sensitivity of a micro-organism

to a defined PL treatment and is unique to each microbial

species; the higher the k value the more sensitive the test

strain to the treatment process. The former approach was

employed to determine k values for PL-treated test bacteria,

as individual fluence values (lW cm)2) were not available

for all combinations of lamp discharge energy and distance

from light source . All experiments were carried out in

triplicate using same culture to avoid sample variability.

Bacterial strains used and preparation

The species of test bacteria used in these experiments,

their origin, clinical relevance and corresponding selective

culture media are summarized in Table 1. Initially (and

unless otherwise stated), emphasis was placed on using an

extensive number of Pseudomonas aeruginosa test strains

for investigating electrical and biological factors affecting

PL decontamination efficacy with subsequent comparisons

of tolerances to a range of other clinically significant

Gram-positive and Gram-negative bacteria isolated from

patients in health care environment. Test bacteria also

comprised multiple antimicrobial drug–resistant (MDR)

strains, methicillin-resistant Staphylococcus aureus

(MRSA), vancomycin-resistant Enterococcus species (VRE)

and Klebsiella pneumoniae ATCC 700721. Confirmation of

MDR strain status was performed in a clinical laboratory

using recommended disc diffusion susceptibility testing

as per standard procedures (Clinical and Laboratory

Standards Institute 2008). Staphylococcus aureus D3187

was shown to be resistant to erythromycin, cefoxitin 30,

fucidin, ofloxacin and oxacillin ⁄flucloxacillin, while sensi-

tive to chloramphenicol, linezolid and vancomycin.

Enterococcus faecium J5616 and J5810 were resistant to

amoxicillin ⁄ ampicillin and vancomycin, while sensitive

to gentamicin, linezolid and quinupristin ⁄dalfopristin.
E-testing confirmed resistance to vancomycin for both

Ent. faecium J5616 and J5810, where minimum inhibitory

concentration was shown to be >256 lg ml)1. Klebsiella

pneumoniae ATCC 700721 was resistant to ampicillin,

ticarcillin, trimethoprim–sulfamethoxazole and gentami-

cin, but was susceptible to amikacin, ciprofloxacin and

imipenem. The vegetative form of Bacillus cereus were

prepared as per methods described previously (Rowan

et al. 1999). All test strains were maintained in Microbank

storage vials (Cruinn Diagnostics, Dublin 12, Ireland) at

)70�C. The identity of three randomly selected isolates of

each bacterial pathogen was confirmed before and after

experimental studies as per methods described by Barrow

and Feltham (2003). Strains were stored at 4�C on agar

slopes of tryptone soya agar supplemented with 0Æ6% yeast

extract (TSYEA) (Oxoid, Basingstoke, UK) and monthly

checked for purity and renewed. To prepare the test sam-

ples, bacterial test strains were streaked to purity from

porous beads taken from Microbank vials, and an isolated

colony then transferred to 50 ml tryptone soya broth sup-

plemented with 0Æ6% yeast extract and cultivated with

shaking at 125 oscillations per minute for 24 h at 37�C to

reach early stationary phase. The optical density was then

adjusted at 540 nm to 2Æ0 (c. 109 CFU ml)1) by spectro-

photometric (Model UV-120-02 instrument; Shimadzu

Corp., Kyoto, Japan) determination using 0Æ1 mol l)1

phosphate buffered saline (PBS) (pH 7Æ2) (confirmed via

aerobic plate count). Using the spread plate technique,

0Æ5 ml aliquots of the 24-h OD540-adjusted cultures were

then inoculated onto triplicate TSYEA agar plates. After

drying for 1 h on the laboratory bench to avoid light

attenuation because of PBS, plates were flashed and then

incubated without further treatment at 37�C for 48 h.

Care was taken to ensure that samples were centrally ino-

culated on each agar plate and were subsequently spread
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up to a distance of c. 0Æ5 cm from the perimeter of the

polystyrene Petri dish in or to minimize or eliminate any

shading effects. The latter procedure was adopted as it also

is recognized that polystyrene absorbs considerably in the

UV range. 15 ± 0Æ1 ml of molten agar was aseptically

transferred by pipette to Petri dishes thus maintaining

Table 1 Origin, clinical significance and culture media of used test bacteria

Bacterium Code

Source*

Clinical relevance�

Selective media

(solid)�Origin Clinical site

Gram-positive bacteria

Enterococcus faecium J952 NUIG Yes Bloodstream ESA

J5616 NUIG Yes VRE ESA

J5810 NUIG Yes VRE ESA

Enterococcus faecalis D46209 NUIG Yes Bloodstream ESA

Enterobacter cloacae 04B3311 DIT Yes Bloodstream VRBGA

Enterobacter sakazakii 8155 NCTC No Food poisoning HESA

Staphylococcus aureus 25923 ATCC No None reported BPA

5624 NUIG Yes Bloodstream BPA

J2860 NUIG Yes Bloodstream BPA

D3187 NUIG Yes MRSA BPA

Staphylococcus epidermidis 10221 NUIG Yes Bloodstream CA

03B2511 DIT Yes Device implant CA

Bacillus cereus 11143 NCTC No Vomit BCSA

22728 LMG No Food poisoning BCSA

Listeria monocytogenes 11994 NCTC No Meningitis LSA

9863 NCTC No Meningitis LSA

Gram-negative bacteria

Acinetobacter baumanii D3953 NUIG Yes Bloodstream MLAA

Escherichia coli 25922 ATCC No None reported MacCA

411 NUIG Yes – MacCA

02B1173 DIT Yes UTI MacCA

Pseudomonas aeruginosa 5449 NUIG Yes – KAA

R5137 NUIG Yes Sputum KAA

R1460 NUIG Yes Sputum KAA

2605 NUIG Yes – KAA

2633 NUIG Yes Sputum KAA

02B7570 DIT Yes UTI KAA

2502 NUIG Yes – KAA

02B710 DIT Yes Otitis media KAA

03B8474 DIT Yes – KAA

03B6908 DIT Yes – KAA

03B3922 DIT Yes Bloodstream KAA

04B2325 DIT Yes Sputum KAA

03B3694 DIT Yes – KAA

03B3845 DIT Yes Bloodstream KAA

27853 ATCC No None reported KAA

Klebsiella pneumoniae 04B4415 DIT Yes Liver abscess SCAI

700721 ATCC Yes Sputum (MDR) SCAI

Proteus mirabilis 02B1121 DIT Yes UTI TMSA

–, not known.

*Code for cultures used: ATCC, American Type Culture Collection, Rockville, MD, USA; NCTC, National Collection of Type Cultures, Colindale,

London, UK; LGM, Laboratorium Microbiologie, Universiteit Gent, Belgium; NUIG, National University of Ireland Galway, Department of Bacteriol-

ogy, Ireland; DIT, Dublin Institute of Technology, Kevin Street, Dublin, Ireland.

�Clinical codes: VRE, vacomycin-resistant enterococcus; MRSA, methicillin-resistant Staph. aureus; UTI, urinary tract infection; MDR, multiple drug

resistant.

�Selective media codes and sources: ESA, enterococcus selective agar (SIFIN, Berlin, Germany); VRBGA, violet red bile glucose agar (Oxoid,

Hampshire, UK); BPA, Baird Parker agar (Oxoid); MLAA, modified Leeds Acinetobacter agar (Oxoid); MacCA, MacConkey agar (Oxoid); BCSA,

B. cereus selective agar (Oxoid); LSA, Listeria selective agar (Oxoid); SCAI, Simmons citrate agar with 1% (w ⁄ v) inositol (Difco); TMSA, Thayer–

Martin selective agar (Difco); HESA, hi-crome Enterobacter sakazaki agar (Biochemika); CA, Chapman agar (Merck).
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standardized depth of agar for all studies. After incuba-

tion, separate colonies were enumerated and survivors

were expressed in terms of log10 CFU cm)2. Samples were

also similarly spread inoculated on selective agar media

for each respective test bacteria to investigate the influence

of antimicrobial agents and ⁄or dye present in selective

agars on survival of PL-treated samples (Table 1). The

limit of detection was one colony. Typical colonies of each

test strain were randomly selected from respective agar

plates after 24 and 48 h at 37�C with the highest dilution,

and were confirmed by use of appropriate physiological

and biochemical tests as described earlier.

Influence of population size and age on

decontamination efficacy

To determine the influence of bacterial population size

on the decontamination efficacy of PL, several agar media

in Petri dishes were inoculated with 0Æ5 ml aliquots of the

tenfold dilution of 24 h OD540 adjusted culture on

TSYEA plates to give initial cell populations of c. 3, 5, 7

and 9 log10 CFU cm)2. Plates were removed from the PL

treatment chamber after predetermined number of flashes

and survivors were enumerated by means of the above

plating method. To determine the influence of population

age on sensitivity of test strains to PL treatments, cultures

were grown for 16 h (late exponential) and the OD

was spectrophotometrically adjusted to c. 2Æ0 at 540 nm

giving an initial cell population of c. 9 log10 CFU ml)1

(confirmed by plate count). Plates were then inoculated,

PL treated and survivors enumerated as per method

described earlier.

Media heating

Heating of the surface of agar plates inoculated with test

bacteria was investigated using thermal imaging (IRI 4010;

InfraRed Integrated Systems Ltd, Northampton, UK) as

per modified method of Nugent and Higginbotham

(2007). Plates were positioned 8 cm from light source and

were flashed with 60, 45 and 20 pulses of 3Æ2, 12Æ8 and

20 J, respectively. An image was taken of the treated plates

immediately post treatment and examined for thermal

data using relevant software (IRISYS 4000 Series Imager,

ver. 1.0.0.14; Infra Red Integrated Systems Ltd, Northamp-

ton, UK). Each data point represents a mean value of 12

randomly selected points over three replicate treatments.

Influence of photoreactivation on decontamination

efficacy

This experiment was designed to investigate the effect of

sunlight on the reactivation of damaged bacteria under

typical real-life conditions as per method described by

Gómez-López et al. (2005) with modifications. To test the

possibility that photoreactivation occurs, agar plates were

inoculated with test bacteria and were exposed to PL

treatments according to standard method and then

subjected to the following. The first three plates were

immediately wrapped in aluminium foil post treatment;

the other three similarly treated plates were exposed to

direct sunlight by placement on laboratory bench illumi-

nated by sunlight for 4 h. The plates were incubated for

48 h at 37�C as described earlier and survivors enumer-

ated (expressed as log10 CFU ml)2). The experiment was

conducted in triplicate.

Determination of alginate levels from Pseudomonas

aeruginosa test strains

The purpose of this experiment is to investigate whether

production of mucoid (or slime) by Ps. aeruginosa, which

is directly attributed to synthesis of exopolysaccharide

alginate, confers resistance to PL exposure. Fifteen strains

of Ps. aeruginosa comprising seven mucoid and eight

nonmucoid strains as noted in Table 1 were grown on

MacConkey agar supplemented with 5% (v ⁄ v) glycerol

and Ps. aeruginosa chromogenic agar (bioMérieux, La

Balme-les-Grottes, France) at 37�C and visually checked

thereafter for mucoid colony development after 24 and

48 h incubation as recommended by Laine et al. (2009)

(Table 2). Isolated colonies of mucoid strains (and

nonmucoid control strain ATCC 27853) were then

separately grown with shaking at 150 rev min)1 for 20 h

at 37�C in 50 ml of chemically defined alginate promo-

ting medium of Terry et al. (1991) that was adjusted to

pH 7 before media sterilization. To confirm alginate

production in culture suspensions for PL studies, cells

were pelleted after incubation by centrifugation at

10 000 rev min)1 for 10 min at 4�C. Thereafter, the

culture supernatant was precipitated using an equal

volume of 2% (w ⁄ v) cetylpyridinium chloride (Sigma)

followed by centrifugation at 10 000 rev min)1 for

10 min at 4�C (Knutson and Jeans 1968). The alginate

pellet was resuspended in 5 ml of 1 mol l)1 NaCl and

precipitated with 5 ml of 2-propanol and centrifuged at

10 000 rev min)1 for 10 min at 4�C. The final alginate

pellet was resuspended in 500–4000 ll PBS depending on

the quantity of alginate recovered. The amount of

alginate was determined using a borate ⁄ carbazole method

for which sodium alginate (Sigma) was used to create a

standard curve. A 30 ll solution of purified alginate was

mixed with 1Æ0 ml borate ⁄ sulfuric acid reagent

(10 mmol l)1 H2BO2 in concentrated H2SO4) and 30 ll
carbazole reagent (Sigma) [0Æ1% (v ⁄ v) in ethanol] was

added. The mixture was heated to 55�C for 30 min and
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the alginate concentration was determined spectrophoto-

metrically at 500 nm.

Determination of pyocyanin levels from Pseudomonas

aeruginosa test strains

The relationship between production of the light absorb-

ing pigment pyocyanin by some Ps. aeruginosa strains and

sensitivity to PL irradiation was examined. The method

of Essar et al. (1990) was followed with slight modifica-

tions. The pyocyanin assay is based on the absorbance of

pyocyanin at 520 nm in acidic solution. The strains were

grown with shaking (125 rev min)1) at 37�C for 24 h in

50 ml Cetrimide broth medium (Watman, Kent, UK) that

is similar in formulation to King’s A medium and known

to promote pyocyanin production in Ps. aeruginosa

(Brown and Lowbury 1965). A 5 ml aliquot was trans-

ferred to a sterile universal and centrifuged at

4000 rev min)1 for 10 min at 4�C. The supernatant was

filtered through a 0Æ2-lm filter (Millipore), and pyocya-

nin was subsequently extracted from the filtered superna-

tant with 3 ml of chloroform. The solution was vortexed

to mix before centrifugation at 4000 rev min)1 for

10 min at 4�C. The upper layer was carefully removed

using a micropipette and discarded. The pyocyanin, if

present in the bottom layer, was subsequently transferred

to a fresh universal and 1 ml of 0Æ2 mol l)1 HCl was

added. The solution was vortexed and centrifuged as

described earlier. The resulting pink-coloured upper layer

was carefully extracted and transferred to a cuvette and

the absorbance was determined at A520. Micrograms

quantities were calculated by multiplying the absorbance

at 520 nm by 17Æ072 as per method of Kurachi (1958).

Statistical analyses

Analysis of variance, balanced model (Minitab software

release 13; Minitab Inc., State College, PA, USA) was used

to compare the effects of relationship of independent

variables on light treatments.

Results

Sensitivity of test bacteria to PL treatments

The sensitivity of all clinical isolates of Ps. aeruginosa to

PL treatments was initially investigated at lamp discharge

energy of 7Æ2 J and is summarized in Table 2. Based on PL

inactivation rates shown in Table 2, all test Ps. aeruginosa

strains were reduced by c. 7 log10 CFU cm)2 within

20 pulses at 7Æ2 J. There were marked variations in

sensitivity to treatments amongst strains of Ps. aeruginosa.

Table 2 Comparison of the relationship between pyocyanin and alginate slime and in vitro inactivation of Pseudomonas aeruginosa strains trea-

ted at 8 cm distance from light source with discharge energy of 7Æ2 J

Test strain

Pyocynanin

(lg 5 ml)1)

Alginate

slime

Population reduction*

Inactivation rate� at 7Æ2 JPulse number

5 10 15 20 k value R2

5449 ) ) 3Æ4 ± 0Æ1 6Æ8 ± 0Æ3 7Æ2 ± 0Æ4 7Æ2 ± 0Æ1 0Æ64 ± 0Æ04D 0Æ99

R1460 ) ) 2Æ4 ± 0Æ1 5Æ5 ± 0Æ2 5Æ6 ± 0Æ4 6Æ4 ± 0Æ4 0Æ54 ± 0Æ02B 0Æ97

R5137 ) + 1Æ4 ± 0Æ1 4Æ1 ± 0Æ2 5Æ8 ± 0Æ3 6Æ7 ± 0Æ5 0Æ41 ± 0Æ03A 0Æ99

2605 8Æ3 ± 0Æ3 + 2Æ0 ± 0Æ1 4Æ2 ± 0Æ2 5Æ9 ± 0Æ3 6Æ3 ± 0Æ2 0Æ37 ± 0Æ01A 0Æ99

2633 ) + 1Æ9 ± 0Æ1 4Æ8 ± 0Æ1 5Æ4 ± 0Æ4 6Æ1 ± 0Æ3 0Æ42 ± 0Æ03A 0Æ96

02B7570 2Æ9 ± 1Æ1 + 1Æ5 ± 0Æ1 4Æ0 ± 0Æ2 5Æ9 ± 0Æ2 6Æ7 ± 0Æ5 0Æ41 ± 0Æ03A 0Æ99

02B710 12Æ2 ± 0Æ2 + 2Æ0 ± 0Æ1 4Æ4 ± 0Æ2 5Æ8 ± 0Æ3 6Æ8 ± 0Æ4 0Æ39 ± 0Æ02A 0Æ99

03B8474 3Æ7 ± 1Æ1 ) 2Æ5 ± 0Æ2 5Æ5 ± 0Æ3 5Æ7 ± 0Æ4 6Æ5 ± 0Æ5 0Æ54 ± 0Æ01B 0Æ98

03B6908 4Æ6 ± 1Æ0 ) 3Æ6 ± 0Æ1 7Æ0 ± 0Æ2 7Æ2 ± 0Æ2 7Æ2 ± 0Æ3 0Æ67 ± 0Æ02D 0Æ99

03B3694 2Æ4 ± 0Æ9 ) 3Æ5 ± 0Æ2 6Æ9 ± 0Æ1 7Æ1 ± 0Æ3 7Æ2 ± 0Æ1 0Æ64 ± 0Æ02D 0Æ96

03B3922 4Æ3 ± 0Æ3 ) 3Æ0 ± 0Æ1 5Æ6 ± 0Æ2 6Æ2 ± 0Æ2 6Æ4 ± 0Æ3 0Æ58 ± 0Æ02C 0Æ98

04B2325 ) + 3Æ8 ± 0Æ2 6Æ0 ± 0Æ2 6Æ9 ± 0Æ4 7Æ0 ± 0Æ3 0Æ56 ± 0Æ03C 0Æ98

2508 ) + 3Æ3 ± 0Æ2 6Æ3 ± 0Æ3 6Æ5 ± 0Æ1 7Æ0 ± 0Æ4 0Æ61 ± 0Æ03C 0Æ98

27853 6Æ5 ± 0Æ5 ) 3Æ4 ± 0Æ1 6Æ3 ± 0Æ2 6Æ6 ± 0Æ4 6Æ9 ± 0Æ3 0Æ61 ± 0Æ02C 0Æ98

03B3845 2Æ2 ± 0Æ3 ) 3Æ3 ± 0Æ2 6Æ3 ± 0Æ1 6Æ6 ± 0Æ2 7Æ0 ± 0Æ2 0Æ61 ± 0Æ02C 0Æ98

()), Not detected; (+) detected.
*Population reduction, expressed in log10 CFU cm)2, achieved after pulsing at 7Æ2 J where initial population was inoculated on agar surfaces at

c. 9 log10 CFU cm)2.

�Reduction rate constant (k) is the mean rate (±SD) of log cell reductions per pulse, which is measure of inactivation of test strain per pulse. The

higher the k value the more sensitive the strain to pulsed light treatments. R2 is correlation co-efficient from linear regression data. Values with

different capitalized letter in same column are significantly different at P £ 0Æ05 level.
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A clear pattern was observed regarding strains expressing

mucoid or slime phenotype as these in general were shown

to be less sensitive to treatments at 7Æ2 J. The sensitivity of

a select number of mucoid and nonmucoid Ps. aeruginosa

strains was then compared to other clinically relevant

bacteria over an extended range of energy densities

(Table 3). A clear significant pattern was observed where

more rapid reductions in predetermined populations of

all test bacteria occurred with increased levels of pulsing

and with use of higher discharge energies. For instance,

rapid reductions in all test organisms (c. 7 log orders)

occurred in £10 pulses at 20 J compared to a requirement

to use up to 45 pulses to attain same level of inactivation

for these test pathogens at the lower 3Æ2 J. This

overall trend of greater susceptibility to PL with use of

increasing discharge energies for test bacteria is clearly

shown for Ps. aeruginosa 2605 in Fig. 2, which illustrates

determination of the death rate constant k values for

Table 3 Comparison of inactivation rate constant k values obtained for test bacteria using increasing lamp discharge energies ranging from 3Æ2

to 20 J at 8 cm distance from light source to sample

Test bacterium Code

Reduction rate (k) at different discharge energies* (J)

3Æ4 7Æ2 12Æ8 20

Gram-positive bacteria

Enterococcus faecium J952 0Æ07 ± 0Æ03A 0Æ24 ± 0Æ02C 0Æ55 ± 0Æ02H 0Æ93 ± 0Æ05J

J5616� 0Æ06 ± 0Æ02A 0Æ24 ± 0Æ01C 0Æ50 ± 0Æ04H 0Æ95 ± 0Æ04J

J5810� 0Æ10 ± 0Æ01A 0Æ29 ± 0Æ04D 0Æ61 ± 0Æ03G 0Æ98 ± 0Æ03J

Enterococcus faecalis D46209 0Æ09 ± 0Æ01A 0Æ29 ± 0Æ02D 0Æ65 ± 0Æ02G 1Æ07 ± 0Æ03K

Enterobacter cloacae 04B3311 0Æ16 ± 0Æ03B 0Æ39 ± 0Æ03E 0Æ89 ± 0Æ04J 1Æ21 ± 0Æ02L

Enterobacter sakazakii 8155 0Æ17 ± 0Æ04B 0Æ47 ± 0Æ02F 1Æ11 ± 0Æ03K 1Æ33 ± 0Æ03M

Staphylococcus aureus 25923 0Æ13 ± 0Æ01B 0Æ38 ± 0Æ03E 0Æ90 ± 0Æ02J 1Æ29 ± 0Æ03M

5624 0Æ16 ± 0Æ02B 0Æ49 ± 0Æ01F 1Æ07 ± 0Æ04K 1Æ42 ± 0Æ04N

J2860 0Æ15 ± 0Æ03B 0Æ37 ± 0Æ04E 0Æ81 ± 0Æ02I 1Æ42 ± 0Æ05N

D3187� 0Æ14 ± 0Æ02B 0Æ40 ± 0Æ03E 1Æ12 ± 0Æ05K 1Æ45 ± 0Æ05N

Staphylococcus epidermidis 10221 0Æ13 ± 0Æ01B 0Æ37 ± 0Æ03E 0Æ90 ± 0Æ03J 1Æ33 ± 0Æ02M

03B2511 0Æ15 ± 0Æ02B 0Æ40 ± 0Æ02E 0Æ88 ± 0Æ05J 1Æ29 ± 0Æ03M

Bacillus cereus 11143 0Æ09 ± 0Æ01A 0Æ24 ± 0Æ02C 0Æ56 ± 0Æ02H 1Æ06 ± 0Æ03K

22728 0Æ14 ± 0Æ02B 0Æ25 ± 0Æ02C 0Æ57 ± 0Æ04H 1Æ08 ± 0Æ03K

Listeria monocytogenes 11994 0Æ16 ± 0Æ03B 0Æ39 ± 0Æ02E 0Æ92 ± 0Æ03J 1Æ41 ± 0Æ02N

9863 0Æ18 ± 0Æ03B 0Æ40 ± 0Æ03E 0Æ90 ± 0Æ04J 1Æ33 ± 0Æ03M

Gram-negative bacteria

Acinetobacter baumanii D3953 0Æ15 ± 0Æ02B 0Æ35 ± 0Æ02E 0Æ77 ± 0Æ02I 1Æ19 ± 0Æ04L

Escherichia coli 25922 0Æ19 ± 0Æ02B 0Æ52 ± 0Æ04F 1Æ41 ± 0Æ03N 1Æ61 ± 0Æ05O

411 0Æ17 ± 0Æ03B 0Æ44 ± 0Æ03E 0Æ93 ± 0Æ04J 1Æ35 ± 0Æ04M

02B1173 0Æ24 ± 0Æ02C 0Æ51 ± 0Æ03F 1Æ31 ± 0Æ02M 1Æ65 ± 0Æ03O

Pseudomonas aeruginosa 02B710 0Æ14 ± 0Æ02B 0Æ39 ± 0Æ02E 0Æ86 ± 0Æ04J 1Æ36 ± 0Æ04K

2633 0Æ16 ± 0Æ03B 0Æ42 ± 0Æ03E 0Æ91 ± 0Æ02J 1Æ33 ± 0Æ03K

2605 0Æ16 ± 0Æ01B 0Æ37 ± 0Æ01E 1Æ10 ± 0Æ03K 1Æ35 ± 0Æ03K

R5137 0Æ23 ± 0Æ02C 0Æ67 ± 0Æ02G 1Æ49 ± 0Æ04N 1Æ59 ± 0Æ02O

Klebsiella pneumoniae 04B4415 0Æ24 ± 0Æ01C 0Æ53 ± 0Æ03F 0Æ88 ± 0Æ02J 1Æ36 ± 0Æ03M

700721� 0Æ23 ± 0Æ01C 0Æ50 ± 0Æ02F 1Æ29 ± 0Æ2M 1Æ42 ± 0Æ04N

Proteus mirabilis 02B1121 0Æ25 ± 0Æ03C 0Æ67 ± 0Æ02G 1Æ31 ± 0Æ3M 1Æ61 ± 0Æ03O

*Inactivation kinetic k data. Values with different capitalized letter are significantly different at P £ 0Æ05.

�Designates strains that harbour genes for multiple resistance to antibiotics.
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Figure 2 Determination of inactivation rate constant k value for

Staphylococcus aureus D3187 (methicillin-resistant Staph. aureus)

after pulsing at 8 cm using decreasing lamp discharge energies: (d )

untreated control; ( ) 20 J; (h ) 12Æ8 J; ( ) 9 J; (4 ) 7Æ2 J; (r ) 5 J

and (e ) 3Æ2 J.
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linearized inactivation data where the slope (or k value)

provides a measure of the log reduction in cell population

(log10 CFU cm)2) per pulse. While k value determinations

where established for all test strains in a similar manner, it

is neither practical nor beneficial to illustrate all linearized

data plots for each strain in this study. However, the

lower the k value the greater the resistance to the applied

PL treatment, and this means of evaluating in vitro

inactivation performance was used to compare sensitivities

of all clinical bacteria under similar studies using

increasing discharge energies at 8 cm from light source

(Table 3).

Staphylococci and enterococci were significantly less

sensitive to lethal action of PUV at all discharge energies

tested compared to other Gram-positive and Gram-

negative bacteria under study. The level of resistance,

expressed in terms of k value determinations, of test

bacteria to PL treatments differed significantly (P < 0Æ05)
and are listed in order of decreasing resistance: Entero-

coccus spp., Staphylococcus spp., B. cereus, Enterobacter

spp., Listeria monocytogenes, Acinetobacter baumanii,

Ps. aeruginosa, Escherichia coli, Kl. pneumoniae and

Proteus mirabilis (Table 3). In particular, there was no

significant difference in inactivation levels amongst all

Ps. aeruginosa test strains at the uppermost test discharge

energy of 20 J, irrespective of production of slime or

pigments (P < 0Æ05). The harbouring of genes encoding

multiple resistances to antibiotics in certain test bacteria,

such MRSA, VRE and MDR-Kl. pneumoniae, did not

confer greater resistance to pulse light treatment when

compared to similar strains of the same species or

different species of test bacteria (Table 3). However,

studies were not carried out to determine whether these

microbial antibiotic resistance genes were plasmid or

chromosomally carried. The influence of the relative

position between test sample and light source on decon-

tamination efficacy was also investigated. A clear pattern

was observed where Gram-positive and Gram-negative

bacteria treated at a shorter distance from treatment

surface to the PL light source were more sensitive to this

decontamination approach (Fig. 3). An even distribution

of microbial killing was produced on the PL-treated plates

as observed by the random locations of survivor colonies

on agar surfaces, indicating that the central positioning of

the agar plates directly under the light source coupled

with the spread plate technique carried out in this study

helped to minimize any possible shading effects.

Influence of microbial population size and age on

decontamination efficacy

Test bacteria may react differently to PL exposure

depending on population size and stage in growth cycle.

Figure 4 shows changes in level of inactivation as a func-

tion of the number of Staph. aureus D3127 (MRSA) and

Ps. aeruginosa cells present on the surface of agar before

treatment. A clear pattern emerged where the lower the

initial starting cell population treated, the faster the

reduction in numbers observed. PL-treated Staph. aureus

cells produced an initial shoulder effect in sigmoidal-

shaped kinetic inactivation plots. With the exception

of samples treated at the lamp lowest discharge of 3Æ2 J,

this shoulder effect was absent from similarly treated

Ps. aeruginosa cells that exhibited linear inactivation data

during early to mid ranges of treatment using discharge

energies ‡5 J. The presence of this shoulder effect was a

pattern that was observed for all tested Gram-positive

bacteria, whereas all Gram negatives were devoid of this

shoulder phenomenon. It is important to note that death
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Figure 3 Effect of the distance between the lamp source and the

surface of spread-inoculated Petri dishes on the inactivation of Staphylo-

coccus aureus D3187 (r ) and Escherichia coli 411 (h ) at lamp

discharge energy of 12Æ8 J. Bars indicate ±SD. N and No: number of

test bacteria, respectively, before and after flashing. Solid line is the

trend line.
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Figure 4 Effect of initial population size (expressed in log10 CFU cm)2)

and pulse number on the inactivation of Staphylococcus aureus D3127

and Pseudomonas aeruginosa 2605 using lamp discharge energy of

7Æ2 J at 8 cm distance from xenon light source. Bars indicate ±SD. Initial

count for Ps. aeruginosa 2605, (e ) 3 log10; (h ) 5 log10; (4 ) 7 log10
and (s ) 9 log10. Initial count for Staph. aureus D3127, (r ) 3 log10;

( ) 5 log10; ( ) 7 log10 and (d ) 9 log10.
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rate kinetic data was determined from Gram-positive

bacteria using log-linear portion of curve avoiding use of

the shoulder section. Figure 4 also illustrated a distinct

tailing or tolerance effect in the inactivation data for both

Staph. aureus and Ps. aeruginosa, and this is a clear

pattern that emerged for all test bacteria where initial cell

population inoculated on plates was c. 9 log10 CFU cm)2.

The effect of microbial population size had a significant

effect on the sensitivity of slime and pigment producers

of Ps. aeruginosa to PL treatments. At starting cell

populations of £105 log10 CFU cm)2, all strains were

equally sensitive to PL, but at high starting cell popula-

tions, slime and pigment producers were more tolerant to

PL (Fig. 4). Figure 5 shows that Ps. aeruginosa was more

sensitive to lethal action of PL treatments during late

exponential (16 h) phase of growth compared to similarly

treated samples that had been grown and treated in

their stationary (24 h) phase when exposed to combina-

tions of low number of pulses using lower lamp discharge

energies. No significant difference in inactivation data

was observed between 16 and 24 h cultures exposed to

full treatment regimes of flashing at different range of

discharge energies used in this study (data not shown).

Influence of selective antimicrobial composition of

agar, soiling of agar and photoreactivation on PUV

decontamination efficacy

Antimicrobial or selective nature of agar

To test the possibility that the presence of antibiotics and

dyes present in selective agar may impact negatively on

the survival of subpopulations of PL-treated test bacteria,

samples were separately inoculated on both nonselective

TSYEA and selective agar (listed in Table 1) and similarly

pulsed at 7Æ2 J at 8 cm from light source and thereafter

enumerated after 48 h incubation at 37�C. A clear pattern

emerged where presence of selective agents in agar did not

significantly affect levels of survivors compared to simi-

larly treated samples grown and enumerated on TSYEA

plates. For example, Fig. 6 shows similar inactivation

kinetic data for E. coli 411 initially inoculated separately

on selective MacConkey agar and nonselective TSYEA,

flashed at 7Æ2 J at 8 cm distance from light source, and

survivors enumerated after 48 h. Data are not presented

for the other clinical bacteria treated and subsequently

enumerated on respective selective agar (as per Table 1)

and on nonselective agar (TSYEA), as there was no

significant difference observed for survivor counts using

different plating media (P > 0Æ05).

Artificial soiling of agar surface

To test the possibility that presence of organic matter artifi-

cially seeded on agar surfaces may impact negatively of

PL inactivation efficacy, test populations of bacteria were

suspended in PBS solutions containing increasing concen-

trations (0% control, 5%, 10% and 20% v ⁄ v) of foetal calf
serum (FCS) and were subjected to 50 pulses using the mid

range discharge energy of 7Æ2 J. No significant difference

in levels of inactivation was evident based on these agar

surface seeding studies (P = 0Æ445). However, a significant

difference in PL efficacy was observed when similar suspen-

sions of test organisms were treated in corresponding

PBS–FCS solutions (separate 10 ml volumes treated in

Petri dish) (Fig. 7). PL treatments reduced test populations

by 7Æ2 ± 0Æ3 log10 CFU cm)2 (PBS control; P = 0Æ545),
7Æ0 ± 0Æ3 log10 CFU cm)2 (5% FCS; P = 0Æ475), 6Æ5 ±

0Æ2 log10 CFU cm)2 (10% FCS; P = 0Æ035) and 3Æ6 ±

0Æ4 log10 CFU cm)2 (20% FCS; P = 0Æ001). Figure 8 shows

that there is a clear linear correlation in increased

absorbance with increasing concentrations of FCS at wave-

lengths of known biocidal efficacy (254, 260, 265 and

270 nm).

0
1
2
3
4
5
6
7
8
9

0 15 20 30 40
Number of pulses

S
ur

vi
vo

rs
 lo

g 1
0 

C
F

U
 c

m
–2

Figure 5 Effect of population age on sensitivity of Escherichia coli

411 to lethal action of pulsed light at 7Æ2 J at 8 cm from light sources.

( ) 16 h and (h ) 24 h cultures. Bars indicate ±SD.
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Figure 6 Survivor data (expressed in terms of log10 CFU cm)2) for

Escherichia coli 411 inoculated separately on selective MacConkey

agar and nonselective tryptone soya agar supplemented with 0Æ6%

yeast extract (TSYEA) plates and flashed at 7Æ2 J at 8 cm from light

source. ( ) MacConkey count and (h ) TSYEA count. Bars indicate

±SD.
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Photoreactivation

To test the possibility that photoreactivation occurs,

inoculated plates of Ps. aeruginosa were pulsed at 20,

7Æ2 and 3Æ2 J and then were exposed for 4 h of sunlight

post treatment. Untreated and treated control plates

(wrapped in aluminium foil for equivalent 4 h photo-

reactivation period) were incubated and enumerated

post treatment. Some photoreactivation was evident

after 15 and 45 pulses at the lower discharge energies

of 3Æ2 and 7Æ2 J, respectively (Fig. 9). However, a clear

pattern was demonstrated where no photoreactivation

effect was evident after full flash treatment regimes at

all discharge energies tested. No photoreactivation was

evident after 5 and 10 pulses at 20 J for Ps. aeruginosa

(Fig. 6).

Heating of agar surface during PUV treatments

Because of the presence of visible and infrared light

(together with UV light) in the pulsed spectrum emitted

by the xenon lamp, test samples and surrounding

surface media can warm up during flashing. Significant

change in surface media temperature can contribute in

part to inactivation performance achieved by PUV

system. Findings from this study showed that limiting

pulse number to 60, 50, 40, 30 and 15 pulses at lamp

discharge energies of 3Æ2, 5, 7Æ8, 12Æ2 and 20 J respec-

tively did not significantly alter surface temperature

beyond 4Æ2 ± 0Æ2�C. A distance of 8 cm between the

light source and the treatment agar surface was used for

these studies.
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Figure 8 Best fit plots of absorbance vs increasing percentage of

foetal calf serum (v ⁄ v). (r ) 254 nm; (h ) 260 nm; ( ) 265 nm and

(s ) 270 nm. Bars indicate ±SD.
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Figure 9 Effect of photoreactivation and repair for Pseudomonas

aeruginosa 2605 treated at lamp discharge energies of (a) 20 J,

(b) 7Æ2 J and (c) 3Æ2 J. Bars indicate ±SD. Reductions in populations

expressed in log10 CFU cm)2 with (h ) and without provision for

conditions inductive to ( ) photoreactivation.
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Figure 7 Effect of presence of organic matter on sensitivity of

Pseudomonas aeruginosa 2605 ( ) and Staphylococcus aureus

D3127 (h ) to pulsed light after 40 pulses using 7Æ2 J at 8 cm

distance from light source.
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Discussion

Results presented in this study showed that all clinically

relevant bacteria tested were reduced by c. 7 log10
CFU cm)2 on artificially seeded agar surfaces by the lethal

action of pulsed UV light. The inactivation rates achieved

for all test bacteria was shown to be directly related to

intensity of the lamp discharge energy, the number of

pulses applied, the distance from the light source, micro-

bial type and microbial population size and age studied.

Greater variations in sensitivity of test bacteria to

PL treatments was observed using combinations of low

discharge energies and reduced pulse number. For

instance, £40 and 30 pulses were required to reduce

predetermined populations by c. 7 log10 CFU cm)2 using

3Æ2–5 J, respectively, at 8 cm from light source, compared

to use of £10 pulses to achieve similar levels of inactivation

for samples treated at 20 J. Gram-positive bacteria were

shown to be more resistant than Gram negatives, a similar

trend was reported by Anderson et al. (2000). All Gram

positives tested exhibited a characteristic shoulder effect in

their sigmoid shaped inactivation kinetic data. However,

the latter shoulder feature was absent from similarly PL-

treated Gram negatives. Other researchers reported that

the shape of inactivation curves for microbial inactivation

by CW UV light and by PL was sigmoid in shape, but did

not report specific differences in the shape of death rate

kinetic data as a function of Gram reaction. Previous

researchers have reported that the initial plateau in death

rate plots is because of injury phase and once the maxi-

mum amount of injury has been surpassed, minimal addi-

tional UV exposure would be lethal for micro-organisms

with commensurate rapid reductions in survivor numbers

(Gómez-López et al. 2007). The latter section of the death

rate plot has been characterized by a tailing phase for

which there are several possible explanations: lack of

homogenous population, multi-hit killing phenomena,

varying abilities of cells to repair DNA damage, shading

effect that may have been produced by the edge of the Petri

dishes used in some experiments (Yaun et al. 2003). Use of

large initial cell populations inoculated on agar plates will

provide a shading protection effect because of hetero-

geneous sample seeding, where cells in the underneath

layers are not illuminated because of overcrowding effect.

However, in this present study, tailing was not evident

for lower cell population sizes, particularly when studying

inactivation plots of treated Gram-negative bacteria.

Complete inactivation of micro-organisms and absence of

tailing have also been reported (Otaki et al. 2003; Wang

et al. 2005); however, Gómez-López et al. (2007) noted

in their review of these findings that the effect on the

detection limit of the enumeration method should have

been better assessed. The latter authors also cautioned

about the potential for overestimation of the lethality

because of the possibility that two or more survivors

situated very close to each other on agar surfaces can form

just one colony, and therefore be enumerated as one

survivor. Bacterial strains harbouring multiple resistance to

antimicrobial agents were not more tolerant to PL irradia-

tion compared to similar strains of the same bacteria

species or different types of test bacteria. This is a promis-

ing finding as these particular MDR pathogens have been

reported to exhibit cross-resistance to chemical biocides

and to other antibiotics (Lambert et al. 2001; Randall et al.

2001; Gebel et al. 2002).

Pseudomonas aeruginosa is notorious for its resistance

to antibiotics primarily due to the permeability barrier

afforded by its Gram-negative outer membrane. Pseudo-

monas aeruginosa strains produce two types of soluble

pigments, the fluorescent pyoverdin and the blue green

pigment pyocyanin (often referred to as ‘blue pus’) that is

a characteristic of suppurative infections caused by this

pathogen. Previous researchers have demonstrated that

pyocyanin, a water soluble pigment, helps to protect

Ps. aeruginosa strains from UV-C exposure because of

their capacity to absorb wavelengths of light in this

germicidal region (Kerr et al. 1999). This present study

showed that production of pyocyanin by certain Ps. aeru-

ginosa test strains provided some protection against

germicidal action of PL exposure where low levels of flash

discharge energies (3Æ2–5 J) were used to treat initial cell

populations of £107 CFU cm)2. The ability of pigments

and ⁄or slime to afford protection against PL exposure

was observed to be a direct function of cell population,

lamp discharge energy and number of pulses applied. It is

possible that only beyond a significant cell population

threshold does Ps. aeruginosa produce protective pigmen-

tation, which is tightly regulated via complex quorum

sensing and inter-cell signalling. A recent in vivo study

carried out by Feuilloley et al. (2006) reported that a

single light pulse of a dose of 1 J cm)2 is sufficient to

entirely reduce a 6 log CFU ml)1 population of Ps. aeru-

ginosa suspended in ampoules of solution for injection.

Mucoid strains of Ps. aeruginosa produce an exo-

polysaccharide (alginate) slime that forms the matrix for

Pseudomonas biofilm, which anchors this bacterium to

various contact environments. In medical situations, the

exopolysaccharide protects the pathogen from the human

host immune defences. A clear pattern emerged where

mucoid-producing test strains of Ps. aeruginosa at high

population densities (c. 109 CFU cm)2) may exhibit

increased tolerance perhaps related to additional shading

via formation of complex slime. However, there was no

significant evidence of a protective effect from pigments

and ⁄or slime in Ps. aeruginosa test strains when discharge

energies of ‡12Æ8 J were used at a distance of 8 cm from

Pulsed light inactivation of clinical bacteria H.P. Farrell et al.
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inoculated agar surfaces. The contributing role of func-

tional housekeeping enzymes involved in either mopping

up toxic free radicals produced during PUV irradiation

and ⁄or chaperoning (protecting) critical internal cell

constituents cannot be discounted. Anderson et al. (2000)

demonstrated that the darker pigmented fungal spores of

Aspergillus niger were more resistant than spores of

Fusarium culmorum due perhaps to the pigment of the

former absorbing more in the UV-C region, thus protect-

ing Aspergillus in part from UV damage. However, the

authors did not corroborate these assumptions by obtain-

ing absorbance data for pigments extracted from spores.

In contrast, Gómez-López et al. (2005) did not observe

any sensitivity pattern among different groups of bacteria,

yeast and moulds to intense pulse light treatments.

However, Ps. aeruginosa was not included in their study.

The lethal effects of PL can be attributed to its rich

broad-spectrum UV-C content, its short duration, high

peak power, and its ability to regulate both the pulse

duration and frequency output of the flash lamps, which

plays a major role in microbial destruction. Despite

advances in applied research for this nonthermal process-

ing approach, findings from same of the effects of PUV

are frequently explained using current knowledge from

studies on the effect of continuous conventional UV

irradiation. However, despite PUV containing a UV-C

enriched component in its broad spectrum, the mechanis-

tic underpinnings governing microbial inactivation are

not equivalent for both approaches (Gómez-López et al.

2005). Considerable research has been performed to eluci-

date the different mechanisms underpinning microbial

inactivation by PL, all of them emphasizing pivotal role

of UV component of the pulsed spectrum along with inti-

mating other minor photochemical and photothermal

effects (Anderson et al. 2000; Wekhof et al. 2001; Takesh-

ita et al. 2003; Wuytack et al. 2003; Wang et al. 2005).

Gómez-López et al. (2007) astutely emphasized the

duality or co-existence of both mechanisms, and that

the relative importance of each one would depend on the

fluence and target micro-organism. The germicidal effect

of UV light on treated bacteria is mainly because of

formation of pyrimidine dimers inhibiting formation of

new DNA that ultimately derails the vital process of cell

replication (called clonogenic death). Without sufficient

repair mechanisms, such damage results in lethal irrevers-

ible mutations. Thus, the UV region is crucial to the

decontamination efficiency of PL treatments. It has been

confirmed that no microbial inactivation occurs if a filter

is included to remove the UV wavelength region lower

than 320 (Takeshita et al. 2003). Wang et al. (2005) also

corroborated this finding, where they demonstrated that

the filtered removal of broadband emission spectrum of

light at wavelengths above 300 nm had no significant

bearing on microbial inactivation performance of a pulsed

xenon flashlamp. Maximum lethality to PL-treated E. coli

occurred at around 270 nm. The latter corroborated

earlier work of Wekhof (2000) who demonstrated that

UV-C fluxes alone are sufficient for full inactivation using

a flash lamp.

However, it is also important to note that the photo-

thermal effect can occur and that intercellular heating

may contribute significantly to overall germicidal efficacy

of PL. Although the increase in surface temperature of

the inoculated agar did not exceed 4Æ2 ± 0Æ2�C after full

treatments in this present study, localized overheating of

the internal cellular constituents cannot be dismissed. For

example, Wekhof (2000) proposed that with a fluence

exceeding 0Æ5 J cm)2, the disinfection is achieved through

rupture of the bacteria during their momentous overheat-

ing caused by absorption of all UV light from a flash

lamp. Wekhof et al. (2001) later illustrated electron

micrographs of deformed and ruptured PL-treated

A. niger spores that provided evidence of the escape of

overheated contents of these fungal spores. However,

Takeshita et al. (2003) reported that the process of

irreversible electropermeabilization of cell membrane

induced by action of PL exposure cannot be ruled out,

particularly as the yeast cell structure of CW UV light–

treated cells was almost the same as that of nonexposed

cells. It is likely that the mechanism of cellular killing is

multi-targeted as this is also in line with relative inactiva-

tion of clinical bacteria plated on selective and nonselec-

tive agars in this study. This also corroborates findings of

Wuytack et al. (2003) who concluded that pulsed white

light inactivation should be regarding as a multi-hit

process based on enumeration of treated Salmonella cells

plated on selective and nonselective agar. This is in

marked contrast to recovery and enumeration of micro-

organisms exposed to deleterious stress commonly associ-

ated with conventional decontamination approaches, such

heating or use of chemical preservatives in food process-

ing, where sublethal damage of treated cells occurs

(Rowan et al. 1999; Yaqub et al. 2004).

It must also be stated that use of PL enriched in UV

has operational limitations because of its potential

detrimental effects on skin tissue and components of the

eye. While such operational issues can be addressed, other

research groups are alternatively exploring the potential

of photodynamically inactivating bacterial pathogens

using visible light at 400–420 nm (Ashkenazi et al. 2003;

Ganz et al. 2005; Lukšiene 2005). The mechanism of

cellular destruction attributed to photosensitization

involves using visible light where blue wavelength compo-

nent photoactivates endogenous porphyrins (photosensi-

tizers) that accumulate within the bacterial cells in oxygen

dependent process that ultimately kill the illuminated
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cells. This porphyrin excitation leads to energy transfer

and ultimately, the production of highly cytotoxic,

oxygen-derived free-radical species (Wainwright 1998).

While photosensitization is another milder technique that

might be useful to decontaminate surfaces and air using

light, a comparison of inactivation data reported previ-

ously by other researchers as a function of wavelength

suggests that visible light inactivation of bacteria (Guffey

and Wilborn 2006) is a significantly less efficient process

than is ultraviolet light inactivation (Wang et al. 2005).
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This constitutes the first study to report on the relationship between pulsed UV light (PL) irradiation and the
simultaneous occurrence of molecular and cellular damage in clinical strains of Candida albicans. Microbial
protein leakage and propidium iodide (PI) uptake assays demonstrated significant increases in cell membrane
permeability in PL-treated yeast that depended on the amount of UV pulses applied. This finding correlated
well with the measurement of increased levels of lipid hydroperoxidation in the cell membrane of PL-treated
yeast. PL-treated yeast cells also displayed a specific pattern of intracellular reactive oxygen species (ROS)
generation, where ROSwere initially localised in themitochondria after low levels of pulsing (UV dose 0.82 μJ/
cm2) before more wide-spread cytosolic ROS production occurred with enhanced pulsing. Intracellular ROS
levels were measured using the specific mitochondrial peroxide stain dihydrorhodamine 123 and the
cytosolic oxidation stain dichloroflurescin diacetate. Use of the dihydroethidium stain also revealed increased
levels of intracellular superoxide as a consequence of augmented pulsing. The ROS bursts observed during the
initial phases of PL treatment was consistent with the occurrence of apoptotic cells as confirmed by detection
of specific apoptotic markers, abnormal chromatin condensation and externalisation of cell membrane lipid
phosphatidylserine. Increased amount of PL-irradiation (ca. UV does 1.24–1.65 μJ/cm2) also resulted in the
occurrence of late apoptotic and necrotic yeast phenotypes, which coincided with the transition from
mitochondrial to cytosolic localisation of ROS and with irreversible cell membrane leakage. Use of the comet
assay also revealed significant nuclear damage in similarly treated PL samples. Although some level of cellular
repair was observed in all test strains during sub-lethal exposure to PL-treatments (≤20 pulses or UV dose
0.55 μJ/cm2), this was absent in similar samples exposed to increased amounts of pulsing. This study showed
that PL-irradiation inactivates C. albicans test strains through a multi-targeted process with no evidence of
microbial ability to support cell growth after≤20 pulses. Implications of our findings in terms of application of
PL for contact-surface disinfection are discussed.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The incidence of nosocomial yeast infections has increased
markedly in recent time and has become a major cause of morbidity
and mortality in vulnerable groups including neonates, cancer
patients and the elderly (Fanello et al., 2001). More than 90% of
persons infected with HIV who are not receiving highly active
antiretroviral therapy eventually develop oropharyngeal candidiasis
(de Repentigny et al., 2004). Prevention of infection is a superior
approach compared to the cost and consequences of treatment of
infection, with strong emphasis placed on hand hygiene compliance
and proper cleaning regimens that include use of effective surface
decontamination techniques (Solberg, 2000).

Pulsed UV light (PL) technology has received considerable
attention as a promising next-generation approach for decontaminat-
ing food, packaging, water and air (Gómez-López et al., 2007;
Elmnasser et al., 2007; Garvey et al., 2010). This approach kills
microorganisms by using ultrashort duration pulses of an intense
broadband emission spectrum that is rich in UV-C germicidal light
(200–280 nm band). PL is produced using techniques that multiplies
powermanifold by storing electricity in a capacitor over relatively long
times (fractions of a second) and releasing it in a short time (millionths
or thousandths of a second) using sophisticated pulse compression
techniques (Rowan et al., 1999; Gómez-López et al., 2007). The
emitted flash has a high peak power and usually consists of
wavelengths from 200 to 1100 nm broad spectrum light enriched
with shorter germicidalwavelengths (Wang et al., 2005;Gómez-López
et al., 2007). A strong advantage of using pulsed xenon lamps over
continuous low tomediumpressure conventional UV lamps is that the
former has a characteristic high peak-power dissipation, which allows
for more rapid microbial inactivation. A continuous 10 W lamp needs
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to be operated for 10 s to achieve the same decontamination efficacy
(supplying same energy) as a pulsed lamp of typically 1 MWoperated
for just 100 μs. Despite significant interest in the development of PL as
an alternative or complementary means of disinfection, most
published studies to date have only used conventional aerobic plate
counts to report on gross microbial viability post UV irradiation.
Moreover, with the exception of a limited study undertaken by
Takeshita et al. (2003) no other published researchhas reported on the
inter-related cellular responses involved in microbial response to
pulsed light treatments. This dearth in microbial physiology data is
critical as it may unlock key information for the subsequent
development and optimization of this novel decontamination tech-
nology for surface, water and air applications.

This constitutes the first study to report on the relationship
between the occurrence and augmentation of nuclear and cellular
damage and apoptosis in clinically-relevant Candida albicans cells as a
consequence of increased amounts of pulsed UV light treatments.

2. Materials and methods

2.1. Preparation and pulsing of C. albicans stains with UV rich light

A bench-top pulsed power source (PUV-1, Samtech Ltd., Glasgow)
was used to power a low-pressure (60 kPa) xenon-filled flashlamp
(Heraeus Noblelight XAP type NL4006 series constructed from a clear
UV transparent quartz tube), that produced a high-intensity diverging
beam of polychromatic pulsed light, was used in this study following
themethod of Farrell et al. (2009)withmodifications. The pulsed light
has a broadband emission spectrum extending from the UV to the
infrared region with a rich UV content and its intensity also depends
on the level of the voltage applied. The manufacturer stated that the
discharge tube represents a line-source of limited length and
consequently the light formed an elliptical, equi-intensity profile
over the sample plane eliminating shading effects. This resulted in a
~30% variation in luminous intensity between the centre and the edge
of the sample. The light source has an automatic frequency-control
function that allows it to operate at one pulse per second that was
used throughout this study. Light exposure was homogeneous as the
xenon lamp measuring 9 cm×0.75 cm was longer than the 8.5 cm
diameter polystyrene Petri dishes used in the tests, whichwere placed
directly below the lamp. For standard treatments, the light source was
mounted at 8 cm above the treatment area that was designed
specifically to accommodate a standard Petri dish containing 10 ml
of sample and was set as the minimum or lower threshold distance by
the fabricant. This was to ensure that full coverage of the Petri dish
occurred and to eliminate possible shading effects.

Test microorganisms used in these experiments, their origin and
clinical relevance are summarized in Table 1. All test strains were
maintained in Microbank storage vials (Cruinn Diagnostic, Ireland) at
−70 °C. Identification of three randomly selected isolates of each
yeast strain was confirmed before and after experimental studies by
use of the germ-tube assay with occasionally use of the VITEK yeast
biochemical card and API-32 C systems (bioMérieux, France) as per
methods described by Hsu et al. (2003). Strains were stored at 4 °C on
agar slopes of Malt Extract agar (MEA; Oxoid, Basingstoke, UK) and

checkedmonthly for purity and renewed. To prepare the test samples,
yeast test strains were streaked to purity from porous beads taken
from Microbank vials, and an isolated colony was then transferred to
50 ml Malt Extract broth (MEB adjusted to pH 5.6±0.2 °C; Oxoid,
Basingstoke, UK) and cultivated with shaking at 125 oscillations per
minute for 14 h at 35 °C until each test organism (listed in Table 1)
reached late exponential phase as reported previously by Farrell et al.
(2009). The optical densities of test samples were then spectropho-
tometrically adjusted at 640 nm to 0.2 units (ca. 108 CFU/ml) [Model
UV-120-02 instrument, Shimadzu Corp., Kyoto, Japan] using 0.1 M
phosphate buffered saline (PBS) [pH 7.2] (confirmed via aerobic plate
count). Standard UV treatments involved re-suspending OD640nm-
adjusted yeast samples in sterile 10 ml of 0.1 M PBS, which was
aseptically transferred to 8.5 cm Petri dishes and subjected to UV light
treatments. The number of pulses of light used ranged from 0
(untreated control) to 150 pulses using a lamp discharge energy of
7.2 J at a distance of 8 cm from the light source that was shown
previously to inactivate test yeast populations by ca. 7 log CFU/ml over
this treatment regime (Farrell et al., 2009). Measurement of
corresponding fluence rate (or ‘irradiance) (Joule/cm2) at each
applied pulse was determined using chemical actinometry as
described by Rahn et al. (2003), as the non-continuous emitted
spectrum did not facilitate use of a calibrated radiometer. Dose is
sometimes used as a synonym of fluence. The lethality of this PL
process was confirmed by enumerating survivors post-treatments on
triplicate Sabouraud dextrose agar (SDA; Oxoid) and MEA plates
(both adjusted to pH 5.6±0.2 °C) using the spread plate technique
(expressed in terms of log10 colony forming units or CFU ml−1). After
48 h at 35 °C, typically with the highest dilution, identify was
confirmed as described above. All experiments were carried out in
triplicate using the same culture to avoid sample variability. Heating
of the yeast suspensions was measured using a thermocouple and by
thermal imaging (IRI 4010, InfraRed Integrated Systems Ltd, North-
ampton, England) using modifications of Nugent and Higginbotham
(2007). There was no discernable increase in saline temperature
during UV treatments.

2.2. Determining yeast cell membrane integrity post UV treatments using
microbial protein leakage and propidium iodide dye uptake assays

Damage or disruption to the cell membrane of test yeast was
determined by measuring loss of intracellular proteins released into
sample supernatant post-UV-irradiation at each PL-treatment end-
point. Treated and untreated yeast cell suspensions were kept on ice
to prevent protease activity, centrifuged at 10,000 rpm for 10 min at
10 °C, and the supernatant was collected thereafter. The concentra-
tions of eluted yeast protein in the supernatants were determined
spectrophotometrically using the BSA Protein assay kit (Pierce
Chemical) using 150 μl sample aliquots. The absorbances of PL-
treated samples, untreated controls and BSA standards (range 0–
200 μg BSA/ml) were measured at 560 nm after 2 h incubation at
37 °C on a micro-titre plate reader (Wallac 1420 VICTOR2™ Turku,
Finland). The standard curve of increasing concentration of BSA
standard (μg/ml) against corresponding absorbance (560 nm) (data
not shown)was used to determine the protein concentration of all PL-
treated samples and untreated controls.

Non-permeable propidium iodide (PI) dye was also used to
investigate disruption of cell membranes in similarly treated samples.
When used in combination with the membrane-permeable fluores-
cent 4′,6-diamidino-2-phenylindole (DAPI) stain that binds strongly
to DNA, it is possible to determine the proportion of cells with
permeabilized cell membranes post UV treatments. 500 μl aliquots of
treated cell suspensions (approx 107cell ml−1) were transferred to
sterile Eppendorf tubes. Propidium iodide (Sigma) was added to a
concentration of 100 μg/ml and the tubes were then incubated in the
dark for 30 min at 4 °C. The cell suspension was subsequently counter

Table 1
Origin and clinical significance of test strains.

Strain Sourcea Code Clinical significance

Candida albicans NUHG 6250 Human blood isolate
Candida albicans NUHG R810 Human sputum isolate
Candida albicans NUHG R854 Human sputum isolate
Candida albicans NUHG D7100 Human wound isolate
Candida albicans ATCC 10231 Human bronchomycosis

a National University Hospital Galway (NUHG), American Type Culture Collection
(ATCC).
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stained with 1 μg/ml DAPI. The cell suspension was then washed
twice and resuspended in fresh PBS. A 20 μl aliquot of cell suspension
from treated and control samples was transferred to a clean
microscope slide, then mounted with glycerol gelatin (Sigma) and
subsequently examined by fluorescence microscopy (Leitz Diaplan,
Germany). All samples were examined in triplicate.

2.3. Measurement of reactive oxygen species (ROS) produced in UV
irradiated test yeast

Overproduction of ROS in yeast cells as a consequence of UV
irradiation was determined by using a number of oxidative-stress-
sensitive probes namely: dihydrorhodamine 123 (DHR 123), 2′,7′-
dichlorodihydrofluorescein diacetate (DCFH-DA) and dihydroethi-
dium (DHE) (all probes were purchased from Sigma). Following UV
treatments, 500 μl aliquots samples were separately transferred to a
sterile Eppendorf tube. Thereafter, DHR-123 was added to a
concentration of 5 μg/ml, and the tube was then incubated for 2 h at
30 °C in the dark. The oxidation of nonfluoresecnt DHR 123 to the
fluorescent rhodamine 123 is catalysed by the enzyme peroxidase
that accumulates in mitochondrial membranes (Nomura et al., 1999;
Qin et al., 2008). The oxidation of DHR 123 was measured
fluorimetrically using excitation and emission wavelengths of 505
and 535 nm. DCFH-DA was added to similarly treated samples at a
final concentration of 10 μM from a 1 mM stock solution in ethanol,
and then incubated at 30 °C for 1 h in the dark. The acetyl groups in
DCFH-DA are removed by membrane esterases to form 2′,7′-
dichlorodihydrofluorescein (DCFH) when this probe is taken up by
viable cells. DCFH is not fluorescent but is highly sensitive to ROS
(such as RO2, RO, OH, HOCl, and ONOO−) and is oxidised to the highly
fluorescent compound 2′,7′-dichlorofluorescein via reactions de-
scribed previously by Ischiropoulos et al. (1999). Exposure of samples
to light was minimised, and fluorescence was measured spectro-
fluorometrically (Wallac 1420 VICTOR2™ Turku, Finland). Dihy-
droethidium (DHE) was added to a concentration of 5 μg/ml, and
then incubated for 10 min at room temperature (DHE) is oxidised to
the fluorescent ethidium (ET) and is relatively specific for O2

_, with
minimal oxidation induced by H2O2, ONOO−, or HOCl as observed
previously by Tarpey and Fridovich (2001). The cell suspension was
subsequently counter-stained with 1 μg/ml DAPI. The cell suspension
was then washed twice and resuspended in fresh PBS. 20 μl aliquot
test samples and untreated controls were transferred to a clean
microscope slide, mounted with glycerol gelatin (Sigma) and
examined by fluorescence microscopy (Leitz Diaplan, Germany).

2.4. Measurement of lipid hydroperoxides production in UV irradiated
yeast

A PeroxiDetect™ kit was used to determine the levels of lipid
hydroperoxides in yeast cell lysate, which is based on a modified
ferrous oxidation/xylenol orange assay of Jiang et al. (1991). Lipid
peroxides oxidize Fe2+ to Fe3+ ions at acidic pH that form a colour
adduct with xylenol orange (XO, 3,3′-bis[N,N–bis (carboxymethyl)
aminomethyl]-o-cresolsulfonephthalein, sodium salt), which is ob-
served at 560 nm. The cell lysate was prepared as described by Jiang
et al. (1991). Test yeast cell suspensions were UV-treated as outlined
above. Samples (5 ml) were harvested and washed twice with
distilled water (15,000 rpm for 5 min at 4 °C). Cell pellets were
subsequently transferred to 13×100-mm glass culture tubes and
resuspended in 300 μl of methanol/0.01% butylated hydrotoluene
(BHT). Approximately 1 g of glass beads was added, and the cells were
lysed by vortexing (4 cycles of 30 s vortex, 30 s on ice), and the upper
methanol layer was transferred to a microcentrifuge tube. The glass
beads were then washed once with 1 ml of methanol/0.01% BHT, the
methanol layers were pooled, and following centrifugation
(100,000 rpm for 10 min at 4 °C) the supernatants were assayed for

oxidation products. A tert-butyl hydroperoxide (tert-BuOOH) stan-
dard curve was prepared in 90% methanol [data not shown]. Working
reagent was prepared by mixing 100 μL of ferrous ammonium
sulphate Reagent (2.5 mM ammonium ferrous (II) sulphate/0.25 M
sulphuric acid), and 10 ml of organic peroxide colour reagent (4 mM
BHT/125 μM xylenol orange in 90% methanol). Samples of yeast cell
lysate (100 μL) were added to 1 ml of working reagent. Samples were
incubated at room temperature for 30 min, and the absorbance at
560 nm was measured.

2.5. Measurement of apoptosis in UV irradiated yeast

The following studies were undertaken to investigate the
occurrence of cellular apoptosis and necrosis in PL-treated test
yeast. Translocation of lipid phosphatidylserine (PS) from the inner
leaflet to the extracellular side of the plasma membrane is an early
stage event in apoptosis and was detected by using the Annexin V-
FITC Apoptosis Detection kit (Sigma) as described by Madeo et al.
(1999) with modifications. Annexin V stain has a strong binding
affinity for PS. After PL-treatments, cells were harvested and washed
with sorbitol buffer (1·2 M sorbitol, 0·5 mM MgCl2, 35 mM K2HPO4,
pH 6·8). Cell walls were digested with 60 U lyticase ml/L in sorbitol
buffer (Sigma) for about 60 min at 28 °C, where digestion with this
enzyme was carefully monitored by phase-contrast microscopy in
order to prevent damage to the unfixed protoplasts. Cells were then
washed twice with binding buffer (10 mM HEPES/NaOH, pH 7·4,
140 mM NaCl, 2·5 mM CaCl2; CLONTECH Laboratories) containing
1·2 M sorbitol. To 38 μl cell suspensions in binding/sorbitol buffer
were added 2 μl Annexin V (20 μg/ml) and 2 μl of a prodidium iodide
(PI) working solution and incubated for 20 min at room temperature.
The cells were then washed three times and resuspended in binding/
sorbitol buffer. Finally the 10 μl of cell suspensions were transferred to
clean microscope slides and mounted with the glycerol gelatine.
Slides were observed using a Hamamatsu Colour chilled 3cco camera,
attached to fluorescence microscope (Leitz Diaplan, Germany) at 40×
and 100× magnification. For quantitative assessment of Annexin V−

PI staining, at least 200 yeast cells were counted per sample and trials
were repeated in duplicate. This combined Annexin V/PI staining
approach enables distinction of early apoptotic (designated as
Annexin V+/PI−), late apoptotic (designated as Annexin V+/PI+)
and necrotic (designated as Annexin V−/PI+) cells. Chromatin mor-
phology was also examined using DAPI stain as apoptotic cells
demonstrate abnormal chromatin condensation with fragments form-
ing a semicircle as described previously by Herker et al. (2004). The
chromatin of untreated control samples appear as a single round spot in
themiddle of the cell. The standardprotocol forDAPI nuclei stainingwas
used as described by Klassen and Meinhardt (2004). Treated and
untreated cells were collected by centrifugation at 10,000 rpm for
10 min, then resuspended in 70% (v/v) ethanol and incubated for 1 h for
fixation and permeabilisation. Following washing and rehydration in
PBS, cells were resuspended in PBS containing 1 μg ml/L DAPI and
visualized under a fluorescence microscope (Leitz Diaplan, Germany).

2.6. Detection of genotoxic damage in PL-irradiated test yeast using the
comet assay

A modified alkaline comet assay procedure of Miloshev et al.
(2002) was used in the present study for detecting and analyzing the
ability of PL irradiation to cause DNA damage that includes strand
breaks. C. albicans test strains were inoculated into separate 100 mL
malt extract broth (Fluka) and incubated in a shaking incubator (New
Brunswick Scientific Innova 4000) at 35 °C and 125 oscillations per
minute for 18–24 h. The broth was centrifuged at 1400 rpm (Mistral
MSE 1000 benchtop centrifuge), the supernatant discarded and the
pelleted yeast cells resuspended in sterile PBS to a population density
of ~107cells/mL (confirmed via plate counts). 10 mL aliquots were
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distributed into sterile Petri dishes and each dish was individually
exposed to UV irradiation regimes as outlined earlier. Three 10 mL
aliquots were incubated in 0.1 mM, 0.5 mM and 1 mM H2O2

respectively. These samples served as positive controls. A solution
(referred to hereafter as SCE) containing 1.0 M sorbitol, 0.1 M sodium
citrate and 60 mM EDTA was prepared. The irradiated yeast suspen-
sions were collected in centrifuge tubes and centrifuged at 1000 rpm
for 10 min. The pellets were washed twice in 10 mL 40 mM EDTA/
90 mM2-mercaptoethanol (known hereafter as 2-ME), discarding the
supernatant. 2 mL SCE, 16 μL 2-ME and 0.2 mg lyticase were added to
each centrifuge tube to resuspend the washed pellets. The tubes were
incubated at 37 °C for 2 h in order to produce spheroplasts. A lysis
buffer was prepared, consisting of 50 mM TrisHCl; 25 mM EDTA;
0.5 M NaCl; 3 mM MgCl2; 3 mM 2-mercaptoethanol; 0.1% (v/v)
Triton-X-100; and 10% (v/v) SDS. After the 2 h incubation period,
the tubes were again centrifuged at 650 rpm for 10 min and the
supernatant discarded. Each pellet was resuspended in 700 μL lysis
buffer and incubated at 68 °C for 15 min, vortexing intermittently
during this time. 200 μL of each sample was mixed with 400 μL 0.7%
(w/v) low-melting point (LMP) agarose (previously boiled and then
cooled to ~40 °C prior to mixing) and then spread thinly and evenly
on to glass slide and immediately covered with a Gelbond®,
Electrophoresis Film, (Sigma-Aldrich, Ireland) strip and stored at
4 °C for 10 min until the gel had set. Alkaline electrophoresis was
preceded by a 20 min unwinding step in electrophoresis buffer pH13.
Electrophoresis was performed in at 25 V and 300 mA for 12 min in a
2 L capacity 35 cm tank connected to Power Pac 300 (Bio-Rad), with
gelbond strips placed horizontally side by side avoiding gaps. Yeast
cells were neutralized by rinsing 3 times with Tris–Cl buffer pH 7.4
before fixation in 100%methanol for a minimum of 3 h at 4 °C. Prior to
analysis, DNA was stained by placing gelbond strips in freshly
prepared SYBR® Gold nucleic acid stain (Invitrogen GmbH, Germany)
for 40 min at room temperature. Finally, the gels were cover-slipped
and viewed at 400× magnification using a fluorescent microscope
(Leitz Diaplan) equipped with an excitation filter of 475–490 nm.

2.7. Detection of photo-reactivation in UV-irradiated yeast

This experiment was designed to investigate the degree of photo-
reactivation in PL-treated test yeast following the method of Farrell
et al. (2010). Briefly, plates were prepared by spread plating 50 μl of
cell suspension on relevant solid media in triplicate for each exposure.
The plates were exposed to increasing doses UV irradiation as per
regimes described earlier. The first three plates were immediately
wrapped in aluminium foil post treatment; the remaining three plates
were exposed to direct sunlight for 4 h post-treatment. The plates
were incubated for 48 h at 37 °C. To determine the number of
surviving cells, colonies were counted and expressed as log10 colony
forming units (CFU)/cm2.The experiment was conducted in triplicate
and variance determined.

2.8. Statistical analysis

Student's t-tests and ANOVA one-way model (MINITAB software
release 13; Mintab Inc., State College, PA) were used to compare the
effects of the relationship of independent variables on light
treatments.

3. Results and discussion

3.1. Determination of cell membrane integrity and functionality post
pulsed light treatments

The integrity of yeast cell membrane in response to separate PL
was determined using protein leakage and the combined PI/DAPI cell
staining assays. Propidium iodide (PI) has been previously used as an

indicator of microbial cell membrane functionality (Helmerhorst
et al., 1999) as PI is able to enter permeabilised cells. Once in the
microbial cytoplasm PI binds to nucleic acids yielding fluorescence in
the red wavelength region (Virto et al., 2005). The relationships
between cell vitality (determined by PI/DAPI staining), cell viability
(determined by total aerobic plate counts) and concentration of
eluted fungal proteins from PL-treated C. albicans D7100 are shown in
Fig. 1. These results demonstrated a UV dose-dependent increase in
both protein leakage and membrane permeability, which was also
strongly correlated with a commensurate decrease in cell viability
over similar PL treatment regimes. 15.3±0.5 μg/ml of fungal protein
was lost from the cell after 150 pulses (or UV dose of 4.1 μJ/cm2),
which corresponded to a 7.8 log order reduction in cell viability
(Fig. 1). A similar pattern of protein loss with increased PL exposure
was exhibited by all C. albicans strains tested (r2=0.89) (data not
shown).

Plasma membrane permeabilisation in response to PL was
estimated by fluorescence microscopy based on the influx of PI that
is excluded by test yeast cells with intact plasma membranes. The
proportions of C. albicans test cells exhibiting PI permeability were
plotted versus increasing exposure to PL at 7.2 J (Fig. 2). PL-treated
cells demonstrated increased PI fluorescence in response to increasing
amounts of UV exposure. This UV dose-dependent increase in cell
permeability correlated strongly with a commensurate decrease in
cell viability in PL treatment (Fig. 2). During the initial 15 pulses of PL-
irradiation (UV dose 0.41 μJ/cm2) less than 1% of treated cell were
found to exhibit PI permeability (Fig. 2). However, following 20 pulses
(UV dose 0.55 μJ/cm2) there was an exponential increase in the
numbers of PI positive cells with a corresponding decrease in cell
viability. After 90 and 150 pulses (equivalent to UV doses of 2.4 and
4.1 μJ/cm2 respectively), approximately 90% and 99% of treated yeast
cells displayed PI fluorescence. The overall trend observed with the PI
cellular uptake assay was consistent with that observed with the
protein leakage assay for similarly treated samples; suggesting that
loss of plasmamembrane selective permeability coincides with loss of
membrane integrity with increasing exposure to PL-irradiation.

The latter highlights the importance of cell membrane integrity
and functionally in maintaining viable clinically-relevant yeast.
Previous studies have shown that the ability of yeast to cope with
environmental stresses that affect plasma membrane organisation
and functionality depends upon maintenance of its physical char-
acteristics such as organization of fatty acyl chains in the phospho-
lipid membrane (van der Rest et al., 1995). A similar phenomenon
was observed by Takeshita et al. (2003), who noted that the
concentration of eluted proteins varied significantly between pulsed
light and low-pressure UV (LP-UV) irradiated yeast cell suspensions,
with LP-UV treated samples showing minimal protein leakage. These
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authors reported that this observed difference in cell membrane
integrity post UV irradiation may be attributed to the contribution of
spectral components of pulsed light that is not present in LP-UV lamp
spectrum. Other researchers have reported previously that exposing
Saccharomyces cerevisiae cells to near-UV radiation (300–400 nm)
caused damage to the yeast cell membrane functionality due to loss of
permeability and to membrane-associated active transport processes
(Arami et al., 1993).

3.2. Generation of reactive oxygen species (ROS) in UV irradiated test
yeast

Oxidative stress is an unavoidable consequence of life in an
oxygen-rich atmosphere. Oxygen radicals and other activated oxygen
species are generated as by-products of aerobic metabolism and
exposure to various natural and synthetic toxicants. Redox homeo-
stasis in cells is important for the maintenance of proper cellular
functions (Adler et al., 1999) including intracellular communication
(Karu, 2008) as well as initiation and propagation of apoptosis
(Madeo et al., 1999). Elevated levels of intracellular reactive oxygen
species (ROS) can be biologically deleterious, potentially damaging a
wide range of macromolecules including nucleic acids, proteins and
lipids. The production of intracellular ROS was monitored in test yeast
during the course of PL-treatments using the specific ROS mitochon-
drial stain dihydrorhodamine-123 (DHR-123) and cytosolic stain
2′,7′-dichlorodihydrofluorescein diacetate (DCFH-DA). Previous
researchers have that DRH is no fluorescent, uncharged, and readily
taken up by cells, whereas DHR-123, the product of DHR oxidation, is
fluorescent, is positively charged, and binds selectively to the inner
mitochondrial membrane of living cells (Royall and Ischiropoulos,
1993; Qin et al., 2008). Qin et al. (2008) reported that the fluorescence
of this dye is an indicator of mitochondrial reactive oxygen
intermediate production and membrane integrity. Our findings
revealed a distinct shift in the localisation of intracellular ROS
generation in test yeast over the 150 pulse regime at 7.2 J (Figs. 3, 4
and 5). A low basic level of ROS with distinct mitochondrial
localisation was initially observed within the first 20 pulses by
visualization of DHR-123 fluorescence, which also included localised
ROS clusters about the periphery of the cells (data not shown). A
sudden drop inmitochondrial ROS levels was observed after 20 pulses
in PL-treated test yeast with a subsequent steady UV dose-dependent
increase in ROS levels occurring with increased pulsing. Maximal
levels of ROS induced fluorescence were observed following 20 pulses
at 7.2 J, with similar levels observed after the terminal 150 pulse end
point.

The ROS profile measured using the cytosolic specific 2′,7′-
dichlorofluorescein (DCFH-DA) stain revealed a significantly different
pattern of activity in similarly treated PL-samples (Fig 4). Previous
researchers have reported that DCFH-DA is also readily taken up by
cells and, after deacetylation to DCFH, is oxidised to its fluorescent

derivative, DCF, and remains in the cytosol (Royall and Ischiropoulos,
1993; Qin et al., 2008). The DCFH-DA method has become a standard
technique for measuring ROS formed in cells by ionizing radiation
(Hafer et al., 2008). The DCFH-DA plot for PL-treated cell suspensions
demonstrated marginally increased levels from 30 pulses
(corresponding to DHR-123 pattern) with a substantial dose-
dependent increase in ROS load evident at 90, 120 and 150 pulse
end-points. The levels of cytosolic ROS observed following 150 pulses
in test yeast were approximately 20 times those observed following
30 pulses and 10 times those observed following 90 pulses in similarly
treated samples at 7.2 J. DCFH can be oxidised by several reactive
species, including RO2, RO, OH, HOCl, and ONOO−, but only longer-
lived radicals contribute to the increase in fluorescence (Ischiropoulos
et al., 1999).

The intracellular superoxide levels in PL-treated yeast were
measured using the ROS stain dihydroethidium (DHE) (Fig. 5). This
superoxide-specific stain had been used successfully by other
research groups to investigate ROS activity in microbial cultures
(Carter et al., 1994; Henderson and Chappell, 1993). The oxidation of
DHE to ethidium (ET) is relatively specific for O2

−, with minimal
oxidation induced by H2O2, ONOO−, HOCl (Tarpey and Fridovich,
2001). DHE is dehydrogenated to ethidium, which then intercalates
with negatively charged DNA and emits a red fluorescent signal. Our
findings showed that PL-treated samples demonstrated a UV dose-
dependent increase in intracellular superoxide levels (Fig. 5). Specif-
ically, a UV dose-dependent increase in superoxide levels was
observed following 30 pulses, which culminated in ca 98% of PL-
treated yeast cells exhibiting intense DHE-mediated fluorescence
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following 150 pulses (Fig. 5). The presence of high levels of
superoxide anion at higher PL exposures is in agreement with the
observations of Rowe et al. (2008) who noted that as the redox state
of yeast cells continues to move toward an oxidised state as a
consequence of high levels of DNA damage caused by increased
intracellular levels of O2

−, such ROS-stressed cell can no longer survive
due to extensive nuclear and macromolecular damage. There was a
degree of variation observed in ROS levels between the strains,
however, the patterns of distribution remained consistent where all
strains exhibited enhanced ROS activity when exposed to increased
amount of pulsing [data not shown].

Under normal physiological conditions, intracellular ROS generat-
ed during respiration are retained by the mitochondria and reduced
by protective enzymes such as superoxide dismutase, catalase and
glutathione peroxidise (Chang et al., 2004). However, a reduction in
protective enzyme activity or an event such as mitochondrial
membrane depolarisation can result in the accumulation of ROS in
the cytoplasm that imparts an oxidative stress burden on the cell
(Gourlay and Ayscough, 2005) The diversity of ROS species that can be
generated in cells is matched by a variety and complexity of cellular
responses to detoxification, repair of damage, or maintenance of
metal ion homeostasis, with at least 450 genes required to maintain
cellular resistance to ROS (Perrone et al., 2008). Such intracellular
defence mechanisms in yeast involve antioxidant enzymes, such as
superoxide dismutases (SODs), catalases and peroxidises (Kwon et al.,
1994) are susceptible to damage by ROS. Previous studies have
demonstrated that oxidative processes result in the loss of key
antioxidant enzymes (Hodgson and Fridovich, 1975; Kono and
Fridovich, 1982; Tabatabaie and Floyd, 1994), which may exacerbate
oxidative stress-mediated cytotoxicity (Lee et al., 2001). A reduction
in superoxide-dismutase activity has been shown to reduce cell
viability (Longo et al., 1996; Wawryn et al., 1999). Both superoxide
dismutase and catalase are readily deactivated by singlet oxygen and
by the radicals (Escobar et al., 1996). Thus, there is a growing
consensus that ROS, such as hydroxyl radicals, superoxide anions, and
organic hydroperoxides, play a role in cellular damage caused by
ionizing radiation such as DNA strand breaks, lipid peroxidation and
protein modification (Lee et al., 2001). Lee et al. (2001) showed that
cytosolic and mitochondrial SODs play an essential role in the
protection of yeast cells against ionizing radiation. This observation
is further supported by the significant increases in ROS levels such as
superoxide and organic hydroperoxides in PL-treated C. albicans
strains in this present study.

3.3. Role of PL-mediated lipid peroxidation of cellular membranes on the
viability of treated yeast

Lipid hydroperoxides are prominent non-radical intermediates of
lipid peroxidation whose identification can often provide valuable

mechanistic information such as whether a primary reaction is
mediated by singlet oxygen or oxyradicals (Girotti et al., 1985). The
endogenous oxidative degradation of membrane lipids by lipid
peroxidation result in the formation of a very complex mixture of
lipid hydroperoxides, chain-cleavage products, and polymeric mate-
rial (Girotti, 1998). Once initiated, lipid peroxidation can self-
perpetuate as a radical chain reaction, impairing membrane integrity
and membrane-associated functions (Alic et al., 2001; Davis, 2000).
The presence of lipid peroxides in PL-treated yeast was determined
using the peroxiDetect™ Kit (Fig. 6). Examination of the findings for
lipid peroxidation production in this study (Fig. 6) revealed a similar
pattern of microbial lethality aligned with enhanced protein leakage
(Fig. 1) and PI fluorescence (Fig. 2) due to increased pulsing. Test yeast
demonstrated a dramatic initial increase in lipid hydroperoxide levels
with c.a. 26, 43 and 67 nM peroxide ml/L measured following 45 (UV
dose 1.24 μJ/cm2), 90 (UV dose 2.48 μJ/cm2) and 150 (UV dose 4.13 μJ/
cm2) pulses at 7.2 J respectively. This also corroborates previous
observations from other research groups which reported that
peroxidised membranes become rigid and lose their selective
permeability and integrity when exposed to lethal extrinsic stresses
(Davis, 2000). Lipid hydroperoxides are by-products of the interaction
of ROS with lipid components of plasma membrane. Examination of
the results outlined in Fig. 6 revealed a UV dose dependent increase in
the levels of lipid hydroperoxides in response to increasing exposure
to PL irradiation. There was also a strong correlation between
increasing levels of lipid hydroperoxides and decreasing cell viability.

The relationship between intracellular ROS generation, lipid
peroxidation and cellular responses to sub-lethal and lethal stress
exposures is best understood by examination of themodel outlined by
Girotti (1998). Under normal physiological growth condition, the cell
is in homeostasis with a pro-oxidant/antioxidant balance. However,
exposure to low levels of an oxidant inducing stress such as PL causes
low levels of lipid peroxidation in treated cell membranes of test
yeast. There also appears to be a threshold for repair in PL-treated test
yeast that was limited to the first 20 pulses (UV dose 0.55 μJ/cm2).
With moderate levels of lipid peroxidation, stress signalling may lead
to the death program induction culminating in apoptotic death.
Higher levels of PL-mediated lipid peroxidation in test yeast caused
structural and metabolic damage leading to cell membrane lysis
(Figs. 1 and 2) and necrotic cell death became evident (Fig. 7). The loss
of membrane selective permeability is further supported by the
presence of extracellular aqueous hydroperoxides and superoxide
anions that accumulate after increasing amounts of high pulsed light
exposures [data not shown]. Arami et al. (1997) demonstrated that
photo-decomposition of ergosterol following exposure to near-UV
radiation caused cell death. This may also be in part attributed to
alteration to the sterol structure as a result of singlet oxygen-
mediated oxidation of ergosterol in the plasma membrane of PL-
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treated yeast leading to the formation of oxysterols that do not
optimally support membrane function and cell growth (Böcking et al.,
2000). Such alterations in the structure and functioning of ergosterol
in PL-treated yeast may cause destabilisation of membrane with
commensurate loss of fluidity leading to cell death. Böcking et al.
(2000) also indicated that the fatty acid composition of cellular
membrane lipids accounted for different sensitivities to oxidative
damage, where the cell membrane also acts as a primary site for
oxidative attack. These findings indicate that irreversible disruption of
cell membrane functionality contributes to PL mediated inactivation
in clinical-relevant C. albicans.

3.4. Determination of apoptosis and necrosis in PL-treated C. albicans

Apoptosis is a highly regulated form of programmed cell death in
higher eukaryotes. Apoptosis is defined by a set of cytological
alterations including externalisation of lipid phosphatidylserine
(PS), chromatin condensation, DNA breakage and uncontrolled
accumulation of ROS (Madeo et al., 2002). DNA fragmentation and
formation of membrane-enclosed cell fragments termed “apoptotic
bodies” (Martin et al., 1995) also occurs. Programmed cell death is
found in many eukaryotes and is crucial for embryogenesis, tissue
homeostasis and disease control in multicellular organisms (Madeo
et al., 2002). Recently, it was discovered that simple unicellular
organisms like budding S. cerevisiae, Candida spp., Aspergillus and
bacteria also have the potential to undergo apoptosis (Phillips and
Vousden, 2001; Madeo et al., 2002). Measurement of DAPI-stained
yeast cells post PL-treatments in this study (data not shown) revealed
fuzzy and prolate spheroid chromatin characteristics typical of
apoptotic cell phenotypes. These PL-treated cells showed sickle-
shaped DNA (ca. 1–10% of treated cells) and randomly distributed
nuclear fragments (ca. 10–40% of treated cells) after 30 pulses (UV
dose 0.82 μJ/cm2). Increased fragmentation was observed with
subsequent PL treatments beyond 30 pulses with 80–90% of the
cells displaying abnormal chromatin distribution.

The translocation of lipid PS from the inner leaflet to the
extracellular side of the plasma membrane is recognised as an early
stage event in apoptosis and was detected using Annexin V that has a
strong affinity for PS. When combined with PI that stains DNA of
injured cells with permeable membranes, this combined Annexin V/PI
staining approach facilitates distinction of early apoptotic (designated
as Annexin V+/PI−), late apoptotic (designated as Annexin V+/PI+)
and necrotic (designated as Annexin V−/PI+) cells. These differences,
where apoptotic and necrotic yeast cells emitted green light and red
fluorescence respectively, allowed discrimination of apoptotic and
late apoptotic/necrotic cells (Fig. 7). Early and late stage apoptosis was
confined to the initial 30 to 45 pulses in treated test yeast. Following 5
pulses approximately 30% demonstrated early-stage apoptotic cell
characteristics with maximal Annexin V+/PI− types evident after 15
pulses. The latter measure of cell injury also coincides with the

localisation of mitochondrial ROS in similarly treated cells. After
augmented PL-treatments the numbers of early-stage apoptotic cells
decreased significantly with only 38, 31 and 4% of cells exhibiting this
Annexin V+/PI− characteristic after 20, 30 and 45 pulses respectively
(Fig. 7). Following 15 pulses a UV dose-dependent increase in the
numbers of PI+ cell types was observed with ca. 10% displaying late
apoptotic or Annexin +/PI+ characteristics. After 45 pulses (UV dose
1.24 μ/cm2) cells were characterised as being late apoptotic or
necrotic in appearance. A marked pattern emerged where with
increased pulsing a decrease in late-apoptotic type cells occurred that
was matched by an increase in necrotic cell (Annexin−/PI+)
numbers, with only necrotic cells observed following 150 pulses at
7.2 J. This general pattern was not unexpected as previous researchers
have reported that numerous cytotoxic substances that cause necrosis
when applied at elevated concentrations also induce apoptosis in
similar cells when used at lower concentrations (Liberthal and Levin,
1996). However, to the best of the author's knowledge no other study
exploring the occurrence of apoptosis in PL-treated microorganisms
has been published.

Akin tomammalian cells, apoptosis in yeast cells can be induced by
cell–cell communication, by external stresses such as conventional
UV, toxins, starvation, heat or by reactive oxygen species (Madeo
et al., 1999; del Carratore et al., 2002). One of the key factors
differentiating apoptotic and necrotic cell death is the utilisation of
energy by the former phenotype. Apoptosis is an energy dependent
process and, therefore, if the energy depletion occurs above a critical
threshold then necrosis will ensue (Gabai et al., 2000). Therefore, the
mitochondria are not only important for the energetic status of the
cell but are also pivotal organelles governing microbial life and death
(Eisenberg et al., 2007). Damage to mitochondrial macromolecules
may also lead to increased ROS production and further damage to
mitochondrial components thereby causing a vicious downward
spiral in terms of ROS production and damage accumulation in
yeast cells (Madeo et al., 2002). Perrone et al. (2008) proposed that
increased ROS production is due to reduced oxygen consumption by
respiratory chain, which is associated with increased availability of
intracellular oxygen for ROS production. Interestingly, the presence of
extensive intracellular levels of ROS early in PL treatments (Figs. 3, 4
and 5) coincided with the appearance of apoptotic cell phenotypes.
Another feature of apoptotic cell death process is an increase in the
intracellular levels of superoxide anion (Simon et al., 2002), which
also occurred in PL-treated cells as measured by mitochondrial ROS
specific DHR-123 staining (Fig. 3). However, it is not clear as to what
event comes first, the generation or accumulation of intracellular ROS
leading to cell death, or the onset of apoptosis leading to cellular
damage resulting in augmented ROS production in treated cells.

As with mammalian cell, yeast has an asymmetric distribution of
phospholipids within the cytoplasmic membrane. However, on
induction of apoptosis 90% of lipid phosphatidylserine (PS) that are
initially orientated towards the cytoplasm are translocated to the
outer leaflet (Martin et al., 1995). Therefore, lipid PS exposure serves
as a sensitive marker for early stage apoptosis, which was detected in
PL-treated C. albicans test strains using annexin V stain that has a high
binding affinity for PS in the presence of Ca2+. Also, other research
groups have recently stated that an apoptotic yeast cell, such as C.
albicans treated with acetic acid (Phillips and Vousden, 2001), will
eventually suffer from a collapse of metabolism causing the
breakdown of plasma membrane integrity leading to the appearance
of a necrotic morphology. Eisenberg et al. (2010) have recently
reported that the process of necrosis may still be regulated by defined
molecular events, which is distinguishable from unregulated necrosis
inflicted by brutal chemical or physical insults such as by PL-
irradiation reported in this study. However as the effects are
pleiotropic, further studies are needed in order to establish whether
PL-induced apoptosis in C. albicans is initiated by general damage
responses or by the alteration of specific cellular components.
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3.5. Use of comet assay to investigate nuclear damage in PL-irradiated
test yeast

The comet assay is a widely adopted rapid and sensitive technique
for detecting and analyzing the potential of substances to cause DNA
damage which includes strand breaks, alkali-labile sites, DNA cross-
links, and incomplete excision repair sites in virtually all singles (Tice
et al., 2000; Kirf et al., 2010). The basic principle of the comet assay is
the migration of different sized DNA molecules in an agarose gel
under an electrophoretic current. More specifically, induced DNA
strand breakage leads to fragmentation of the supercoiled duplex DNA
which can be stretched out by electrophoresis. Under an electric
current, due to their reduced molecular size, fragments of damaged
DNAmove further within the pores of the agarose gel than intact DNA.
This process leads to the microscopic appearance of the cell as a
comet-like shape as the broken strands of the negatively changed
DNA molecule become free to migrate in the electric field toward the
anode. The intact DNA of the nucleus form the head of the comet and
the small DNA fragments appear as the tail. The presence of strand
breaks in PL-treated test yeast was visualized after 15 pulses (UV dose
0.41 μJ/cm2) by the emergence of comet tails from the nuclei of the
cells (Fig. 8). Greater tail moment and tail DNA were observed with
enhanced pulses in treated test yeast (pb0.05). This constitutes the
first occasionwhere the comet assaywas used to confirm that damage
to DNA occurs in PL-treated test yeast. Examination of test yeast post
PL-treatments revealed that C. albicans did retain some capacity for
repair that occurredwithin the first 20 pulses (or UV dose 0.55 μJ/cm2)
(Fig. 9). Previous researchers have reported that germicidal effect of
PL-irradiation onpathogenic yeast is related in-part to the formationof
pyrmidine dimmers inhibiting formation of new DNA that derails the
process of cell replications (referred to as clonogenic death) (Farrell
et al., 2009). This trend also coincideswith the large variation in colony
size and appearance that was observed in PL-treated test yeast

following24 and48 h incubation at 30 °C. This difference in colony size
and appearance was absent or less pronounced in similar samples
exposed tomore lethal levels of PL (60 pulses or UV does 1.65 μJ/cm2).
It is therefore likely that vital pathways mediating repair of damaged
DNA in test yeast (such as direct reversal, base excision repair,
nucleotide excision repair, mismatch repair, translesion synthesis and
recombination direct reversal as reported by Rowe et al., 2008) are
either decoupled or unable to function properly in PL-treated cells that
also experience simultaneous damage to other vital cellular compo-
nents. An early response of mitotic cells to low level stress injury is to
enter a transient growth-arrested state in which the DNA is largely
supercoiled, replication is halted and only a few stress genes are
transcribed and translated (Crawford et al., 1996; Davis, 2000). This is
not unexpected given the high levels of ROS measured PL treated test
yeast in this study. Only when the cell is damaged severely by ROS,
resulting in delay in cell division and some apoptosis, are specific
antioxidant and repair functions induced strongly (Alic et al., 2001).
Therefore, it is probable that a proportion of the PL-treated test yeast
entered growth arrest as a protective measure against oxidative stress
andwere able to repair associated damage. If the oxidative stress is not
severe enough to cause apoptosis or necrosis, cells will re-enter the
growth cycle after a period of transient growth arrest (Davis, 2000).
This would account for the appearance of new colonies following 48 h
incubation, which were not observed during enumeration following
24 h incubation. Takeshita et al. (2003) reported that greater level of
DNA damage occurs using conventional low-pressure UV light
compared with treating similar S. cerevisiae samples with pulsed light.

Despite the fact that PL-irradiation has been approved for food
surface decontamination by the US Food and Drug Administration
(FDA) since 1999, significant variability in the efficacy of PL for
treating similar spoilage and pathogenic microorganisms has been
reported (Oms-Oliu et al., 2010). While the main mechanism of
microbial inactivation is explained through photochemical effect that
prevents the treated cell from replicating (Wang et al., 2005), our
findings have also demonstrated that photophysical effects also play a
significant contributory role in PL-mediated microbial lethality.
Krishnamurty et al. (2008) also reported that PL-treated Staphylococ-
cus aureus exhibited cell wall damage, cytoplasmic membrane
shrinkage, cellular content leakage, and mesosome disintegration
based on visualization with transmission electron microscopy and
Fourier transform infrared spectroscopy observations.

4. Conclusion

Our findings clearly demonstrated that PL-irradiation inactivates C.
albicans through a multi-hit cellular process that includes inflicting
irreversible damage to DNA and destabilizing the functionality and
integrity of plasma cell membranes. These findings have significant
implications for PL-technology development, in particular for surface
and water decontamination applications. PL has also significant

Fig. 8. Fluorescent images of DNA from untreated (a) and pulsed light-treated (b) C.
albicans D7100 post comet assay.
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potential applications for the treatment of packaging material
surfaces or food contact materials that require rapid disinfection,
particularly as this approach is characterised by the lack of residual
compounds that eliminates the need for use of chemical disinfectants
and preservatives (Oms-Oliu et al., 2010). Despite growing evidence
to support use of PL for the aforementioned applications, there is a
pressing need to identify an intracellular marker such as onset of late
apoptosis or early stage necrosis in PL-treated microbial pathogens so
as to standardize and optimise treatments for different applications.
Our findings clearly demonstrate that onset of necrosis in PL-treated
C. albicans reflects lethality and can be used as an in-vitro real-time
marker to confirm disinfection efficacy. Our findings have also
significant broader implications as it is envisaged that this approach
may be adopted, in time, as a complementary or alternativemethod to
that of using conventional plate count and redox probes for the real-
time detection of microbial lethality post decontamination. These
conventional viability methods used to confirm disinfection efficacy
are limited by the recognised fact that a sub-population of treated
microorganisms may be capable of repair after resuscitation (Rowan,
2011). Whereas, confirmation of the detection of a late necrotic
marker in PL-treated microorganisms appears to be related to a
treatment regime that inflicts irreversible damage and is beyond that
identified by use of plate count and possibly vital respiratory or redox
staining. Our findings also corroborate the viewpoint of Guerrero-
Beltrán and Barbosa-Cánovas (2004), which highlights the need to
optimise all inter-related factors to achieve target inactivation level
for specific food applications.

Additional future studies should focus on investigating and
confirming that the relationship between microbial lethality and
onset of necrosis in a broad range of PL-treatedmicrobial spoilage and
pathogenic microorganisms is an accurate and repeatable measure-
ment of PL-process efficiency. Additional studies also merited
including use of more ROS specific probes such as N-can-acetyl-3, 7-
dihydroxyphenoxazine (Amplex Red) and 2-[6-(4′-hydroxy) phe-
noxy-3 H-xanthen-3-on-9-yl] benzoic acid (HPF) for the determina-
tion of OH· and H2O2 levels respectively, which will help unravel roles
of specific reactive oxygen species in PL-mediated cell death process.
There is also the possibility that visible light component of the PL lamp
spectrum contributed to yeast inactivation, which was not specifically
investigated in this study. It is known that endogenous protoporphy-
rin IX is an efficient photosensitiser of photodynamic processes in
biological objects exposed to visible light (Shumarina et al., 2003). The
phototoxicity of endogenous protoporphyrin IX is due to its ability to
generate ROS (predominantly singlet oxygen), which readily react
with biologically important macromolecules and thereby cause their
photo-oxidation, impairment of their functional activity and eventu-
ally cell death.

Acknowledgements

The authors thank the Science Foundation Ireland (Grant No. 07/
RFP/ENMF374) and the Irish Health Research Board (Grant No. RP/
2005/187) for funding this study. We also thank Dr. Dominik Kirf for
his technical assistance with the comet assay. We also greatly
appreciate the kind donation of clinical yeast strains from Prof.
Martin Cormican at NUI, Galway, Ireland.

References

Adler, V., Yin, Z., Tew, K.D., Ronai, Z., 1999. Role of redox potential and reactive oxygen
species in stress signaling. Oncogene 18, 6104–6111.

Alic, N., Higgins, V.J., Dawes, I.W., 2001. Identification of a Saccharomyces cerevisiaegene
that is required for G1 arrest in response to the lipid oxidation product linoleic acid
hydroperoxide. Mol. Biol. Cell 12, 1801–1810.

Arami, S., Hada, M., Itadani, A., Yamashita, S., Hachiya, K., Kanayama, M., Tada, M., 1993.
Damage of the membrane function in the yeast Saccharomyces cerevisiae by near-

UV irradiation. Scientific Reports of the Faculty Agriculture Okayama University, 82,
pp. 1–7.

Arami, S., Ada, M., Tada, M., 1997. Reduction of ATPase activity accompanied by
photodecomposition of ergosterol by near-UV irradiation in plasma membranes
prepared from Saccharomyces cerevisiae. Microbiology 143, 2465–2471.

Böcking, T., Barrow, K.D., Netting, A.G., Chicott, T.C., Coster, H.G., Hofer, M., 2000. Effects
of single oxygen on membrane sterols in the yeast Saccharomyces cerevisiae. Eur. J.
Biochem. 267, 1607–1618.

Carter, W.O., Narayanan, P.K., Robinson, J.P., 1994. Intracellular hydrogen peroxide and
superoxide anion detection in endothelial cells. J. Leukocyte Biol. 55, 253–256.

Chang, T.-S., Cho, C.-S., Park, S., Yu, S., Kang, S.W., Rhee, S.G., 2004. Peroxiredoxin III, a
mitochondrion-specific peroxidase, regulates apoptotic signaling by mitochondria.
J. Biol. Chem. 279, 41975–41984.

Crawford, D.R., Schools, G.P., Salmon, S.L., Davies, K.J.A., 1996. Hydrogen peroxide
induces the expression of adapt15, a novel RNA associated with polysomes in
hamster HA-1 cells. Arch. Biochem. Biophys. 325, 256–264.

Davis, K.J.A., 2000. Oxidative stress, antioxidant defenses, and damage removal, repair,
and replacement systems. IUBMB Life 50, 279–289.

de Repentigny, L., Daniel Lewandowski, D., Jolicoeur, P., 2004. Immunopathogenesis of
oropharyngeal candidiasis in human immunodeficiency virus infection. Clin.
Microbiol. Rev. 17, 729–759.

del Carratore, R., Della Croce, C., Simili, M., Taccinie, E., Scavuzzo, M., Sbrana, S., 2002.
Cell cycle and morphological alterations as indicative of apoptosis promoted by UV
irradiation in S. cerevisiae. Mutation Res 513, 183–191.

Eisenberg, T., Bultner, S., Kroemer, G., Madeo, F., 2007. The mitochondrial pathways in
yeast apoptosis. Apoptosis 12, 1011–1023.

Eisenberg, T., Carmona-Gutierrez, D., Büttner, S., Tavernarakis, N., Madeo, F., 2010.
Necrosis in yeast. Apoptosis 15, 257–268.

Elmnasser, N., Guillou, S., Leroi, F., Orange, N., Bakhrouf, A., Federighi, M., 2007. Pulsed-
light system as a novel food decontamination technology: a review. Can. J.
Microbiol. 53, 813–821.

Escobar, J.A., Rubio, M.A., Lissi, E.A., 1996. SOD and catalase inactivation by singlet
oxygen and peroxyl radicals. Free Radical Biol. Med. 20, 285–290.

Fanello, S., Bouchara, J.-P., Jousset, N., Delbos, V., LeFlohic, A.-M., 2001. Nosocomial
Candida albicans acquisition in a geriatric unit: epidemiology and evidence for
person-to-person transmission. J. Hosp. Infect. 47, 46–52.

Farrell, H.P., Garvey, M., Rowan, N.J., 2009. Studies on the inactivation of medically
important Candida species on agar surfaces using pulsed light. FEMS Yeast Res. 9,
956–966.

Farrell, H.P., Garvey, M., Cormican, M., Laffey, J.G., Rowan, N.J., 2010. Investigation of
critical inter-related factors affecting the efficacy of pulsed light for inactivating
clinically relevant bacterial pathogens. J. Appl. Microbiol. 108, 1494–1508.

Gabai, U.L., Vaglom, J.A., Volloch, U., Merlin, A.B., Force, T., Koutroumanis, M., Massie, B.,
Mosser, D.D., Sherman, M.Y., 2000. Hsp72-mediated suppression of c-jun n-
terminal kinase is implicated in development of tolerance to caspase independent
cell death. Mol. Cell. Biol. 20, 6828–6836.

Garvey, M., Farrell, H.P., Cormican, M., Rowan, N.J., 2010. Investigations of the
relationship between use of in vitro cell culture-quantitative PCR and a mouse-
based bioassay for evaluating critical factors affecting the disinfection performance
of pulsed light for treating Cryptosporidium parvum oocysts in saline. J. Microbiol.
Methods 80, 267–273.

Girotti, A.W., 1998. Lipid hydroperoxide generation, turnover and effector action in
biological systems. J. Lipid Res. 39, 1529–1542.

Girotti, A.W., Thomas, J.P., Jordan, J.E., 1985. Inhibitory effect of zinc (II) on free radical
lipid peroxidation in the erythrocyte membranes. J. Free Radical Biol. Med. 1,
385–401.

Gómez-López, V.M., Ragaert, P., Debevere, J., Devlieghere, F., 2007. Pulsed light for food
decontamination: a review. Trends Food Sci. Technol. 18, 464–473.

Gourlay, C.W., Ayscough, K.R., 2005. The actin cytoskeleton: a key regulator of apoptosis
and ageing? Nature Rev. Mol. Cell Biol. 6, 583–589.

Guerrero-Beltrán, J.A., Barbosa-Cánovas, G.V., 2004. Review: advantages and limitations
on processing foods by UV light. Food Sci. Technol. Intern. 10, 137–147.

Hafer, K., Konishi, T., Schiestl, R.H., 2008. Radiation-induced long lived extracellular
radicals do not contributed tomeasurement of intracellular reactive oxygen species
using dichlorofluorescein method. Radiat. Res. 169, 469–473.

Helmerhorst, E.J., Breeuwer, P., van 't Hof, W., Walgreen-Weterings, E., Oomen, L.C.J.M.,
Veerman, E.C.I., Nieuw Amerongen, A.V., Abee, T., 1999. The cellular target of
histatin 5 on Candida albicans is the energized mitochondrion. J. Biol. Chem. 274,
7286–7291.

Henderson, L.M., Chappell, J.B., 1993. Dihydrorhodamine 123: a fluorescent probe for
superoxide generation? Eur. J. Biochem. 217, 973–980.

Herker, E., Jungwirth, H., Lehmann, K.A., Maldener, C., Fröhlich, K.U., Wissing, S.,
Büttner, S., Fehr, M., Sigrist, S., Madeo, F., 2004. Chronological aging leads to
apoptosis in yeast. J. Cell Biol. 164, 501–507.

Hodgson, E.K., Fridovich, I., 1975. The interaction of bovine erythrocyte superoxide
dismutase with hydrogen peroxide: inactivation of the enzyme. Biochemistry 14,
5294–5299.

Hsu, M.C., Chen, K.W., Lo, H.J., Chen, Y.C., Liao, M.H., Lin, Y.H., Li, S.Y., 2003. Species
identification of medically important fungi by use of real-time LightCycler PCR.
J. Med. Microbiol. 23, 1071–1076.

Ischiropoulos, H., Gow, A., Thom, S.R., Kooy, N., Royall, J.A., Crow, J.P., 1999. Detection of
reactive nitrogen species using 2, 7-dichlorodihydrofluorescein and dihydrorho-
damine 123. Methods Enzymol. 301, 367–373.

Jiang, Z., Woollard, A.C.S., Wolff, S.P., 1991. Lipid peroxide measurement by oxidation of
Fe++ in the presence of xylenol orange: comparison with the thiobarbituric acid
assay and an iodometric method. Lipids 26, 853–856.

325H. Farrell et al. / Journal of Microbiological Methods 84 (2011) 317–326

158



Karu, T.I., 2008. Mitochondrial signaling in mammalian cells activated by red and near-
IR radiation. Photochem. Photobiol. 84, 1091–1099.

Kirf, D., Higginbotham, D.L., Rowan, N.J., Devery, S.M., 2010. Cyto- and genotoxicological
assessment and functional characterization of N-vinyl-2-pyrrolidone–acrylic acid-
based copolymeric hydrogels with potential for future use in wound healing
applications. Biomed. Mater. 5.

Klassen, R., Meinhardt, F., 2004. Induction of DNA damage and apoptosis in
Saccharomyces cerevisiae by a yeast killer toxin. Cell. Microbiol. 7, 393–401.

Kono, Y., Fridovich, I., 1982. Superoxide radical inhibits catalase. J. Biol. Chem. 257,
5751–5754.

Krishnamurty, K., Tewari, J.C., Irudayaray, J., Demirici, A., 2008. Microscopic and
spectroscopic evaluation of inactivation of Staphylococcus aureus by pulsed UV light
and infrared heating. Food Bioproc. Technol. doi:10.1007/s11947-008-0084-8.

Kwon, S.J., Park, J.W., Kim, K., 1994. Inhibition of metal-catalysed oxidation systems by a
yeast protector protein in the presence of thiol. Biochem. Mol. Biol. Int. 32,
419–427.

Lee, J.H., Choi, I.Y., Kil, I.S., Kim, S.Y., Yang, E.S., Park, J.W., 2001. Protective role of
superoxide dismutases against ionizing radiation in yeast. Biochim. Biophys. Acta
1526, 191–198.

Liberthal, W., Levin, J.S., 1996. Mechanisms of apoptosis and its potential role in renal
tubular epithelial cell injury. Am. J. Physiol. 271, 477–488.

Longo, V.D., Gralla, E.B., Valentine, J.S., 1996. Superoxide dismutase activity is essential
for stationary phase survival in Saccharomyces cerevisiae: mitochondrial production
of toxic oxygen species in vivo. J. Biol. Chem. 27, 12275–12280.

Madeo, F., Fröhlich, E., Ligr, M., Grey, M., Sigrist, S.J., Wolf, D.H., Fröhlich, K.U., 1999.
Oxygen stress: a regulator of apoptosis in yeast. J. Cell Biol. 145, 757–767 K.U.

Madeo, F., Englhardt, S., Herker, E., Lehmann, X.I., Maldener, C., Proksch, A., Wissing, S.,
Fröhlich, K.U., 2002. Apoptosis in yeast: a new system with applications in cell
biology and medicine. Curr. Gen. 41, 208–216.

Martin, S.J., Reutelingsperger, C.P., McGahon, A.J., Rader, J.A., van Schie, R.C., LaFace, D.M.,
Green, D.R., 1995. Early redistribution of plasma membrane phosphatidylserine
is a general feature of apoptosis regardless of the initiating stimulus: inhibition by
overexpression of Bcl-2 and Abl. J. Exper. Med. 182, 1545–1556.

Miloshev, G., Mihaylov, I., Anachkova, B., 2002. Application of the single cell gel
electrophoresis on yeast cells. Mutation Res. 513, 69–74.

Nomura, K., Imai, H., Koumura, T., Arai, M., Nakagawa, Y., 1999. Mitochondrial
phospholipid hydroperoxide glutathione peroxidase suppresses apoptosis medi-
ated by a mitochondrial death pathway. J. Biol. Chem. 274, 29294–29302.

Nugent, M.J.D., Higginbotham, C.L., 2007. Preparation of a novel freeze thawed poly
(vinly alcohol) composite hydrogel for drug delivery applications. Eur. J. Pharma.
Biopharm. 67, 377–386.

Oms-Oliu, G., Martin-Belloso, O., Soliva-Fortuny, R., 2010. Pulsed light treatments for
food preservation. A review. Food Bioproc. Technol. 3, 13–23.

Perrone, G.G., Tan, S.X., Dawes, I.W., 2008. Reactive oxygen species and yeast apoptosis.
Bioch. Biophys. Acta. Mol. Cell. Res. 1783, 1354–1368.

Phillips, A.C., Vousden, K.H., 2001. E2F-1 induced apoptosis. Apoptosis 6, 173–182.

Qin, Y., Lu, M., Gong, X., 2008. Dihydrorhodamine 123 is superior to 2, 7-
dichlorodihydorfluorescein diacetate and dihydrorhodamine 6 G in detecting
intracellular hydrogen peroxide in tumor cells. Cell Biol. Intern. 32, 224–228.

Rahn, R.O., Stefan, M.I., Bolton, J.R., Goren, E., Shaw, P.S., Lykke, K.R., 2003. Quantum
yield of the iodide–iodate chemical actinometer: dependence on wavelength and
concentration. Photochem. Photobiol. 78, 146–152.

Rowan, N.J., 2011. Defining established and emerging microbial risks in the aquatic
environment: current knowledge, implications and outlooks. Inter. J. Microbiol.
doi:10.1155/2011/462832.

Rowan, N.J., MacGregor, S.J., Anderson, J.G., Fouracre, R.A., McIlvaney, L., Farish, O., 1999.
Pulsed-light inactivation of food-related micro-organisms. Appl. Environ. Micro-
biol. 65, 1312–1315.

Rowe, L.A., Degtyareva, N., Doetsch, P.W., 2008. DNA damage-induced reactive oxygen
species (ROS) stress response in Saccharomyces cerevisiae. J. Free Radical Biol. Med.
45, 1167–1177.

Royall, J.A., Ischiropoulos, H., 1993. Evaluation of 2′, 7′-dichlorofluorescein and
dihydrorhodamine 123 as fluorescent probes for intracellular H2O2 in cultured
endothelial cells. Arch. Biochem. Biophys. 302, 348.

Shumarina, A.O., Strakhovskaya, M.G., Turovetskii, V.B., Fraikin, G.Y., 2003. Photody-
namic damage to yeast subcellular organelles induced by elevated levels of
endogenous protoporphyrin IX. Microbiology 72, 434–437.

Simon, H.U., Hay-Yehia, A., Levi-Schaffer, F., 2002. Role of reactive oxygen species in
apoptosis induction. Apoptosis 5, 415–418.

Solberg, C.O., 2000. Spread of Staphylococcus aureus in hospitals: causes and prevention.
Scand. J. Infect. Dis. 32, 587–595.

Tabatabaie, T., Floyd, R.A., 1994. Susceptibility of glutathione peroxidase and
glutathione reductase to oxidative damage and the protective effect of spin
trapping agents. Arch. Biochem. Biophys. 314, 112–119.

Takeshita, K., Shitato, J., Sameshima, T., Fukunaga, S., Isobe, S., Arihara, K., Itoh, M., 2003.
Damage of yeast cells induced by pulsed light irradiation. Intern. J. Food Microbiol.
85, 151–158.

Tarpey,M.M., Fridovich, I., 2001.Methods of detection of vascular reactive species. Nitric
oxide, superoxide, hydrogen peroxide, and peroxynitrite. Circ. Res. 89, 224–236.

Tice, R.R., Agurell, E., Anderson, D., Burlinson, B., Hartmann, A., Kobayashi, H., Miyamal,
Y., Rojas, E., Ryu, J.-C., Gasaki, Y.F., 2000. Single cell gel/comet assay: guidelines for in
vitro and in vivo genetic toxicology testing. Environ. Mol. Mutagenesis 35, 206–221.

van der Rest, M.E., Kamminga, A.H., Nakano, A., Anraku, Y., Poolman, B., Konings, W.N.,
1995. The plasma membrane of Saccharomyces cerevisiae: structure, function and
biogenesis. Microbiol. Rev. 59, 304–322.

Virto, R., Mañas, P., Álvarez, I., Condon, S., Raso, J., 2005. Membrane damage and
microbial inactivation by chlorine in the absence and presence of a chlorine-
demanding substrate. Appl. Environ. Microbiol. 71, 5022–5028.

Wang, T., MacGregor, S.J., Anderson, J.G., Woolsey, G.A., 2005. Pulsed ultra-violet
inactivation spectrum of Escherichia coli. Water Res. 39, 2921–2925.

Wawryn, J., Krzepilko, A., Myszka, A., Bilinski, T., 1999. Deficiency in superoxide
dismutases shortens life span of yeast cells. Acta Biochim. Pol. 46, 249–353.

326 H. Farrell et al. / Journal of Microbiological Methods 84 (2011) 317–326

159

http://dx.doi.org/10.1155/2011/462832


Investigations of the relationship between use of in vitro cell culture-quantitative
PCR and a mouse-based bioassay for evaluating critical factors affecting the
disinfection performance of pulsed UV light for treating
Cryptosporidium parvum oocysts in saline

Mary Garvey a, Hugh Farrell a, Martin Cormican b, Neil Rowan a,⁎
a Department of Nursing and Health Science, Athlone Institute of Technology, Ireland
b Department of Bacteriology, National University of Ireland, Galway, Ireland

a b s t r a c ta r t i c l e i n f o

Article history:
Received 1 December 2009
Received in revised form 7 January 2010
Accepted 9 January 2010
Available online 21 January 2010

Keywords:
Cryptosporidium parvum
Pulsed light
In vitro HCT-8 cell culture-qPCR assay
Mouse-infectivity bioassay
Humic acid

Cryptosporidium parvum is an enteric coccidian parasite that is recognised as a frequent cause of water-borne
disease in humans. We report for the first time on use of the in vitro HCT-8 cell culture-quantitative PCR
(qPCR) assay and the in vivo SCID-mouse bioassay for evaluating critical factors that reduce or eliminate
infectivity of C. parvum after irradiating oocysts in saline solution under varying operational conditions with
pulsed UV light. Infections post UV treatments were detected by immunofluorescence (IF) microscopy and
by quantitative PCR in cell culture, and by IF staining of faeces and by hematoxylin and eosin staining of
intestinal villi in mice. There was a good agreement between using cell culture-qPCR and the mouse assay for
determining reduction or elimination of C. parvum infectivity as a consequence of varying UV operating
conditions. Reduction in infectivity depended on the intensity of lamp discharge energy applied, amount of
pulsing and population size of oocysts (P≤0.05). Conventional radiometer was unable to measure fluence or
UV dose in saline samples due to the ultra-short non-continuous nature of the high-energy light pulses.
Incorporation of humic acid at a concentration above that found in surface water (i.e., ≤10 ppm) did not
significantly affect PUV disinfection capability irrespective of parameters tested (P≤0.05). These
observations show that use of this HCT-8 cell culture assay is equivalent to using the ‘gold standard’
mouse-based infectivity assay for determining disinfection performances of PUV for treating C. parvum in
saline solution.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Cryptosporidium parvum is an enteric coccidian parasite that is
recognised as a frequent cause of water-borne disease in humans
(Hunter and Syed, 2001). The occurrence of the environmentally
resistant thick-walled oocyst stage of this organism has become a
worldwide concern due to its resistance to disinfection with chlorine
at concentrations typically applied in drinking water treatment plants
(2 to 6 mg/L) (Rochelle et al., 2002). Development of alternative
methods of Cryptosporidium disinfection for water applications (such
as ozone and/or UV) has been hindered by the uncertainty surround-
ing efficacy of using in vitro surrogate viability assays due to their
overestimation of oocysts survivors post treatments and the lack of
critical data on the preferred use of in vitro cell culture and/or in vivo
animal-based infectivity assays to determine inter-related factors

governing repeatable disinfection of oocysts suspended in water
(Johnson et al., 2005). Although recent studies that utilized at least
20 different cell lines have advocated the preferential use of the
human ileocecal adenocarcinoma HCT-8 cell line as an equivalent in
vitro method to that of using the “gold standard” mouse assay for
measuring infectivity of Cryptosporidium (Rochelle et al., 2002), there
is no evidence to date on the combined use of these approaches
for assessing critical operational parameters governing pulsed UV
light (PUV) as a means of disinfecting water contaminated with this
enteroparasite. Development of PUV has recently received attention
as a potentially novel strategy for decontaminating water as it offers
many benefits including rapid microbial reductions and efficiency
of energy usage due to underpinning high peak-power dissipa-
tion during treatments (Elmnasser et al., 2007; Gómez-López et al.,
2007).

This constitutes the first study to report on the relationship
between use of in vitroHCT-8 cell culture andmouse-based infectivity
assays to determine critical operational factors affecting the disinfec-
tion performance of PUV for treating C. parvum oocysts suspended in
saline solution.

Journal of Microbiological Methods 80 (2010) 267–273

⁎ Corresponding author. Department of Nursing andHealth Science, Athlone Institute
of Technology, Dublin Road, Athlone, Co. Westmeath, Ireland. Tel.: +353 906473081;
fax: +353 906486135.

E-mail address: nrowan@ait.ie (N. Rowan).

0167-7012/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.mimet.2010.01.017

Contents lists available at ScienceDirect

Journal of Microbiological Methods

j ourna l homepage: www.e lsev ie r.com/ locate / jmicmeth

160

mailto:nrowan@ait.ie
http://dx.doi.org/10.1016/j.mimet.2010.01.017
http://www.sciencedirect.com/science/journal/01677012


2. Materials and methods

2.1. C. parvum oocysts

C. parvum oocysts (Iowa isolate derived from a bovine calf) were
purchased from Waterborne Inc USA. Oocysts were stored in sterile
PBS (0.01 M phosphate buffer, containing 0.0027 M KCL and
0.137 MNaCl at a pH of 7.4) with 100 U of penicillin/ml, 100 µg of
streptomycin/ml and 100 µg of gentamicin/ml and stored at 4 °C until
they were used for UV treatment studies. The excystation rate was
determined for each batch of oocysts by microscopic observation
following sequential incubation at 37 °C in acidified Hanks balanced
salt solution for 1 h and in 0.8% trypsin–0.75% sodium taurocholate
for 1 h, followed by incubation at room temperature for 30 min as
described elsewhere (Rochelle et al., 2002). Identification of C. parvum
oocysts was confirmed by PCR targeting of a 620 bp polymorphic
region of the β-tubulin gene by previously published procedures
(Rochelle et al., 1999) [data not shown]. For negative infection studies,
oocysts were inactivated by heating at 70 °C for 30 min. All experi-
ments were carried using oocysts with greater than 80% viability, as
determined by in vitro excystation as per Korich et al. (2000).

2.2. Enumeration of oocysts

Standard counts were determined for all oocyst stocks. Viable
oocysts were enumerated by serial dilution in PBS containing the
aforementioned antibiotics using both fluorescence microscopy
(confocal microscopy, Leica DM 600 CS Germany), and real-time
quantitative PCR (qPCR) post infection inHCT-8 cell line as permethod
of Keegan et al. (2003) with modifications (described below). Use of a
combined surrogate dye staining method comprising propidium
iodide (PI) and a fluorescein-labelled mouse-derived monoclonal
antibody A400FLR-1X Crypt-a-Glo™ (having corresponding epitope
on oocyst cell wall; Waterborne Inc, New Orleans, USA) was used to
confirm the viability of oocysts. Oocyst suspensions at different popu-
lation sizes were initially centrifuged at 3000 rpm for 15 min at 4 °C,
then re-suspended in acidified Hanks Balanced Salt Solution pH 2.7
for 1 h at 37 °C before filtration onto polycarbonate black 0.8 µm-
pore-size membrane filters (Fischer Scientific) using a filter system
(Millipore) at a vacuum pressure of 200 mbar (1 bar=105 Pa.). 10 µl
of propidium iodide (PI) (Sigma), prepared by dissolving 1 mg of PI in
1 ml of 0.1 M sterile PBS, and 1 drop (ca. 45 µl) of A400FLR-1X Crypt-
a-Glo™were then applied to oocysts on the membrane and incubated
for 2 h at room temperature in the dark. Themembranesweremounted
on glass microscope slides with 4 µl mounting medium (glycerol
[nonphotoreactive], 2 ml; 100 mg of DABCO {1,4-diazabiccyclo[2,2,2]
octane} per ml of double distilled water, 2.4 ml; 0.1 ml Tris buffer,
4.8 ml, formalin 0.5 ml; and 5 MNaCl, 0.5 ml) and sealedwith coverslips
and clear nail varnish. Non-viable oocysts stained bright red due to
uptake of PI when viewed at an excitationwavelength of 460 to 500 nm
and an emission spectrum of 510 nm to 560 nm. Whereas all viable
and non-viable oocysts stained apple-green when stained with A400
FlR-1X at an excitation wavelength of 460 to 500 nm and an emission
wavelength of 510 to 560 nm. Entire membranes were scanned and all
oocysts suspensions were counted by fluorescence microscopy. All
counts were determined in triplicate.

2.3. Pulsing of Cryptosporidium with UV rich light

A bench-top pulsed power source (PUV-1, Samtech Ltd., Glasgow)
was used to power a low-pressure (60 kPa) xenon-filled flashlamp
(Heraeus Noblelight XAP type NL4006 series constructed from a clear
UV transparent quartz tube), that produced a high-intensity diverging
beam of polychromatic pulsed light, was used in this study as per
Farrell et al. (2009) with modifications. The pulsed light has a broad-
band emission spectrum extending from the UV to the infrared region

with a rich UV content and its intensity also depends on the level of
the voltage applied. The light source has an automatic frequency-
control function that allows it to operate at 1pulse/s that was used
throughout this study. Light exposure was homogenous as the xenon
lamp measuring 9 cm×0.75 cm was longer than the 8.5 cm diameter
Petri dishes used in the tests which were placed directly below the
lamp, which ensured that full coverage of the agar surface occurred
and eliminated possible shading effects. For standard treatments
(unless otherwise noted), the light sourcewasmounted at 8 cm above
the treatment area, which was set as the minimum threshold distance
by the fabricant and was shown recently to provide optimal inactiva-
tion for a range of other recalcitrantmicrobial pathogens (Farrell et al.,
2009). In this study, standard treatments involved suspending pre-
determined numbers of C. parvum in 10 ml of PBS that were trans-
ferred to Petri dishes that was then subjected to lamp discharge
energies of 3.2 J, 12.8 J, 16.2 J, and 20 J at 8 cm distance from the light
source. Due to the nature of the ultra-short high-energy pulses (i.e.,
non-continuous approach), the UVX radiometer (UVP Ultra-Violet
Products) used for these present studies was not capable of measuring
fluence or UV doses for PUV. Therefore, all treatments were charac-
terized in terms of lamp discharge energy (J) for all PUV experiments.
However, it was possible to measure fluence or UV dose (mJ/cm2) for
control studies using a continuous LP UV system in water samples,
where values were determined after considering important inter-
related factors described by Bolton and Linden (2003). The number of
pulses of light used ranged from 0 (untreated control) to 350 pulses.
The influence of population size of oocysts (range 101 to 105 oocysts/
ml) on the decontamination efficacy of PL was also determined by
challenging viable oocysts to both cell culture and mouse-infectivity
assays post UV treatments as described below. Heating of the oocyst
supensions was measured using a thermocouple and by thermal
imaging (IRI 4010, InfraRed Integrated Systems Ltd, Northampton,
England) as per modified method of Nugent and Higginbotham
(2007). There was no discernable increase in water temperature
during each treatment. All studies were run in triplicate.

2.4. In vitro cell culture infectivity assay

Monolayers of the human ileocecal adenocarcinoma cell line HCT-
8 (ATCC CCL-244: American Type Culture Collection, Rockville, Md.)
were grown with regular subcultering in RPMI 1640 growth media
(Sigma) with L glutamine and supplemented antibiotics (penicillin G,
100,000 U/L, streptomycin, 0.5 g/L and amphotericin B, 0.5 g/L),
sodium bicarbonate, 2 g/L, and 10% fetal calf serum adjusted to pH
7.4. HCT-8 cells were grown in T75 cm−2 cell culture flasks (Sarstedt,
Germany) in a humidified incubator at 37 °C in an atmosphere con-
taining 5% (vol/vol) CO2 for ca. 24 h until 80 to 90% confluent mono-
layers had formed. Cell monolayers were then detached with 0.25%
(vol/vol) trypsin-EDTA and subsequently seeded into each of 8 well
chambered slides (Lab Tec II, Nunc) at a concentration ca.1×105 cells
per well. After UV or heat treatments, the oocysts were stimulated by
re-suspension in acidified HBSS (Hank Balanced Salt Solution, pH 2.7)
and then in 1.0% (wt/vol) bile salts (Sigma, pH 7) for 1 h at 37 °C. After
two washing steps with sterile PBS, oocysts were re-suspended in
cell culture media and thereafter 350 µl aliquots were then added to
each well. Untreated oocysts were also stimulated to infect the cell
monolayer as described above and provided a positive control.
Duplicate sample of oocysts was heat treated at 70 °C for 30 min and
this preparation was used as a negative control as per Rochelle et al.
(2002). Samples were incubated for 48 h at 37 °C in 5% (vol/vol) CO2

atmosphere, which included the addition of fresh RPMI media after
24 h incubation. Each individual well containing a separatemonolayer
was fixed by flooding with 100% (vol/vol) methanol (Sigma) which
was subsequently left to stand for 10 min at room temperature.
After removal of methanol, 75 µl of the fluorescein stain Sporo-
Glo™A600FLR-20X (Waterborne Inc, UK) was added to each well for
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45 min (at 37 °C), which detects different life cycle stages of Cryptos-
poridium in vitro. The inoculated HCT-8 cell monolayers were then
counterstained for 1 min with C101 containing Evans blue dye
(Waterborne Inc, USA). All slides were examined under fluorescence
microscopy (Leitz Diaplan fluorescence microscope) at an excitation
wavelength of 460 to 500 nm and an emission wavelength of 510 to
560 nm for Sporo-Glo™ and an excitation wavelength of 550 nm
and emissions wavelength of 610 nm for the counterstain C101. All
wells containing separate monolayers was examined and noted as
positive or negative for sites of parasitic infection or foci of infection.
Images of C. parvum life cycle stages were captured using of a camera
(Hamamatsu Colour Chilled 3cco Camera) mounted on the afore-
mentioned fluorescence microscope. All studies were performed in
triplicate.

2.5. Combined cell culture-quantitative PCR (CC qPCR) assay for
enumerating viable C. parvum post treatments

Real-time, Taqman-quantitative PCR (qPCR) was performed using
primers (TIB MOLBIOL, Berlin, Germany) specific for the 18S region
of Cryptosporidium following the method of Keegan et al. (2003)
with some slight modifications. The sequence of the Taqman probe
was based on the conserved eukaryotic probe of Amman et al. (1990)
with the following sequence: 5-′-(6-FAM) ACC AGA CTT GCC CTC C
(TAMRA). An aliquot (4 µl) of the Lightcycler Taqman® Master kit
(Roche Diagnostics, West Sussex, England) comprising Taq DNA
polymerase, reaction buffer, MgCl2 and dNTP was used in each reac-
tion. Cycling parameters were initial denaturation for 10 min at 95 °C
followed by 50 cycles of denaturation for 10 s at 95 °C, annealing for
40 s at 40 °C, extension for 1 s at 70 °C and cooling for 30 s at 40 °C on
a LightCycler® device (Model 1.5, Roche Diagnostics, West Sussex,
England). The large number of cycles was used to ensure detection of
low levels of infection. On completion of each qPCR run amplification
curves were analyzed by LightCycler® software (version 3.5, Roche)
and a standard curve of oocyst DNA concentration determined. When
required, PCR amplicons were visualized by UV illumination following
electrophoresis in 1% agarose gels containing ethidium bromide. DNA
standards were prepared from fresh oocysts ranging in concentration
from 101 to 107 oocysts/ml by dilution in PBS following standard
viable count determinations. Aliquots of oocysts at different densities
were then stimulated to infect the HCT-8 cell line that were seeded
into 24 well plates (Sarstedt) at a concentration of ca. 1×104 cells/ml
at 90% confluency. The latter cell line stimulation occurred by re-
suspension and separate incubations for 1 h in acidified HBSS and
in bile salts as described earlier. 1 ml aliquots of each concentration
range of excysted oocysts were re-suspended in RPMI cell culture
growth media and added to one well of the 24 well plate. Following
a 48 h incubation at 37 °C in a humidified atmosphere of 5% (vol/
vol) CO2, the cell culture media with non-adherent or internalized
C. parvumwas removed by aspiration and discarded. Mammalian cells
were then washed with sterile PBS and trypsinized using 200 µl of
0.25% (vol/vol) trypsin/EDTA (Sigma) and left for 15 min at 37 °C until
complete detachment of the monolayer had occurred. Cells were then
centrifuged at 1000 rpm for 10 min and re-suspended in 200 µl
sterile PBS, thereafter the mammalian cells and C. parvum sporozoite
cell membranes were lysed using PCR template preparation kit
(Roche Diagnostics, West Sussex, England) in order to produce DNA
(template) and standard curve (Fig. 1). The aforementioned proce-
dure was then repeated to determine infectivity of oocysts subjected
to varying UV parameters or heating at 70 °C for 30 min (negative
control). Log inactivation of oocysts (L) is defined by L=log10[Nd/No],
where No is the initial concentration of oocysts and Nd is the concen-
tration of viable infectious oocysts post disinfection treatments as
detected by combined cell culture-qPCR assay as per method of Lee
et al. (2008)).

2.6. Mice infectivity studies

Twenty day old SCID mice were obtained from Charles River
Laboratories, Inc. (England). On arrival the mice were placed in mice
cages (2 per cage) in a temperature controlled animal house at Athlone
Institute of Technology. Appropriate bedding, food in the form of high
protein food pellets and water were supplied. Different population
densities of oocysts of C. parvum were suspended in warmed (37+/
−2 °C) sterile PBS without and with the addition of humic acid
(10 mg/l). After exposure to different regimes of PUV or monochro-
matic light, samples were wrapped in tin foil to prevent photo-
reactivation and centrifuged at 3000 rpm for 15 min. The supernatant
was removed and the pellet re-suspended in 10 ml sterile H2O,
which replaced use of PBS as the latter caused the mice unnecessary
discomfort that was possibly related to the salinity of the solution.
Following UV and heat (control) treatments, mice were inoculated by
delivering a 1 ml aliquot of each dose of oocysts to the back of the
throatwith a sterile syringe that contained a feedingneedle. Each set of
UV parameters under study encompassed the use of four mice where
two were inoculated with oocysts after exposure to pre-determined
UV parameters while the two mice were administered with sterile
water (negative control). Positive control studies involved inoculating
micewith different concentrations of viable oocysts (as determined by
viability staining). Once dosed, the mice were placed in a new animal
cage with fresh bedding, food and water. Once satisfied that all mice
were suitably comfortable, they were housed in the animal house
with daily monitoring. Faeces was collected each day and subjected
to the fluorescent stain Auramine O [bis(p-dimethylaminophenyl)-
methylenimine hydrochloride]with Thiazine red counterstain to
determine if infectivity had occurred. Samples of faeces were also
stained with the Cryptosporidium specific stain ST103R Crypto-a-glo™
(Waterborne Inc) as per the manufacturer's instructions to confirm
that infection was present. Slides were examined using confocal
microscopy (Leica DM 600 CS) for the presence of C. parvum oocysts,
which appeared as green fluorescent discs against a red background
(excitation filter 490 nm; emission filter 510 nm). Six weeks after
inoculation the mice were sacrificed by cervical dislocation and
intestinal samples were embedded in wax (Lambwax, pelletized
paraffin wax) using a histokinette (Leica, TP 120, Germany) before
being cut into thin slices by use of a microtome (Reichert-jung 2035
Biocut, Germany) for subsequent microscope examination. Infections
were detected by examining formalin-fixed (Bouins solution, Sigma),
slide-mounted (glycerine coated,Sigma, Ireland), hematoxylin-
(Mayer, Fluka BioChemika, Sigma, Germany) and eosin (Ehrlich,
Fluka BioChemika, Sigma, Germany) stained sections (5 um by 2 to
3 cm) of the terminal ileum that was removed from each mouse
at necropsy (Korich et al., 2000). After the latter H and E staining,
slides were examined by microscopy (Nikon Eclipse E200 microscope
with attached Pixelink micron optical Nikon camera utilising Adobe
Photoshop Elements 3.0 software for imaging analysis) to determine if
areas of parasitic infection were present. The ileumwas chosen as it is
the first region of the gut to be colonized by the parasite and harbors

Fig. 1. Standard curve for serially diluted Cryptosporidium DNA standards.
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the majority of developmental stages (Rochelle et al., 2002). 10 µl
samples of intestinal sample stained with 45 µl of A400FLR-1X Crypt-
a-glo™ (Waterborne Inc) for 2 h at 37 °C were also examined by IF
microscopy for the presence of C. parvum life cycle stages. Evidence of
infection was defined as the presence of C. parvum parasite develop-
mental stages in the microvilli of any of the prepared histological
sections. Use of animals for this particular study was assessed by the
ethics reviewing panel at AIT, and externally by the Department of
Health and Children (Ireland) after which an animal license [B100/
4061 was issued.

2.7. Statistical analysis

Student's t- tests and ANOVA one-way model (MINITAB software
release 13; Mintab Inc., State College, PA) were used to compare the
effects of the relationship of independent variables on light treatments.

3. Results and discussion

3.1. Use of in vitro cell culture-qPCR assay for measuring infectivity of C.
parvum post UV treatments

Studies showed that there was a good agreement between use of
immunofluorescence (IF) microscopy and qPCR for detecting infec-
tious C. parvum following 48 h exposure to HCT-8 cell monolayers
post PUV treatments (Table 1). Studies also showed more rapid
reductions in C. parvum numbers occurred using higher levels of lamp
discharge energy and with greater pulsing at 8 cm distance from the
light source. qPCR revealed that approximately 4-log10 reductions in
C. parvum infectivity occurred using 350, 250, 90 and 60 pulses at
lamp discharge energies of 3.2 J, 12.8 J, 16.2 J and 20 J respectively. It

was not possible to confirm complete elimination of C. parvum
infectivity post PUV studies at the lower detection limit of the qPCR
assay was 10 oocysts as set by standard curve for increasing
concentrations of Cryptosporidium DNA (Fig. 1).

This pattern agrees with the recent findings of Farrell et al. (2009)
who investigated the relationship between varying operational
parameters and commensurate reductions in numbers of clinically
relevant yeast using a similar PUV system. Similar to the PUV-
inactivation data reported for the Iowa strain of C. parvum in this
study, it also took ca. 60 pulses of light to reduce a range of Candida
species by 4 log10 orders when the PUV system was operated at the
highest discharge energy (20 J) at 8 cm distance from the light source.
This markedly contrasted for the requirement to use ≤10 pulses
under similar operational parameters in order to reduce pre-deter-
mined populations of Escherichia coli 25922 and Staphylococcus aureus
25923 by ca. 7 log10 orders. Lee et al. (2008) also demonstrated that
efficacy of PUV for inactivation of C. parvum is dependent on
positioning of the light source and duration of irradiation, where
they used the HCT-8 cell culture and quantitative real-time PCR to
show that reductions in oocyst infectivity (6 log10) were maximal
when this parasite was irradiated at 20 cm from the pulsed-light
source for 60 s, for which the UV dose was 278 mJ/cm2. Farrell et al.
(2009) reported that positioning of the light source at 20 cm distance
from the target area exhibited the least amount of inactivation for
Candida species that appear to exhibit similar PUV tolerances to that
of C. parvum. However, fluence values reported by Lee et al. (2008)
could be considered questionable as these researchers measured UV
dose per pulse in stagnant (non-mixed) water samples from 220 to
400 nm in 0.22 nm step using a spectrophotometer as the energy per
flash was dissipated within 150 µs, which also appears beyond the
measurement capability of radiometric devices. While this UV dose
detection strategy has probably been adopted to best determine UV
values for rapid ultra-short exposures (as opposed to conventional
continuous treatment using collimated beams), it is imperative that
accuratemeasurements and standardizationofUVdose for PUVsystems
is achieved for possible future applications. In order to progress PUV
technology further it is important thatwater-based studies consider key
criteria recommended by Bolton and Linden (2003). To reiterate, it is
due to this reason that the efficacy of PUV disinfection performances
were reported using lamp discharge energies in the present study.

The presence of multiple foci of infection (representative of dif-
ferent life cycle stages of C. parvum) was evident in HCT-8 cells that
were exposed to large numbers of infectious C. parvum or to the
untreated control samples containing ca. 105 oocysts/ml (Table 1). The
designations high, medium and low levels or infectivity in Table 1
relate to the operator interpretations of the degree of infection evident
by visual IF microscopic examination of samples. Albeit subjective, the
authors feel that it does indicate a measure of infectivity in C. parvum
post PUV treatments. Similar samples of oocysts that were subjected
to heating at 70 °C for 30 min did not infect HCT-8 cells (negative
control). Use of the surrogate vital stains revealed overestimation
by ca. 1.1 and 1.5log10 between the number of viable oocysts and
corresponding number of infectious oocysts where the latter was
determined by inoculating similar PUV-treated samples (comprising
105 oocysts/ml) in cell culture and in mice, respectively [data not
shown].

Rochelle et al. (2002) also observed significant correlation
(r=0.89) between infectivity in HCT-8 cells and infectivity in CD-1
mice for the C. parvum of the Iowa, TAMU and Moredun isolates at a
concentration of 1×105 oocysts/ml that had been exposed to UV
doses ranging from 0 to 8 mJ/cm2 using a medium-pressure (MP),
continuous (1 kW) UV lamp. The mean level of inactivation obtained
at 4 mJ of UV light per cm2 was ca. 1.6±0.2log10 as measured by
HCT-8 cell culture compared to 1.4±0.3 log10 when measured by the
CD-1 mouse assay. The average standard deviation for replicate
measurements of infectivity in HCT-8 cells and CD-1 mice was 11.9

Table 1
Influence of lamp discharge energy and pulse number on reduction of C. parvum
infectivity as determined by use of the combined in vitroHCT-8 cell culture-quantitative
PCR assay. PUV treatments were performed at 8 cm distance from light source.

PUV parameters HCT-8 cell culture infectivity assay

Lamp
discharge
energy (J)

Number
of pulses

No. of infected
monolayersa

IF
microscopic
detection

Presence
of foci of
infection

Log10
reduction
(infectivity)b

0 0 4 High + 0
3.2 ≤150 4 High + 1.9±0.1

200 3 High + 2.3±0.2
250 2 Low −c 2.8±0.3
300 1 Low − 3.5±0.3
350 0 −c − ≥4

12.8 ≤100 4 High + 2.2±0.1
150 3 Medium − 2.6±0.4
200 1 Low 3.1±0.3
250 0 − − ≥4

16.2 10 4 High + 1.3±0.3
20 4 Medium + 1.9±0.3
40 3 Medium − 2.5±0.4
60 2 Low − 2.9±0.3
80 1 Low − 3.3±0.5
90 0 − − ≥4

20 5 4 High + 1.2±0.2
15 3 Medium + 1.9±0.4
30 2 Low − 2.6±0.4
40 1 Low − 3.2±0.3
50 1 Low − 3.8±0.4
60 0 − − ≥4

a Standard dose of ca. 1×105 oocysts/ml was applied to each of 4 replicate cell
monolayers per PUV treatment. Infectivity was determined by both qPCR and
immunofluorescence (IF) microscopy in HCT-8 cells.

b Log reduction in viable C. pavum determined by cell culture-qPCR assay. As lower
limit of detection for standard curve using Cryptosporidium DNA is ca. 10 oocysts, the
maximum lethality detected is 4 log10 orders. Mean value shown for 4 replicate cell
monolayers, ±SD.

c −, not detected.
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and 13.3%, respectively, for oocysts exposed to MP-UV light. The latter
pattern showed good concordance with average standard deviations
for HCT-8 cell culture and mouse data (11.5 and 13.9%, respectively)
for infectivity data from similar untreated samples. Indeed, these
authors also observed an increase in the amount of infection with an
increase in oocyst dose, where the level of infectivity was reported to
be 75% and 85% with 50 and 500 oocysts respectively. Mofidi et al.
(2001) also used HCT-8 cell cultures and real-time PCR assay to
evaluate the efficacy of UV light as a disinfectant against C. parvum
and demonstrated an average level of inactivation of 94% (1.2 log10)
using a polychromatic UV light.

With the exception of this present study and Lee et al. (2008),
other published data have utilized low andmedium-pressure UV light
to inactivate cryptosporidia, where Craik et al. (2001), Keegan et al.
(2003), Mofidi et al. (2001) and Rochelle et al. (2005) reported that
UV doses of 6, 5.8, 10 and 20 mJ/cm2, respectively, which provided an
average of 2 log reduction in infectivity of C. parvum. Variation in
PUV-inactivation performances can be attributed to multiple inter-
related factors including differences in UV irradiation method and
strain of C. parvum, the duration of UV exposure at any applied dose
appears paramount for reducing or eliminating infectivity. Lee et al.
(2008) recently reported that the minimum dose of pulsed UV light
required for effective reduction in C. parvum infectivity (2 log10) was
15 mJ/cm2, which was achieved by 5 s of irradiation at 30 cm from the
2 kV light source that operated at 10 pulses/s in each experiment.
Therefore, it is quite apparent that effectively reducing or eliminating
the threat of low numbers of C. parvum in contaminated water at
full treatment plant scale level using a possible combined MP-PUV
strategy will require more research and development as current data
is very limited.

3.2. Use of in vivo mouse-based assay for measuring infectivity of
C. parvum post UV treatments

These studies revealed a good agreement between use of the SCID-
mouse-infectivity assay and the aforementioned in vitro HCT-8 cell
culture-qPCR assay for determining the degree of infectivity of
C. parvum post exposure to PUV treatments (Table 2). Indeed,
elimination of infectivity in inoculated SCID mice (i.e., as determined
by absence of C. parvum in the faeces or intestinal villi of mice), also
occurred after use of augmented lamp discharge energy and pulsing.
Absence of infectivity was also observed after 350, 250, 90 and 60
pulses at 3.2 J, 12.8 J, 16.2 J and 20 J respectively at 8 cm distance from
the light source where initial treated dose was ca. 105 oocysts/ml
(Table 2). Commensurate studies revealed that mice surviving these
particular PUV regimes made similar weight gains of ca. 6.2±0.4 g
over the 6 week incubation period compared to similar mice that
were inoculated with infectious oocysts post UV treatments (ca 4.6±
0.3 g) or compared to positive control group mice that received 105

infectious oocysts (ca 3.9±0.4 g). It was also observed that mice with
lower body weights during these trials excreted more faeces com-
pared to non-infected mice. A UV dose of 32.7 mJ/cm2 was required to
reduce infectivity of C. parvum in mouse model by an average of 3 log
orders level using the continuous LP system (data not shown). There
was also a strong relationship between use of cell culture and the
mouse-infectivity bioassay for determining the influence of C. parvum
population size on PUV disinfection performance at 8 cm distance
from light source with lamp discharge energy of 16.2 J (Table 3).
However, greater variability between infectivity measurement assays
occurred with use of lower oocyst numbers with the animal model
appearing to be less sensitive at detecting infective oocysts in these
particular samples (P≤0.05). It was not possible to visually detect
survivors using immunofluorescent microscopy alone without the
aid of qPCR where the dose was ca. 10 viable oocysts. Moreover,
significant variable was evident between samples at lower inoculation
densities as studies revealed that ca. 50% of HCT-8 cell monolayers

were infected by non-PUV treated C. parvum when the artificially
seeded population was ca. 10 to 40 oocysts/ml. The presence of infec-
tive oocysts that survived varying PUV exposure regimes (as reported
in Table 2), was detected in the microvilli of treated mice using
hematoxlyin and eosin staining (Fig. 2). The presence of humic acid at
a concentration above that commonly found in surface water (i.e.,
10 ppm) did not affect PUV disinfection performances (P≤0.05)
(Table 3). Previous researchers have also reported that presence of
organic matter such as humic acid may reduce the efficacy of UV for
inactivating microorganisms due to attenuation of light by the former
particles, whereby reducing microbial exposures. A landmark work of
King et al. (2008) identified increased dissolved organic content in
environmental waters with decreased solar inactivation of C. parvum
oocysts. However, this present study showed that incorporation of
humic acid at a concentration above that commonly found in surface
water (i.e., 10 ppm) as stated by Cantwell et al. (2008)) did not
significantly affect the inactivation performance of PUV for treating
C. parvum oocysts suspended in water.

Table 2
Infectivity assessment of C. parvum as determined by in vivo infectivity in SCID-mouse
model post pulsed UV treatments at 8 cm distance from light source.

PUV parameters No. of SCID mice Presence of oocysts in treated mice

Discharge
energy (J)

No. of
pulses

Dosed Infected
after
treatment

Faecesa Intestinal
villib

Shedding Oocysts/ml

0 0 4 4 Yes 325±32 Ac Yes
3.2 ≤250 4 4 Yes 303±24 A Yes

300 4 2 Yes 86±11 B Yes
350 4 0 No − D No

12.8 ≤100 4 4 Yes 296±42 A Yes
150 4 3 Yes 106±28 B Yes
200 4 1 Yes 54±16 C Yes
250 4 0 No − D No

16.2 50 4 4 Yes 312±18 A Yes
60 4 3 Yes 114±30 B Yes
90 4 0 No − D No

20 25 4 4 Yes 288±34 A Yes
50 4 2 Yes 98±33 B Yes
60 4 0 No − D No

a Presence of oocysts in mice faeces as determined by immunofluorescence
microscopy of stained faecal pellets using ST103R-Crypto-a-gloTM. Dose was standard-
ized at ca. 1×105 oocysts/ml for all studies, and studies were performed in triplicate.

b Presence of C. parvum different life cycle stages in intestinal villi of SCID mice as
determined by hematoxylin and eosin staining followed by microscopic examination.

c Values with different capitalized letters are significantly different at P≤0.05. Mean
of triplicate counts performed by measuring presence of oocysts in 40 µl of stained
faeces. ±, indicates standard deviation, −, oocysts not detected.

Table 3
Relationship between use of PUV (at lamp discharge energy of 16.2 J) and number of
pulses required to eliminate the infectivity of different populations of C. parvum oocysts
as determined by use of in vitro HCT-8 cell line assay and in vivo SCID-mouse model.

Initial concentration
of infectious oocysts
(oocysts/ml)a

Humic
acid conc.
(ppm)

Number of pulses
required to eliminate
infectivity using
HCT-8 cell-qPCR assayb

Number of pulses
required to eliminate
infectivity using
SCID-mouse model

2.3×105 0 325±25 Ac 350 A
2.3×105 10 325±25 A 350±25 A
1.8×103 0 175±50 B 225±50 B
1.8×103 10 200±25 B 275±75 A
2.4×102 0 75±25 C 125±50 C
2.4×102 10 100±5 C 150±50 B
3.7×101 0 50±25b D 75±25 C
3.7×101 10 50±25b D 100±50 C

a Mean administered dose (oocysts/ ml) determined by real-time qPCR and
confirmed using immunofluorescence (IF) microscopy.

b Intracellular C. parvum stages not detected by visual microscopic assessment of
inoculated HCT-8 cell line.

c Values with the same uppercase letter do not differ significantly at P≤0.05 level.
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Findings from this study is also in agreement with the seminal
work of Rochelle et al. (2002) who advocated that C. parvum
disinfection experiments performed with either mice or cell culture
infectivity models should be limited to discriminating relatively large
differences between treatments and should not try to resolve fine
differences in the levels of inactivation between small treatments. In
this study we also report on an increased variability between use of
cell culture and SCID-mice models for detecting infectivity using
deceasing concentrations of oocysts that were initially PUV treated
followed by exposure to excystation conditions (acid and bile) before
inoculation in cell monolayers or in mice. However, all UV and heating
experiments reported in this study relate to exposure of treated
oocysts to excystation conditions prior to inoculation in cell line or in
mice infectivity models that simulate passage of this Iowa isolate
through the human gastrointestinal tract. We have not reported on
the efficacy of PUV andmonochromatic light to inactivate oocysts that
were not exposed to subsequent excystation conditions (i.e., acid and
bile exposure) due to the inability of these untreated oocysts to infect
the HCT-8 cell monolayers (data not shown). It is possibly due to
this inherent variability in untreated oocysts that Lee et al. (2008)
exclusively reported on the efficacy of pulsed UV to inactivate oocysts
that were all subsequently incubation in acidified HBSS and 4 mM
sodium taurocholate before inoculation onto HCT-8 cell monolayers.
However, significant lot-to-lot variability of the Iowa isolate was also
previously demonstrated by Korich et al. (2000) who reviewed 22
dose response studies with CD-1 mice over a 3 year period, in which
the ID50s ranged from 33 to 478 oocysts. Although this study demon-
strated that cell culture was equivalent to an animal bioassay for
measuring infectivity and inactivation of C. parvum when present in
samples at ca. 105 oocysts/ml, a disadvantage of cell culture is the
inability to propagate oocysts in vitro. The failure of C. parvum to
propagate in cell culture is no yet understood but may related to
nutritional deficiencies in the culture media, inappropriate redox
renditions, or death of the host cells following infection. Therefore,
in vivo infection in animal bioassays still appears necessary for the
production of large numbers of oocysts required for evaluating disin-
fection performances of established and emerging technologies.

In conclusion, this study demonstrated that there is good agree-
ment between use of in vitro cell culture-qPCR and the SCID-mouse-
infectivity assays for evaluating the disinfection efficacy of pulsed
UV, thus reducing the requirement to unnecessarily use animals for
these particular research studies. However, further investigations are
required to comprehensively demonstrate efficacy of using this novel
disinfection UV approach for treating lower concentrations of infec-
tious oocysts representative of different strains and genotypes that

may frequently contaminatewater supplies. Development of a reliable
and repeatable method for measuring fluence values from ultra-short
lived pulses of light in water associated with PUV is needed, and the
former should take on board critical inter-related factors previously
identified by Bolton and Linden (2003) for continuous LP andMPunits.
A dearth of information also exists on the ability of C. parvum to
repair post exposure to varying operational conditions associatedwith
PUV treatments combined with possible subsequent survival of sub-
lethally inactivated oocysts in the aquatic environment.
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Development of a combined in vitro cell culture – Quantitative PCR assay
for evaluating the disinfection performance of pulsed light for treating
the waterborne enteroparasite Giardia lamblia
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h i g h l i g h t s

� Pulsed UV light successfully inactivated Giardia lamblia cysts as determined by real time PCR.
� G. lamblia appears more UV resistant than Cryptosporidium parvum.
� The HCT-8 human intestinal cell line acts as a suitable host for Giardia infection.
� A reduced level of infectivity was observed with the Caco-2 colon cell line.
� Real Time PCR provided a suitable tool for measuring Giardia infectivity in vitro.
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a b s t r a c t

Giardia lamblia is a flagellated protozoan parasite that is recognised as a frequent cause of water-borne
disease in humans and animals. We report for the first time on the use of a combined in vitro HCT-8 cell
culture-quantitative PCR assay for evaluating the efficacy of using pulsed UV light for treating G. lamblia
parasites. Findings showed that current methods that are limited to using vital stains before and after
cyst excystation are not appropriate for monitoring or evaluating cyst destruction post PUV-treatments.
Use of the human ileocecal HCT-8 cell line was superior to that of the human colon Caco-2 cell line for
in vitro culture and determining PUV sensitivity of treated cysts. G. lamblia cysts were also shown to
be more resistant to PUV irradiation compared to treating similar numbers of Cryptosporidium parvum
oocysts. These observations also show that the use of this HCT-8 cell culture assay may replace use of
animal models for determining disinfection performances of PUV for treating both C. parvum and G.
lamblia.

� 2014 Elsevier Inc. All rights reserved.

1. Introduction

Giardia lamblia is a flagellated protozoan parasite that is
frequently associated with gastrointestinal infection in both
developed and developing countries where the main routes of
transmission including consumption of contaminated food and
water, person-to-person and animal-to-person zoonosis through
the faecal-oral route. Waterborne transmission of Giardia is the
most common cause of outbreaks as G. lamblia cysts are abundant
in surface and source waters (Shin et al., 2010). Notably, 20 of the
45 European countries have reported the prevalence of Giardia in
human and water samples with 10 countries reporting its presence
in recreational waters. Furthermore, giardiasis has recently been

categorised as a ‘‘neglected disease’’ by theWorld Health Organisa-
tion (WHO) (Plutzer et al., 2010). The excretion of extensive num-
bers of Giardia cysts by high numbers of cattle and sheep around
water supplies make infected animals an important route of water
contamination. Indeed occurrence data from developed and devel-
oping countries suggest that Cryptosporidium and Giardia are com-
monly found in raw sewage with the latter present in higher
numbers more frequently. As with parasites such as Cryptosporidi-
um parvum the removal of Giardia from water supplies has proven
problematic due to its resistance to current water disinfection
methods and the low cyst number required for infection to occur.

Indeed it is due to the emergence of such recalcitrant chlorine-
resistant pathogens that the need for alternative water disinfection
methods has arisen. The use of UV light technology for the treat-
ment of water has proven effective for numerous water borne
microorganisms including parasitic protozoan (Craik et al., 2000;
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Garvey et al., 2010). The inactivation of microbial species by UV
light involves the alteration of DNA following the absorbance of
UV energy by the treated species which in turn inhibits the repro-
ductive abilities of the organism. Standard UV disinfection
methods involve the usage of lamps which emit UV in at set wave-
length and are termed low press UV. Recent research including that
carried out by this research group has focused on the potential of a
novel pulsed UV light system as a suitable method of water and
waste water disinfection. Pulsed UV operates by storing energy
in a capacitor and releasing it as short bursts of energy into the
treatment area. Compared to conventional UV light, pulsed light
treatment has the advantage of being fast, effective and more
efficient at converting electrical energy into photon energy.

Studies on the UV inactivation of organisms such as Cryptospo-
ridium and Giardia are problematic due to the infective nature of
the parasites which require a live host to initiate its reproductive
cycle. This coupled with the mode of action of UV light (inducing
genetic damage as opposed to cell membrane damage) raises diffi-
culties with accurately determining if Giardia has lost its infective
abilities following UV exposure.

Research to date on the UV inactivation of Giardia has been
based on the use of vital dyes, in vitro excystation and in vivo infec-
tion of live rodents with the former consistently proven to overes-
timate inactivation (Maux et al., 2002) and the latter raising ethical
issues as well as the difficulties and time demands associated with
animal testing. The use of an in vitro cell culture model as an alter-
native to in vivo testing has proven successful for other parasites
such as C. parvum (Garvey et al., 2010). By providing an in vitro envi-
ronment similar to that of the host intestines, the parasite can be
stimulated to infect cells growing in culture and to initiate its life
cycle. Giardia trophozoites strongly adhere to the epithelial surface
of the intestine via a ventral adhesive disc. A number of parasitic
surface molecules are engaged in this tight interaction, including
giardins (primarily alpha, beta, delta and gamma giardins), as well
as a complex network of contractile proteins which play key roles in
trophozoite attachment. The extraction and amplification of para-
sitic DNA via real time PCR may then provide a rapid measurement
of infective parasite numbers allowing for the measurement of live
or dead parasites. This represents the first study on the use of a
combined cell culture - real time PCR in vitro assay for the viability
assessment of low-pressure and pulsed UV light treated G. lamblia
cysts using human intestinal derived cell lines. It is envisioned that
such an assay may provide an alternative approach to that of in vivo
testing by allowing for a rapid method of determining parasitic
inactivation following UV and other enabling processes for water
treatment. Working towards such methods will aid in the treat-
ment and elimination of this pathogenic organism from water sup-
plies by allowing for reproducible studies on the inactivation of
Giardia cysts for effective water treatment and control.

2. Methods

2.1. Pulsed UV light system

A bench-top pulsed power source (PUV-1, Samtech Ltd.,
Glasgow) was used to power a low-pressure (60 kPa) xenon-filled
flashlamp (Heraeus Noblelight XAP type NL4006 series constructed
from a clear UV transparent quartz tube), that produced a high-
intensity diverging beam of polychromatic pulsed light, was used
in this study as per Garvey et al. (2010, 2012). This delivery system
kills microorganisms by using ultra-short duration pulses of an
intense broadband emission spectrum that is rich in the UV-C
germicidal wavelength. PUV is produced by storing electricity in
a capacitor over relatively long times and releasing it as a short
duration pulse using sophisticated pulse compression techniques.
The pulsed light has a broadband emission spectrum extending

from the UV to the infrared region with a rich UV content and its
intensity also depends on the level of the voltage applied. The light
source has an automatic frequency control function which allows it
to operate at 1 pulse per second (pps); this setting was used
throughout the study. Light exposure was homogenous as the
xenon lamp measuring 9 � 0.75 cm was longer than the 8.5 cm
standard diameter.

2.2. Mammalian cell culture and maintenance of cell lines

Monolayers of the human ileocecal adenocarcinoma cell line
HCT-8 (ATCC CCL-244: American Type Culture Collection, Rock-
ville, Md.) were grown with regular sub-culturing in RPMI 1640
growth media with L-glutamine and supplemented antibiotics
(penicillin G, 100,000 U/L, streptomycin, 0.5 g/L and amphotericin
B, 0.5 g/L), sodium bicarbonate, 2 g/L, and 10% foetal calf serum
adjusted to pH7.4. Caco-2 cells (ATCC HTB-37), established from
a human colon adenocarcinoma Caco-2 cells were maintained at
37 �C in Dulbecco modified Eagle’s medium/Ham’s F-12 medium,
supplemented with 20% (v/v) foetal bovine serum, 1% 200 mM
L-glutamine, 1% (v/v) non-essential amino acids, 0.5% (v/v) penicil-
lin–streptomycin and 0.5% (v/v) amphotericin B (Sigma–Aldrich).
Maintenance media was stored at 4 �C and heated to 37 �C prior
to use. HCT-8 and Caco-2 cells were cultured and maintained in
T75 cm2 cell culture flasks in a humidified incubator at 37 �C in
an atmosphere containing 5% (vol/vol) CO2 for circa. 24 h until 80
to 90% confluent monolayers had formed. Once confluent, cells
were trypsinised to remove the cell monolayer from the flask
and seeded into 6 well plates for 24 h at 37 �C at a seeding density
of 1 � 106 cells/well for use in real time pcr studies and at a density
of 1 � 105 cells/well for chamber slides for infectivity studies using
fluorescent stains.

2.3. Viability and infectivity determination of G. lamblia

G. lamblia cysts (derived from experimental infected gerbils)
were purchased from Waterborne Inc USA. Cysts were stored in
sterile PBS (0.01 M phosphate buffer, containing 0.0027 M KCL
and 0.137 MNaCl at a pH of 7.4) with 100 U of penicillin/ml,
100 lg of streptomycin/ml and 100 lg of gentamicin/ml at 4 �C
until they were used for UV treatment studies. A combined surro-
gate dye staining method comprising propidium iodide (PI) 1 mg/
ml of 0.1 M sterile PBS, 40,60-Diamidino-2-Phenylindole (DAPI)
2 mg/ml in methanol and a fluorescein-labelled mouse-derived
monoclonal antibody Giardi-a-Glo™ (having corresponding epi-
tope on cyst cell wall; Waterborne Inc, New Orleans, USA) was
used to confirm the viability of cysts. The excystation rate was
determined for each batch of cysts by microscopic observation fol-
lowing sequential incubation at 37 �C in acidified hanks balanced
salt solution (HBSS) for 1 h as per method of Garvey et al., 2010.
All experiments were carried out using cysts with greater than
90% viability, as determined by in vitro excystation and the uptake
or exclusion of vital dyes. Cysts were counted using a haemocy-
tometer and inverted microscope (Olympus, CKX41) with camera
(Olympus, IX2-SLP) attached.

Cell culture infectivity was confirmed by immunofluorescent
(IF) staining of treated HCT-8 and Caco-2 cell monolayers following
exposure to viable cysts. Cell monolayers were seeded into each of
8 well chambered slides (Lab Tec II, Nunc) at a concentration
circa.1 � 105 cells per well. Cysts were stimulated to excyst by
re-suspension in acidified HBSS pH 2.7 for 1 h at 37 �C. After one
washing step with sterile PBS, cysts were re-suspended in cell cul-
ture media containing varying concentrations of proteose and
thereafter 350 ll aliquots were then added to each well. Samples
were incubated for up to 48 h at 37 �C in 5% (vol/vol) CO2

atmosphere, to determine optimal conditions for cell infectivity.
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At set times each individual well containing a separate monolayer
was air dried at room temperature until all moisture had evapo-
rated. After which, 45 ll of Troph-o-Glo™ (Waterborne Inc, UK)
which detects different life cycle stages of Giardia in vitro was
added to each well for 25 min at 37 �C. Slides were rinsed from
unbound stain by flooding with 100 ll SureRinse (Waterborne
Inc, USA). The inoculated cell monolayers were then counter-
stained for 1 min with C101 containing Evans blue dye (Water-
borne Inc, USA). All slides were examined under fluorescence
microscopy (Leitz Diaplan fluorescence microscope) at an excita-
tion wavelength of 460–500 nm and an emission wavelength of
510–560 nm for Troph-o-Glo™ and an excitation wavelength of
550 nm and emissions wavelength of 610 nm for the counterstain
C101. All wells containing separate monolayers were examined
and noted as positive or negative for sites of parasitic infection.

2.4. UV light treatment of G. lamblia cysts

Petri dishes used in the testswere placed directly below the lamp
source for both pulsed and LP UV (low pressure ultraviolet), which
ensured full coverage of the plate surface and eliminated possible
shading effects. The LP-UV lamp employed in this study is a hand-
held model (UVGL-55) supplied by UVP Inc, UK. It produces radia-
tions in the wavelength range of 254 nm–365 nm, with maximum
emission at the germicidal wavelength, 254 nm. For standard treat-
ments the light source was mounted at 8 cm above the treatment
area, as this distancewas shown previously to be optimal for inacti-
vation of C. parvum (Garvey et al., 2010) for both UVmethods. In this
study, standard treatments involved suspending predetermined
numbers of G. lamblia cysts in the range of 1–1,000,000 cysts/ml in
sterile phosphate buffered saline (PBS) pH 7 to pulses of UV light.
Samples were treated in petri dishes that were then subjected to
lamp discharge energies of 16.2 J (900 volts) at 8 cm distance from
the light source up to and including a fluence of 22.68 � 10�3 mJ/
cm2 at a rate of 1 pulse per second for PUV studies. The UV dose
was adjusted by increasing or decreasing the frequency of the puls-
ing. In order to ensure that any possible negative effects of such
treatment was solely as a result of a UV induced change in the natu-
ral environment of the test species, studies were also conducted on
heat inactivated (70 �C) samples, which were prepared in the same
manner. Measurement of UV fluence rate (lJ/cm2) at each applied
pulsewas determined using chemical actinometry as first described
by Rahn (2003), with the modifications of Hayes et al. (2012) as the
non-continuous emitted spectrum did not facilitate use of a cali-
brated radiometer. UV dose is reported at mJ/cm2 for comparative
analysis to that of LP-UV. LP-UV inactivation was conducted with a
hand help lamp (UVGL-55 handheld UV Lamp) placed 8 cm above
the treatment dish, UV dose (mJ/cm2) was varied by increasing or
decreasing the exposure time as required. All studies were con-
ducted in an aseptic environment. Following treatment, treated
and untreated controls were viability assessed by fluorescent stain-
ing using the method previously described. Parasites were trans-
ferred to sterile centrifuge tubes and centrifuged at 10,000 rpm for
15 min to pellet the cysts. The supernatant was removed and the
pellet re-suspended in 1 ml of HBSS pH 7.2 for 1 h at 37 �C to initiate
cyst excystation. Cell culture infection and real time PCR was then
performed in 6 well plates containing a cell monolayer.

2.5. Combined cell culture-quantitative PCR (CC qPCR) assay for
enumerating viable G. lamblia

Real-time, Taqman-quantitative PCR (qPCR) was performed
using primers (TIB MOLBIOL, Berlin, Germany) specific for the
b-giardin region of DNA. Giardins are filamentous proteins with
an alpha coiled helix structure and are a component of the attach-
ment mechanism of G. lamblia trophozoites to host cells. Real-time

PCR reactions are characterised by an increase in fluorescence
emission due to probe degradation by DNA polymerase in each
elongation step during PCR cycling. The higher the starting copy
number of the nucleic acid target, the earlier the fluorescence will
reach the predetermined threshold cycle (CT) and the smaller will
Ct value will be. The Ct value is the fractional PCR cycle number, at
which a significant increase in target signal fluorescence above the
baseline is first detected for a sample. Quantification of test sam-
ples is performed by determining the Ct value and the use of a
standard curve to deduce the starting copy number. Primers coding
for b-giardin were used as per method of Bertrand et al., 2009. The
Taqman probe with the following sequence: 50-FAM TCACCCAGAC-
GATGGA CAAGCCCTAMRA-30 was utilised for this study. Amplifica-
tion reactions (20 lL) contained 5 lL of sample DNA (0.5 lM of
each primer, 0.2 lM of probe) and 15 lL of reaction buffer (Roche
Diagnostic, West Sussex, England). Both positive and negative con-
trols were included in RT-PCR to validate the results. DNase–RNase
free water was used as negative control throughout.

Cycling parameters were initial denaturation for 10 min at 95 �C
followed by 65 cycles of denaturation for 10 s at 95 �C, annealing
for 40 s at 40 �C, extension for 1 s at 70 �C and cooling for 30 s at
40 �C on a Nanocycler� device (Roche Diagnostics). Large numbers
of cycles were used to ensure detection of low levels of infection.
On completion of each RT-PCR run amplification curves were ana-
lysed by Nanocycler software (Roche Diagnostics) and a standard
curve of oocyst DNA concentration determined.

DNA standards were prepared from fresh cysts ranging in con-
centration from10 to 107 cysts/ml by dilution in PBS following stan-
dard viable count determinations. Aliquots of cysts at different
densities were then stimulated to infect the HCT-8 and Caco-2 cell
lines that were seeded into 6 well plates at a concentration of circa.
1 � 106 cells/ml at 90% confluency. The latter cell line stimulation
occurred by re-suspension and separate incubations for 1 h in acid-
ified HBSS as previously described. 1 ml aliquots of each concentra-
tion range of excysted cysts were re-suspended in appropriate cell
culture growth media containing varying concentrations of prote-
ose and added to onewell of the 6well plate. Following 48 h incuba-
tion at 37 �C in a humidified atmosphere of 5% (vol/vol) CO2, the cell
culture media with non-adherent or internalized G. lamblia was
removed by aspiration and discarded. Mammalian cells were then
washed with sterile PBS and trypsinised using 1 ml of 0.25% (vol/
vol) trypsin/EDTA (Sigma) and left for 15 min at 37 �Cuntil complete
detachment of the monolayer had occurred. Cells were then centri-
fuged at 500 rpm for 5 min and re-suspended in 200 ll sterile PBS,
thereafter the mammalian cells and Giardia cell membranes were
lysed using PCR template preparation kit (Roche Diagnostics, West
Sussex, England) in order to produce DNA (template) and standard
curve following infection in both cell lines. Real time PCR was also
conducted on excysted cysts without passage through cell culture
to determine the Ct values for serially diluted cysts numbers for
comparative analysis. The Ct values for cell culture RT-PCR of each
dilution amplified in triplicate were plotted against the logarithm
of the starting quantity of cysts. The equation of this standard curve
was then used to determine the inactivation of UV treated cysts. The
aforementioned cell culture PCR procedure was then repeated to
determine infectivity of cysts subjected to varying UV parameters
or heating at 70 �C for 30 min (negative control). Log inactivation
of oocysts (L) is defined by L = log10[Nd/N0], where N0 is the initial
concentration of cysts and Nd is the concentration of viable infec-
tious oocysts post disinfection treatments as detected by combined
cell culture-qPCR assay as per method of Lee et al. (2008).

2.6. Statistical analysis

The log reduction for UV treated cysts was calculated as the
log10 of the ratio of the concentration of the non-treated (N0) and
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UV treated (N) samples [log10 (N0/N)]. Student’s t-tests and ANOVA
one-way model (MINITAB software release 16; Mintab Inc., State
College, PA) were used to compare the effects of the relationship
of independent variables on UV treatments. Student t-tests were
used to compare infectivity in both cell lines and parasite types.
All experiments were conducted in triplicate in three separate
experiments.

3. Results

3.1. Excystation and cell culture infectivity

All cysts were less than 2 weeks old and 100% viable (Fig. 1)
before studies were conducted as determined by viability staining
using Giardia specific IF dyes. Initial excystation methods were
conducted as per the methods of Garvey et al., 2010 for the excys-
tation of Cryptosporidium and included exposing parasite prepara-
tions to HBSS pH2.7 (stomach like environment) followed by re-
suspension in 1% bovine bile. However it was found that the rate
of excystation of G. lamblia decreased significantly with an increase
in the exposure times to bovine bile as determined by microscopic
trophozoite count. Findings showed that maximal cyst excystation
occurred in the absence of bile with a 1 h suspension in HBSS pH
2.7 proving sufficient to cause cyst excystation and trophozoite
release as determined by trophozoite count via microscopy.

Optimal detection of Giardia DNA was achieved via RT-PCR without
the presence of bile in the excystation step whereas for C. parvum it
was found that 15 min incubation in 1% bovine bile aided in the
excystation of sporozoites as determined by microscopic count
and confirmed by RT-PCR amplification of parasitic DNA (Fig. 2).
For cell culture infectivity it was found that optimal infectivity of
the HCT-8 and Caco-2 cell lines occurred in media which contained
2% proteose for G. lamblia. These findings are based on the observa-
tion of multiply sites of infection via fluorescent microscopy and
the lower Ct readings obtained following PCR amplification of par-
asitic DNA (Fig. 3). Furthermore, for parasitic cell line infectivity it
was found that infection was optimal when cells were exposed to
parasites at a ratio of 1:1. The Ct readings for parasitic DNA
extracted from cell culture were consistently higher than those
extracted from cysts/oocysts without cell culture indicating that
a loss of parasite DNA occurred during this step. There was a signif-
icant difference (p < 0.05) in the amplification values for target
DNA from parasites which were stimulated to infect mammalian
cells and those which were only stimulated to excyst. Notably,
for both cell lines the limit of detection was 10 cysts and oocysts
per monolayer for Giardia and Cryptosporidium respectively (Figs. 3
and 4) with a detection limit of 1 oocyst/cyst without passage
through cell culture for both species.

For both parasite species the HCT-8 cell line proved significantly
more susceptible to infection than the Caco-2 (p < 0.05). This is

Fig. 1. (A) Giardia lamia cysts taken with an inverted microscope, arrow indicates empty cysts structure after excystation (bar is 6 lm). (B) Fluorescent staining of G. lambia
and C. parvum viable parasites using parasite specific dyes.
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evident from the lower Ct values obtained for PCR amplification
following HCT-8 infection, indicating that a larger amount of target
DNA was present (Figs. 3 and 4). Fluorescent staining and imaging
also indicated that infection of Caco-2 cells was not as prominent
with less sites of infection present. Infectivity was graded on a
scale of 1 to 4 (Table 1) based on the amount of fluorescent struc-
tures present which were not quantifiable due to the high numbers
present. Also it was observed that the negative effect of parasitic
infection on host cell lines was more noticeable in Caco-2 cells
where cell death occurred more rapidly following exposure to par-
asites, also cells detached from the culture flask with greater ease
than the infected HCT-8 cells. Thus suggesting that the Caco-2 host
cell monolayer was unable to support infectivity with large
numbers of parasites and the resulting loss of cell viability and
attachment influenced the rate of infection. This was not observed
with HCT-8 cells as they continued to proliferate with monolayer
overgrowth occurring in both infected and non-infected cells.

3.2. Real time PCR to determine viability

The use of vital staining techniques on UV treated cysts proved
insufficient at determining viability/inactivation following UV
treatment (Table 2). Even at maximal UV doses all treated cysts

showed levels of dye uptake similar to untreated controls indicat-
ing that no inactivation had occurred. These findings correspond to
that of Campbell and Wallis, 2002 where vital dye viability assays
repeatedly underestimated inactivation. As with Campbell and
Wallis, 2002 this confirms that vital dye viability assays should
not be used to define inactivation during testing of novel disinfec-
tion techniques.

The sensitivity of the real-time RT-PCR assay was examined by
performing RT-PCR assays in triplicate with tenfold serial dilution
of purified cysts with and without cell culture infection. For
b-giardin primer amplification, a linear response (r2 = 0.98) was
observed from 1,000,000 to 10 cysts per reaction for both excysted
and cell culture PCR assays (Figs. 2 and 3). The detection of target
DNA was quicker following excystation with the absence of the cell
culture step as evident by the smaller Ct values obtained. However,
excystation alone does not give information on the infectivity of
the parasite in a host cell environment. Indeed excystation
occurred for both treated and untreated Giardia at a similar rate
suggesting that no UV inactivation had occurred (Table 2).
However, with CC-qPCR there was a significant (p < 0.05) loss in
viability detected with an increase in UV dose indicating a reduc-
tion in infective cysts present. This was not achieved with vital
dye staining or PCR following excystation alone.
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3.3. UV inactivation of G. lamblia

The variance in the Ct values following UV exposure allows for
the determination of UV inactivation by comparing treated to
untreated controls. The equation of the line obtained for the
HCT-8 CC qPCR standard curve was used to calculate log10 reduc-
tion of each UV treated batch. Findings show that both LP-UV
and PUV light successfully inactivated the test species. With
5.4 mJ/cm2 of LP-UV dose a 1.48 log10 reduction in viability was
achieved for G. lamblia as detected via CC-qPCR. With an increase
in exposure the rate of inactivation also increased significantly
(p < 0.05) up to a maximum of 1.88 log10. However, after a UV dose
of 65.4 mJ/cm2 no further increase in Giardia inactivation was
detected (Table 1). Therefore, a ca. 2 log10 inactivation rates was
obtained with a UV dose of 113.4 mJ/cm2 equivalent to a treatment
time of 210 s (3.5 min). These findings correspond to that of Craik
et al., 2000 and Campbell and Wallis, 2002 where studies show
that 99% of Giardia inactivation was achieved below 8 mJ/cm2

and 10 mJ/cm2 respectively using a medium pressure lamp and
in vivo infectivity in mice and gerbil modes. At doses exceeding
8 mJ/cm2 and as high as 130 mJ/cm2 there was no significant
increase in the inactivation of Giardia cysts (Craik et al., 2000).
The similarities in these findings using a cell culture based assay
to that of animal infectivity suggest that the former in vitro based
approach may indeed show levels of infectivity to that of the
in vivo test system.

The pulsed UV system resulted in levels of inactivation of G.
lamblia which were greater than the LP-UV system (Table 1) with
significantly less applied UV dose. Indeed a 1.48 log10 inactivation
was achieved with as little as 12.96 � 10�3 mJ/cm2 of pulsed UV
compared to 5.4 mJ/cm2 of LP-UV. Noteworthy, the inactivation
plateau which was observed with LP-UV did not appear with

PUV up to a dose of 22.68 � 10�3 mJ/cm2 equivalent to a treatment
time of 210 s. A ca. 3 log10 (99.9%) loss in cyst viability was deter-
mined by CC qPCR with a pulsed UV dose of 22.68 � 10�3 mJ/cm2.
Previously published work of Garvey et al., 2010 detailing the inac-
tivation of C. parvum reported a 3.3 log10 inactivation following a
pulsed UV dose of 9.72 � 10�3 mJ/cm2. This report also showed
the correlation between mice infectivity and an in vitro HCT-8 CC
qPCR assay for the disinfection kinetics of C. parvum with pulsed
UV light. G. lamblia appears more UV resistant than C. parvum at
doses up to 9.72 � 10�3 mJ/cm2 with a 1.2 log10 and <4 log10 inac-
tivation obtained for Giardia and Cryptosporidium (Garvey et al.,
2010) respectively. A similar trend where C. parvum showed
increased sensitivity to medium pressure UV than Giardia was
reported by Belosevic et al., 2001.

4. Discussion

According to the European Water Framework Directive, a ‘‘good
ecological and chemical status of surface water’’ has to be achieved
by 2015. In this context of meeting this important directive, the
detection and destruction of emerging recalcitrant pathogens such
as chlorine-resistant Cryptosporidium and Giardia parasites and
related issues such as the occurrence of unwanted anthropogenic
micropollutants in surface waters via drinking and wastewater
treatment plants (WWTPs) has come under the spotlight of scien-
tists as well as politicians (Rowan, 2011; Grummit et al., 2013).
Concomitantly, several research projects including the EU project
‘‘Poseidon’’ (Ternes, 2004), the Swiss project ‘‘Strategy Micropoll’’
(Abeeglen et al., 2009) or long-term activities of the NORMAN net-
work (http://www.norman-network.net/) have investigated the
efficiency of different innovative technologies in WWTPs such as
ozonation or charcoal filters, to specifically lower concentrations

Table 1
Log10 reduction and infectivity of treated Giardia lamblia via real time PCR and cell culture infectivity IF staining of the HCT-8 cell line following UV treatment (±standard
deviation).

Exposure LP-UV PUV

Time seconds Dose mJ/cm2 RT-PCR Log10 reduction Cell culture infectivity* Dose � 10�3 mJ/cm2 RT-PCR Log10 reduction Cell culture infectivity*

0 0 0 4 0 0 4
10 5.4 1.48 (±0.1) 4 1.08 0.52 (±0.1) 4
20 10.8 1.92 (±0.2) 4 2.15 0.52 (±0.5) 4
30 16.35 2.04 (±0.2) 3 3.24 0.6 (±0.2) 4
60 32.7 1.92 (±0.1) 3 6.48 0.62 (±0.1) 4
90 49 1.84 (±0.1) 3 9.72 1.2 (±0.1) 4

120 65.4 1.84 (±0.3) 4 12.96 1.48 (±0.5) 3
150 81.7 1.88 (±0.2) 4 16.2 2.02 (±0.4) 3
180 98.1 1.74 (±0.1) 4 19.44 2.4 (±0.1) 3
210 113.4 1.74 (±0.2) 4 22.68 2.82 (±0.1) 2

* Infectivity of cells as determined by immune-fluorescent staining of 3 separate HCT-8 monolayers exposed to UV treated and untreated Giardia lamblia cysts. Presence of
infectivity indicates the presence of viable Giardia. Numbers indicate level of infectivity 4 = high, 3 = medium, 2 = low, 1 = very low.

Table 2
Determination of viability of UV treated and untreated Giardia lamblia (1 � 105 cysts/ml) via staining with vital dyes DAPI and PI compared to the excystation and cell culture RT-
PCR assays.

LP-UV dose mJ/cm2 Viability PUV dose lJ/cm2 Viability

DAPI/PI (%)¥ Excystation PCR* Log10 CC-PCR^ Log10 DAPI/PI (%)¥ Excystation PCR* Log10 CC-PCR^ Log10

0 100 4.98 (±0.1) 5 (±0.3) 0 100 5.2 (±0.2) 5 (±0.05)
5.4 100 5.1 (±0.01) 3.52 (±0.05) 1.08 100 5.1 (±0.2) 4.48 (±0.3)

10.8 99 5.1 (±0.1) 3.05 (±0.2) 2.15 100 5.2 (±0.08) 4.48 (±0.1)
16.35 100 5.1 (±0.08) 2.9 (±0.1) 3.24 100 5.2 (±0.1) 4.4 (±0.3)
32.7 100 5.0 (±0.2) 3.08 (±0.5) 6.48 99 5.2 (±0.3) 4.38 (±0.1)
49.0 99 5.0 (±0.1) 3.16 (±0.4) 9.72 100 5.0 (+/-0.2) 3.8 (±0.02)
81.7 100 5.1 (±0.3) 3.12 (±0.2) 16.2 100 5.0 (±0.01) 2.98 (±0.2)

113.4 100 5.1 (±0.1) 3.26 (±0.3) 22.68 98 4.6 (±0.1) 2.18 (±0.01)

¥ Viability measured by vital staining of Giardia lamblia pre and post UV exposure, score is the mean of 3 separate replicates of individual experiments. 100 parasite cysts
were counted and marked as positive or negative for dye uptake.
* Log10 viability as determined PCR amplification of Giardia lamblia UV treated and untreated following excystation without passage through a cell line.
^ Log10 viability as determined by PCR amplification of Giardia lamblia UV treated and untreated following excystation and cell culture infectivity.
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of micropollutants in surface water (Grummit et al., 2013). While
the efficiency, practical suitability and respective limitations and
strengths were evaluated by several leading scientists in this field
of study (Schrank et al., 2009; Stalter et al., 2010), the general con-
sensus reached is that there is concern regarding use of innovative
oxidative processes as they create toxic metabolites as well as
recognition of the importance of integrating these technologies
for destroying emerging recalcitrant microbial pathogens such as
parasites and antibiotic resistant microorganisms. We recently
reported that pulsed UV light is a superior candidate water
treatment technology to that of pulsed-plasma gas-discharge and
ozonation as former does not elicit any unwanted geno-, cyto-
and ecotoxicological end-points yet effectively and efficiently
destroys C. parvum oocyts (Hayes et al., 2013). This study also built
on our earlier work showing that in vitro cell culture can replace
use of the gold-standard in vivo mice model for assessing efficacy
C. parvum detection and disinfection post UV irradiation, thus sim-
plifying and standardising processes for parasite destruction
(Garvey et al., 2010). However, no prior study had focused on the
efficacy of using new innovative disinfection technologies for the
destruction of the waterborne G. lamblia due in part to the highly
complex culture requirement of this flagellated enteroparasite that
was limited to using in vivo rodent models to interpret infectivity
and disinfection efficacy thus limiting developments in this impor-
tant area. This present study describes the effectiveness of using
pulsed light as a novel innovative technology to destroy G. lamblia
by also reporting for the first time on the use of combined cell cul-
ture – qPCR. Application of the findings from this study will also
assist the water industry in identifying effective new innovations
for disinfection of established and emerging pathogens along with
underpinning future risk management, toxicological and ecotoxi-
cological studies.

While there is growing interest in the use of in vitro cell culture
assays to study the pathogenesis and infectivity of waterborne
Cryptosporidium parasite infection post disinfection treatments
(Hijjawi, 2010; Garvey et al., 2010), there is currently a dearth of
critical information on the detection and efficacy of these emerging
enabling technologies for removing or destroying G. lamblia. The
core factor governing choice of appropriate human cell line to
address the needs of this study was representativeness of the tar-
get area or site of infection, therefore epithelial cells of intestinal
origin were selected as they provide a likely matrix for Giardia
infection. During this study, HCT-8 cells were found to be superior
to that of using Caco-2 cells for studying infectivity. Hijjawi (2010)
also reported that HCT-8 was superior to that of eleven other
human cell lines tested for studying infectivity in Cryptosporidium
as these particular cells supported all life cycle stages of Cryptospo-
ridium growth (Hijjawi, 2010). This present study demonstrated
that the mechanism of Cryptosporidium cellular infectivity differed
to that of Giardia where the latter was observed to be not cell
membrane invasive but only requiring attachment to epithelial
surfaces to initiate and enable infection. An increase or decrease
in the amount of host cells available for Giardia significantly
affected its infection and subsequent intracellular proliferation,
which is mainly attributed to the surface area available for parasite
attachment. Loss of viability and detachment which occurred with
the Caco-2 cells may have led to the decrease in infectivity that
was observed for this cell line following exposure to viable Giardia
cysts. Exposure of Caco-2 cells to Giardia cysts consistently
resulted in apoptotic or early phase cell death in this monolayer,
which was not observed with similarly challenged HCT-8 cells. Pre-
vious studies conducted by Cotton et al. (2011) showed that genes
associated with apoptosis are up-regulated in cells exposed to
Giardia and heightened rates of epithelial apoptosis occurs shortly
after exposure to Giardia trophozoites, which was observed both
in vitro and in vivo. This marked difference in pathogenesis

between these two waterborne parasites may be attributed to C.
parvum inhibiting apoptosis at the trophozoite stage or promoting
apoptosis sporozoite and merozoite stages in HCT-8 cells (Panaro
et al., 2007). This may support parasite growth in the early stages
after epithelial cell infection, and may explain why greater levels of
infectivity were evident for this parasite for each cell line studied.
G. lamblia predominantly colonises the proximal small intestine
and this is the primary site of infection following consumption of
the parasite. Therefore, the HCT-8 cell line which is of ileum origin
is an ideal candidate for in vitro infectivity studies. The Caco-2 cell
line has its origin in the colon and this difference in gastrointesti-
nal location may contribute to the ability of the cells to withstand
parasitic infection for both the Giardia and Cryptosporidium species.

Different assays have been used to compare viability and infec-
tivity of Cryptosporidium oocysts and Giardia cysts. Traditionally
neonatal mouse infectivity has been considered the gold standard
and most sensitive assay for determining the infectivity of these
intestinal parasites. Furthermore, the use of vital dye staining tech-
niques has consistently proven insufficient at determining UV
inactivation of these species (Craik et al., 2000). Indeed for many
years it was believed that conventional low-pressure generated
UV light could not sufficiently inactivate G. lamblia based on viabil-
ity as measured via excystation or vital dye staining (Mofidi et al.,
2002). The development of a real time PCR assay for the viability
assessment of UV treated parasites allows for a rapid means of
assessing disinfection techniques without the need for in vivo stud-
ies on live hosts. Previously published studies by this and other
research groups have shown the correlation between mouse infec-
tivity and in vitro cell culture infectivity for C. parvum (Garvey
et al., 2010; Rochelle et al., 2002). This present bench-scale study
demonstrated that PUV effectively destroys Giardia and Cryptospo-
ridium parasites when suspended in water and therefore offers an
exciting opportunity to investigate this approach as a candidate
future emerging innovation at water treatment plant level. This
has future implications in terms of critical data generation as
guiding parameters to include water transmission (presence of
suspended or dissolved solids), flow-rates, volume, energy require-
ments and so forth merit attention as well as the related yet under-
appreciated area of risk management. Findings of this study will
impact positively on water quality and safety and has broad ram-
ifications and/or implications for the water industry moving for-
ward. In order to comprehensively investigate scale up of PUV at
water treatment plants one must also consider identifying a surro-
gate harmless microbial indictor organism of matched or greater
resistance to that of Giardia or Cryptosporidium in order to simulate
and conduct important disinfection and monitoring studies. We
have recently reported on the use of the harmless bacterial endo-
spore Bacillus megaterium which, was shown to be of comparable
PUV sensitivity to C. parvum suggesting that it may potentially
be applied as an alternative surrogate organism to monitor disin-
fection performances of this complex entero-parasite at drinking
and waste water treatment plants (Garvey et al., 2012).
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EFFICACY OF USING HARMLESS BACILLUS ENDOSPORES TO ESTIMATE THE

INACTIVATION OF CRYPTOSPORIDIUM PARVUM OOCYSTS IN WATER
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ABSTRACT: The need to use complex in vitro cell culture, expensive equipment, and highly-trained technicians that are available only to
specialist laboratories has significantly limited studies assessing the potential of pulsed UV light (PUV) to inactivate the waterborne
parasite Cryptosporidium parvum in drinking water. This constitutes the first study to report on the use of different non-pathogenic
Bacillus endospores as potential surrogate organisms to indicate the PUV inactivation performance of a C. parvum oocyst suspended in
water. Findings showed that PUV effectively inactivated approximately 5 log10 CFU/ml Bacillus megaterium and Bacillus pumilus
endospores suspended in water at a UV dose of 9.72 lJ/cm2 that also inactivated statistically similar levels of C. parvum oocysts (P ,
0.05), as determined by combined in vitro HCT-8 cell culture and quantitative PCR. Specifically, this study demonstrated that B.
megaterium exhibited greater or similar PUV-inactivation kinetic data compared to that of similarly treated C. parvum over the UV
dose range 6.4 to 12.9 lJ/cm2. Therefore, the former may be used as an indicator organism for safely investigating the PUV-
inactivation performance of this chlorine-resistant, waterborne parasite at the waste-water treatment plant level. Findings presented
will impact positively on future water quality studies and on public health.

Protozoan cysts such as Cryptosporidium constitute the most

commonly identified cause of waterborne diseases in developed

countries. Cryptosporidium may enter surface waters from urban

runoff, agricultural runoff, wastewater discharges, leaking septic

systems, and via direct fecal waste from animal and human origin

(Sunderland, 2007). In the well-developed countries of America

and Western Europe, where drinking water treatment facilities are

designed primarily for bacterial removal, the incidence of large-

scale waterborne bacterial gastroenteritis is now rare. However,

over the recent years there has been increasing concern over the

emergence of new forms of enteritis caused by protozoan

parasites and enteroviruses. The presence of Cryptosporidium

oocysts has led to many public health outbreaks in both drinking

and recreational waters (Schets et al., 2004). Chlorine-based

compounds have, for many years, been widely used as the main

disinfectants for drinking water systems. However, the Crypto-

sporidium parasite is resistant to these standard water treatment

processes (Méndez-Hermida et al., 2007).

Recently, new approaches such as ozonation and pulsed UV

light (PUV) have been developed for the sterilization of drinking

water. Studies, including those carried out by this research group,

are being conducted on the potential of PUV to inactivate

Cryptosporidium parvum (Garvey et al., 2010). However, due to

the complex nature of the oocysts, the determination of viability

post-decontamination has proved challenging and requires

sophisticated in vitro cell culture or in vivo mice infection models

post-treatments (Garvey et al., 2010). Routine monitoring and

detection of (oo)cysts in the aquatic environs have been restricted

to specialist laboratories with highly-trained technicians using

sophisticated equipment and methodologies (Facile et al., 2000).

Current sampling and analytical methods that are available to

detect Cryptosporidium have proven both insensitive and inaccu-

rate (Nieminski et al., 2000; Schets et al., 2005). The lack of real-

time reliable measurements of recalcitrant pathogens in contam-

inated water inhibits local authorities in reacting to such remedial

needs in terms of drinking and waste-water optimization at the

treatment plant level. Additionally, oocysts are generally not

present in sufficient numbers in water sources to allow direct

measurement of C. parvum oocysts, which also impacts negatively

on the ability to investigate their inactivation performance post-

PUV treatments. Consequently, there is a requirement to

artificially-spike water at the pilot waste-water treatment plant

(WWTP) level with this waterborne pathogen unless a surrogate,

less-fastidious microorganism exhibiting similar PUV inactivation

kinetic properties to C. parvum can be identified. Thus, on-going

investigations in our research group have highlighted the need to

identify and use an appropriate surrogate microorganism to serve

as a harmless indicator model for C. parvum oocysts, particularly

when investigating scale-up parameters from the laboratory to the

pilot WWTP level, thereby avoiding concerns of untreated C.

parvum being released back into municipal water (Irish EPA grant

2011-W-MS-5).

It has been common practice in the past to use indicator

organisms such as coliforms to assess the microbiological quality

of treated drinking water. In principle, the surrogate microor-

ganism must share similar or preferably an augmented resistance

kinetic profile to that of the target organisms for treatment

methods applied, such as PUV. The inactivation kinetics of the

non-pathogenic surrogate organism should also be technically

easy to measure. Previous studies have assessed the use of aerobic

bacterial spores to monitor the efficiency of ozone and concluded

that these organisms serve as both reliable and simple indicators

to that of both Giardia and Cryptosporidium under similar

treatment conditions (Facile et al., 2000). Bacillus subtilis spores

and Clostridium perfringens spores have been suggested as

possible indicators for Cryptosporidium due to their observed

resistance to disinfectants and to adverse environmental condi-

tions (Verhille et al., 2003). Verhille et al. (2003) also reported that

the predominant aerobic spore-forming bacteria present in

surface and ground water were members of the genus Bacillus,

whereas the anaerobic endospores from the genus Clostridium

were found in lower numbers. Indeed, Bacillus and Clostridium

endospores were routinely isolated in treated water, demonstrat-

ing their resistance to commonly-used treatment methods

(Verhille et al., 2003). Clostridium perfringens is a known

pathogen and, therefore, not suitable for water disinfection

studies at a treatment plant level. Cryptosporidium are mostly

present at low concentrations in raw water; therefore, their

monitoring along with the drinking water treatment process
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cannot assess large logarithmic removal efficiencies as needed for

disinfection–removal studies (Mazoua and Chauveheid, 2005).

Consequently, the aim of this study was to investigate the use

and relationship of 2 harmless aerobic endospores-forming

Bacillus species (namely, B. pumilus and B. megaterium) as

surrogate indicator microorganisms to determine the PUV-

inactivation performance of C. parvum in artificially-spiked water

samples. For comparative PUV-analysis, a pathogenic strain of

Bacillus cereus was also studied.

MATERIALS AND METHODS

PUV light system

For all studies described, a bench-top pulsed power source (PUV-1,
Samtech Ltd., Glasgow, U.K.) was used to power a low pressure (60 kPa)
xenon-filled flashlamp (Heraeus Noblelight XAP type NL4006 [Samtech
Ltd., Scotland, U.K.] series constructed from a clear UV transparent
quartz tube) that produced a high-intensity diverging beam of polychro-
matic pulsed light, as per Garvey et al. (2010). The pulsed light has a
broadband emission spectrum extending from the UV to the infrared
region, with a rich UV content, and its intensity also depends on the level
of the voltage applied. The light source has an automatic frequency
control function that allows it to operate at 1 pulse/sec that was used
throughout this study. Light exposure was homogenous, as the xenon
lamp measuring 9 cm30.75 cm was longer than the 8.5 cm diameter. Petri
dishes used in the tests were placed directly below the lamp, which ensured
that full coverage of the plate surface occurred and eliminated possible
shading effects. For inactivation studies the light source was mounted at 8
cm above the treatment area, which was set as the minimum threshold
distance by the fabricant. In this study, standard treatments involved
suspending predetermined numbers of each test species in 20 ml of
phosphate-buffered saline (PBS) that were transferred to Petri dishes
which were then subjected to lamp discharge energies of 16.2 J at an 8-cm
distance from the light source. The UV dose can be adjusted by increasing
or decreasing the frequency of the pulsing, the charging voltage, or both.

Preparation and PUV-treatment of vegetative Bacillus species

Bacillus megaterium ATCC 14581, B. pumilus ATCC 14884, and B.
cereus ATCC 11778 were sourced from the National Collection of Type
Cultures and were selected for this research due to their ability to grow at
ambient temperature and for their relatively large size, which facilitates
direct microscopic observations. The former 2 strains are non-pathogenic,
which allows for their use in the study of water-disinfection techniques.
Strains were grown to single colonies on nutrient agar (Oxoid, Hampshire,
U.K.) at 30 C and their identity confirmed by determining characteristic
morphological, physiological, and biochemical tests as described previ-
ously by Rowan et al. (2001). For PUV studies, a single colony of each test
strain was separately transferred to 100 ml sterile nutrient broth followed
by incubation at 30 C for 24 hr. Samples were then centrifuged at 635.9 g
for 10 min and the pellet resuspended in 20 ml sterile PBS (0.01 M
phosphate buffer, containing 0.0027 M KCL and 0.137 MNaCl, at a pH
of 7.4) to give a working stock with approximately 13 108 CFU/ml. Neat
and PBS-diluted samples were irradiated at 8 cm from the light source at
16.2 J per pulse with 1 pulse delivered per second.

Endospores of B. cereus, B. pumilus, and B. megaterium were cultivated
as per the method of Rowan et al. (2001) with modifications. Endospores
were prepared by growing test strains in nutrient agar supplemented with 3
mg/L of manganese sulphate for 4 days at 30 C. Spores were then collected
by flooding the agar plate with 10 ml sterile PBS (pH 7), mixed gently with
a sterile spatula, and then aseptically transferred to sterile, 50-ml
polypropylene containers (Sarstedt, Germany). Samples were then heated
to 90 C for 25 min to inactivate any residual vegetative cells present and
then washed twice by centrifugation at 1,300 g for 20 min before
resuspending in sterile PBS. The purity of spore suspensions was checked
using malachite green spore staining and phase contrast microscopy as
described by Rowan et al. (2001). Samples were stored in MicrobankTM

vials (Pro-Lab Diagnostics, Merseyside, U.K.) at�80 C. PUV studies were
performed as described earlier by resuspending endospores at a
concentration of approximately 108 CFU/ml in 20 ml sterile PBS
(determined spectrophotometrically at 580 nm). This allowed for

comparative studies to that of C. parvum oocysts suspensions in 20-ml
volumes. Levels of inactivation were determined by plotting the log10 ratio
of survivors against the UV dose (lJ/cm2) for each experimental organism.

Cryptosporidium parvum oocysts

Cryptosporidium parvum oocysts (Iowa isolate derived from a bovine
calf) were purchased from Waterborne Inc., New Orleans, Louisiana.
Fresh oocysts (,24 hr after excretion) were stored in sterile PBS with 100
U of penicillin/ml, 100 lg of streptomycin/ml, and 100 lg of gentamicin/
ml and stored at 4 C until they were used for UV treatment studies.
Oocysts were stored for a maximum of 6 wk and viability was monitored
at regular intervals. The excystation rate was determined for each batch of
oocysts by microscopic observation following sequential incubation at 37
C in acidified Hanks balanced salt solution for 1 hr and in 0.8% trypsin–
0.75% sodium taurocholate for 1 hr, followed by incubation at room
temperature for 30 min as described elsewhere (Rochelle et al., 2002).
Identification of C. parvum oocysts was confirmed by PCR targeting of a
620-base pair (bp) polymorphic region of the b-tubulin gene by previously
published procedures (Rochelle et al., 1997, 2002) (data not shown). For
negative infection studies, oocysts were inactivated by heating at 70 C for
30 min. All experiments were carried out using oocysts with greater than
80% viability, as determined by in vitro excystation as per Garvey et al.
(2010) and Korich et al. (2000).

Combined cell culture-quantitative PCR (CC qPCR) assay for
enumerating viable C. parvum post treatments

CC qPCR was conducted as per described by Garvey et al. (2010) using
HCT-8 cell monolayers as host cells for parasitic infectivity followed by
real-time PCR. Methods for the growth and maintenance of HCT-8
uninfected and infected cells are therefore not described herein. Real-time,
TaqMant-quantitative PCR (qPCR) was performed using primers (TIB
MOLBIOL, Berlin, Germany) specific for the 18S region of Cryptospo-
ridium following the method of Garvey et al. (2010) and Keegan et al.
(2003). The sequence of the TaqMan probe was based on the conserved
eukaryotic probe of Amman et al. (1990) with the following sequence: 50-
(6-FAM) ACC AGA CTT GCC CTC C (TAMRA). An aliquot (4 ll) of
the LightCyclert TaqMan Master kit (Roche Diagnostics, West Sussex,
England) comprising Taq DNA polymerase, reaction buffer, MgCl2, and
dNTP was used in each reaction. Cycling parameters were initial
denaturation for 10 min at 95 C followed by 50 cycles of denaturation
for 10 sec at 95 C, annealing for 40 sec at 40 C, extension for 1 sec at 70 C,
and cooling for 30 sec at 40 C on a LightCycler device (Model 1.5, Roche
Diagnostics). The large number of cycles was used to ensure detection of
low levels of infection. On completion of each qPCR run, amplification
curves were analyzed by LightCycler software (version 3.5, Roche
Diagnostics) and a standard curve of oocyst DNA concentration
determined. DNA standards were prepared from fresh oocysts ranging
in concentration from 101 to 107 oocysts/ml by dilution in PBS following
standard viable count determinations. Aliquots of oocysts at different
densities were then stimulated to infect the HCT-8 cell line that was seeded
into 24 well plates (Sarstedt) at a concentration of approximately 13 104

cells/ml at 90% confluency as per the method of Garvey et al (2010). One-
microliter aliquots of each concentration range of excysted oocysts was re-
suspended in RPMI cell culture growth media and added to 1 well of the
24-well plate. Following 48 hr incubation at 37 C in a humidified
atmosphere of 5% (vol/vol) CO2, the cell culture media with non-adherent
or internalized C. parvum was removed by aspiration and discarded.
Mammalian cells were then washed with sterile PBS and trypsinized using
200 ll of 0.25% (vol/vol) trypsin/EDTA (Sigma, Arklow, Ireland) and left
for 15 min at 37 C until complete detachment of the monolayer had
occurred. Cells were then centrifuged at 70.7 g for 10 min and re-
suspended in 200 ll sterile PBS; thereafter, the mammalian cells and C.
parvum sporozoite cell membranes were lysed using a PCR template
preparation kit (Roche Diagnostics) in order to produce DNA (template)
and a standard curve (Fig. 1). The aforementioned procedure was then
repeated to determine infectivity of oocysts subjected to varying UV
parameters or to heating at 70 C for 30 min (negative control) as per the
method of Garvey et al. (2010). Samples were also re-suspended in PBS
containing 10% w/v humic acid (H.A.) in order to investigate the influence
of organic matter on microbial inactivation as per Garvey et al. (2010).
Log inactivation of oocysts (L) is defined by L¼ log10 [Nd/No], where No
is the initial concentration of oocysts and Nd is the concentration of viable
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infectious oocysts post-disinfection treatments as detected by combined
CC qPCR assay as per the method of Lee et al. (2008).

Statistical analysis

Student’s t-tests and an ANOVA one-way model (MINITAB software
release 16; Mintab Inc., State College, Pennsylvania) were used to
compare the effects of the relationship of independent variables on light
treatments. Mean results from 3 separate experiments were determined.
Linear regression analysis was used to determine the rate of inactivation
for each test species under the regime of PUV treatments applied.

RESULTS

PUV inactivation of bacterial endospores and vegetative
cells

There was a direct relationship between an increase in UV dose
and a corresponding increase in microbial inactivation in all

vegetative forms of Bacillus strains tested (Table I). A general

trend was observed where, at lower UV doses (�10.8 lJ/cm2),

there was a significant difference in the sensitivity of each

vegetative test strain to UV exposure, with B. cereus exhibiting

more resistance when compared to similarly treated B. mega-

terium and B. pumilus (P , 0.05) (Table I). However, at higher

UV doses, similar rates of inactivation were obtained for all

Bacillus strains tested. A UV dose of 10.8 lJ/cm2 was required,

producing a 6-log10 reduction in CFU/ml for all vegetative strains

where the order of sensitivity, from the most resistance to the

least, was B. cereus, B. pumilus, and B. megaterium (P , 0.05).

A general trend was observed where Bacillus endospores proved

more UV resistant than did their vegetative state counterparts,

whereby an increased UV dose was needed to achieve similar rates

of inactivation in similarly PUV-treated vegetative cells (Table II).

For example, there was a 0.4, 0.54, and 1-log10 reduction in B.

cereus, B. megaterium, and B. pumilus at 1.08 lJ/cm2, respectively,

which was approximately 2-log lower compared to similarly PUV-

treated vegetative cells. PUV-irradiance at 10.8 lJ/cm2 produced

a 5.1, 5.3, and 6.7-log10 reduction in endospore numbers for B.

cereus, B. megaterium, and B. pumilus respectively. This general

trend also persisted as, with enhanced pulsing, the order of

increased resistance to PUV was B. pumilus, B. megaterium, and

B. cereus (P , 0.05). At higher UV exposures (such as 10.8 lJ/
cm2), a 5.1, 5.3, and 6.7-log10 inactivation was obtained for B.

cereus, B. megaterium, and B. pumilus spores, respectively.

However, at doses exceeding 12.9 lJ/cm2, there was no significant

difference between PUV-inactivation performance for test B.

megaterium and B. cereus endospores. While B. pumilus endo-

spores appeared the most UV sensitive for all regimes tested, B.

megaterium proved the most UV resistant at the uppermost UV

doses tested (19.4 lJ/cm2) (Table II).

Pulsed UV inactivation of Cryptosporidium parvum as

determined by use of a combined in vitro CC qPCR assay

For relative comparison of samples, a standard curve was

generated by inoculating HCT-8 monolayers with different

concentrations of C. parvum oocysts and by performing linear

regression analysis of sample mean CT values plotted against

numbers of inoculated oocysts (Fig. 1). A general trend was

observed where an increase in UV exposure produced an increase

in oocyst inactivation (Table II). A UV dose of 9.72 lJ/cm2

resulted in approximately 5-log reductions in oocyst viability. At

UV doses exceeding 12.96 lJ/cm2, no parasitic DNA was detected

in HCT-8 mammalian cells, indicating that an approximately 6-

log10 reduction in oocysts had occurred (Table II), thus showing

that PUV successfully and repeatedly inactivated C. parvum

oocysts. At low UV doses (�4.32 lJ/cm2), C. parvum exhibited

greater resistance to similarly-treated Bacillus endospores. How-

ever, C. parvum oocysts exhibited lower or similar resistance to B.

megaterium endospores over the UV dose range of 6.48 to 12.9 lJ/
cm2 (medium to high PUV-irradiance). The inclusion of 10% w/v

H.A. did not affect the PUV-inactivation performance of all test

organisms as compared to control samples devoid of H.A. (Fig.

2). Cryptosporidium parvum oocysts were significantly more

resistant to PUV than were B. pumilus at all applied treatment

doses.

DISCUSSION

This study reports a general trend where endospores of each

Bacillus strain tested proved more UV resistant than did their

corresponding vegetative form. There was also a significant

difference in individual strain sensitivity to UV treatment for both

culture forms at lower treatment doses of ,10.8 lJ/cm2.

Endospores of B. pumilus consistently showed lower levels of

resistance to PUV compared to B. megaterium and B. cereus. In

the vegetative state, the order of increasing sensitivity to PUV was

as follows: B. cereus, B. pumilus, and B. megaterium. This may be

related in part to the larger size of B. megaterium cells relative to

the other Bacillus species tested (Rowan et al., 2001). However,

for endospore inactivation studies, the order of increased

sensitivity was observed to be B. megaterium, B. cereus, and B.

pumilus.

This study also corroborates the findings of Sharifi-Yazdi and

Darghahi (2006) who reported that B. megaterium endospores

proved more resistant to UV irradiation when compared to

similarly treated B. cereus endospores. These researchers achieved

FIGURE 1. Standard curve for Cryptosporidium parvum oocyst
concentration versus Ct value obtained by real time PCR ultilizing a
cell–culture-based assay (6SD).
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a 2-log10 CFU/ml reduction of B. megaterium with 50 pulses (7.1

lJ/cm2) and a 5-log10 CFU/ml reduction following 25 pulses (3.2

lJ/cm2) for B. cereus at 20 J per pulse. While the mechanisms

underpinning destruction of spores differs to that of similarly UV-

treated vegetative cells, DNA remains the principal target, with

the formation of a lethal adjunct of a thymine dimer in spores as

opposed to formation of cyclobutane pyrimidine dimers in

vegetative cells. Repair of these photoproducts is an important

factor when treating bacterial endospores with UV disinfection

techniques. Currently, it is known that endospores possess 3 types

of repair mechanisms; recombinational repair (RR), nucleotide

excision repair (NER) which is similar to the damage repair

system present in vegetative cells, and spore photoproduct lyase

(SP lyase) for repair of UV damage to DNA. The importance of

these 3 systems varies depending on the damage to be repaired. At

present, there is a lack of data on the UV repair potential of PUV-

treated endospores. The presence of certain proteins (a/b-type
SASP) within the spore structure may also result in the resistance

of bacterial spores to many methods of disinfection including

heat, chemical, and monochromatic UV (Setlow, 2001). There are

high levels of this protein present in the Bacillus species including

B. cereus and B. megaterium, and binding of this protein to DNA

has been linked to disinfection resistance (Setlow, 2001). The

findings of this study also suggest that endospore resistance to

disinfection with PUV is not affected by the pathogenicity of the

Bacillus species studied. Indeed, similar levels of inactivation were

obtained for the non-pathogenic and pathogenic strains studied

(Table II).

After microbes are entrapped in particles or absorbed to

surfaces, they can be shielded from disinfection (Verhille et al.,

2003). Therefore, it is reasonable to assume that bacterial

endospores would be more resistant in an actual water treatment

facility due to their aggregation properties. At present, studies

focusing on the UV inactivation of organisms are primarily based

on bench-scale inactivation kinetics that are based on laboratory

studies using primarily dispersed suspensions of organisms. This

highlights the importance of conducting plant-scale studies on

problematic pathogenic organisms such as Cryptosporidium.

However, there are limitations to the extent of PUV studies that

can be conducted at a plant level due to the pathogenic nature of

Cryptosporidium species. This has prevented more in-depth

studies that focus on the implementation of the PUV system at

an operational plant level.

In conclusion, the findings of this study showed that PUV

effectively eliminated high levels of waterborne parasite oocysts

and recalcitrant endospores after extended pulsing, suggesting

that it is a potential application for use at the WWTP level. These

data also suggest that the non-pathogenic B. megaterium have

similar inactivation rates (P , 0.05) to the Iowa strain of C.

parvum used following exposure to pulsed UV light at 16.2 J.

Therefore, B. megaterium may allow for future inactivation

studies on the optimization of the PUV system at the water–

WWTP level by providing a surrogate organism for the PUV

inactivation of C. parvum. This would allow for full-scale

inactivation studies at the plant level using a non-pathogenic

organism that is representative of the pathogenic Cryptosporidium

parvum. Furthermore, it is recommended that studies into the

TABLE I. Log10 reduction obtained following PUV treatment of varying
strains of Bacillus species in their vegetative state (6SD) at a rate of 1 pps
and 16.2 J per pulse.

Pulse

no.

16.2 J

Log10 reduction in microbial test strain

UV dose

(lJ/cm2)

Bacillus

megaterium

Bacillus

pumilus

Bacillus

cereus

0 0 0 0 0

10 1.08 3.38 (60.3)A 3.39 (60.4)B 1.77 (60.3)C

20 2.15 5.18 (60.5)A 4.69 (60.2)B 2.81 (60.2)C

30 3.24 5.31 (60.3)A 4.66 (60.5)B 3.06 (60.5)C

40 4.32 6 (60.5)A 4.6 (60.1)B 4.14 (60.1)C

60 6.48 6.5 (60.3)A 4.91 (60.5)B 4.84 (60.3)C

80 8.64 6.7 (60.3)A 6.2 (60.4)B 5.41 (60.1)C

100 10.8 6.62 (60.1)A 6.6 (60.02)A 6.05 (60.5)A

120 12.96 6.9 (60.6)A 6.65 (60.2)A 6.55 (60.4)A

140 15.12 7.1 (60.3)A 6.84 (60.2)A 6.79 (60.5)A

200 21.6 7.2 (60.3)A 7.02 (60.2)A 7.25 (60.1)A

A, B, C denote a significant difference (P , 0.05) in strain sensitivity to
UV exposure.

TABLE II. Log10 reduction obtained following PUV treatment of varying
strains of Bacillus species endospores and Cryptosporidium parvum (6S.D)
at a rate of 1 pps and 16.2 J per pulse.

Pulse

no.

UV

dose

lJ/cm2
Bacillus

megaterium

Bacillus

pumilus

Bacillus

cereus

Crypto-

sporidium

parvum

0 0 0 0 0 0

20 2.159 1.49 (60.5)A 1.9 (60.5)B 2.1 (60.5)C 1.1 (60.2)D

40 4.32 3.44 (60.6)A 3.95 (60.6)B 3.25 (60.3)A 2.5 (60.1)D

60 6.48 4.03 (60.6)A 4.72 (60.5)B 4.26 (60.5)A 4.2 (60.1)A

80 8.64 4.52 (60.2)A 5.65 (60.4)B 5.02 (60.6)C 4.9 (60.3)C

100 10.8 5.3 (60.3)A 6.7 (60.3)B 5.13 (60.2)A 5.6 (60.1)A

120 12.96 5.65 (60.6)A 7.38 (60.4)B 5.44 (60.2)A 5.9 (60.1)A

160 15.12 6.31 (60.3)A 7.3 (60.2)B 6.76 (60.5)A ND

200 19.44 7.87 (60.5)A 7.5 (60.4)A 7.43 (60.1)A ND

A, B, C, D denote a significant difference (P , 0.05) in strain sensitivity or
PUV treatment; ND¼ no target DNA detected via qPCR techniques.

FIGURE 2. Pulsed UV inactivation of Cryptosporidium parvum oocysts
and Bacillus endospores in PBS containing 10% w/v humic acid at lamp
discharge energy of 16.2 J using a rate of 1 pulse per second.
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potential of Bacillus endospores to repair genetic damage
following PUV treatment be investigated.
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Abstract

Microbial biofilms are complex communities that form when planktonic bacterial
species attach to surfaces in many settings where they can provide a source of
pathogenicity. The relative ineffectiveness of conventional disinfectants such as free
chlorine and monochloramine for the inactivation of some species found in water
has led to evaluation of alternative disinfectants for drinking and wastewater treat-
ment. In recent years, novel pulsed power electrotechnologies have been intro-
duced and are being considered as possible alternatives to current methods for
inactivating problematic species in water. This study focuses on the ultraviolet (UV)
inactivation of bacterial biofilms using a pulsed UV light approach as a potential
disinfection method for water treatment operating systems. Biofilms were stimu-
lated to form attached to polyvinyl chloride coupons using a recommended Centre
for Disease Control biofilm reactor followed by exposure to a range of UV doses.
Findings show that this method is highly effective at inactivating both planktonic
and biofilm cells with significant inactivation rates obtained for both test species.
Specifically, a 7.2 and 5.9 log10 inactivation was achieved with up to 21.6 μJ/cm2 UV
for Pseudomonas aeruginosa and Staphylococcus aureus, respectively. Findings
from this study highlight the effectiveness of pulsed UV for the inactivation of
Pseudomonas biofilms among other test species. Research conducted by this
group suggests that this pulsed UV system may offer a useful method for the
disinfection of drinking and wastewater supplies.

Introduction

Microorganisms are naturally found as either free-floating
planktonic cells or within a microbial structure referred to as
a biofilm. Biofilms are communities of microorganisms that
live attached to surfaces surrounded by a matrix of
extracellular polymeric substances (EPSs). This extracellular
substance is produced by the organisms and includes pro-
teins, nucleic acids, polysaccharides and amphiphilic poly-
meric compounds. This matrix is involved in numerous
essential processes including attachment to surfaces, cell-to-
cell interconnection, quorum sensing, and exchanges
between bacterial subpopulations, tolerance and exchange
of genetic material (Harmsen et al. 2010). Bacterial growth
and diversity as well as the development of the biofilmmatrix
depend on several factors including nutrient availability and
hydrodynamic conditions (Schwartz et al. 2009). EPS matri-
ces are often negatively charged, gel like and hydrated; thus,
the resulting structure can adapt and change its construction
under different conditions.

The presence of biofilms on man-made surfaces such as
piping, medical equipment and tubing has highlighted their
importance in relation to pathogenicity. The formation of
biofilms in undesirable places leads to problems in medical
and industrial environments as these bacterial communities
can resist host cellular immunity (phagocytosis), antimicro-
bial therapy and biocide treatment (Harmsen et al. 2010).
Moreover, the presence of biofilms is well documented in the
piping associated with water and wastewater treatment
plants (Kerr et al. 2003) as the drinking water distribution
system provides a large surface area for the adhesion of
microbial species. Regardless of the fact that nutrient avail-
ability is limited, disinfectants are used, and relatively low
temperatures are present in water pipes, organisms such as
Pseudomonas aeruginosa can adhere to the pipe surface
and form biofilms. Biofilm formation in drinking water reser-
voirs and distribution systems can hinder the efficient opera-
tion of these systems and can pose a health risk to the users
by providing a habitat for pathogenic organisms such as
Cryptosporidium, Legionella pneumophila and Escherichia
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coli (Coenye & Nelis 2010). The presence of biofilms may
increase the bacterial counts in treated water by shielding
organisms from standard disinfection methods. Studies by
Momba et al. (2000) stated that for each planktonic bacterial
cell detected, there may be up to 1000 organisms present
within a biofilm.

Studies by Momba et al. 2000 have shown that the disin-
fectants used for water treatment are not effective against
biofilms. They showed that the presence of residual disinfect-
ant concentrations of 19 ppm hydrogen peroxide, 1 ppm
monochloramine and 0.5 ppm free chlorine did not prevent
the formation of biofilms on test surfaces (Momba et al.
2000). A review by Wingender & Flemming (2011) observed
that cells released from biofilms retain the disinfectant resist-
ance obtained while within the EPS matrix and are capable of
initiating the formation of new biofilms further down the
water system. Biofilm cells were found to be less susceptible
to disinfectants than planktonic cells. Therefore, the biofilm
serves as a reservoir for the constant contamination of the
water flowing through the distribution system. It is also
believed that biofilms possess mechanisms that allow asso-
ciated cells to disperse from the original structure. This is
achieved by altering its EPS matrix, allowing sections of the
biofilm to separate, relocate and form new biofilm commu-
nities downstream. Consequently, the formation and disin-
fection of biofilms and biofilm-forming organisms such as
Pseudomonas is an important aspect when assessing the
disinfection procedures used in water treatment plant
operations.

The disinfection of drinking water may be regarded one of
the most important public health measures of this past
century as it has radically reduced the occurrence of water
borne diseases globally (Momba et al. 2000). However,
research has shown that the public is still at risk from patho-
gens such as parasites and viruses that may escape the
methods currently in use. Therefore, there is a pressing need
for new and alternative disinfection methods. The use of
ultraviolet (UV) light for the disinfection of drinking water and
wastewater has become more popular because of the micro-
bial inactivation potential of this technology. Recently, a new
approach to the delivery of the UV dose termed pulsed UV
(PUV) has been investigated (Garvey et al. 2012) (Rowan et al.
1999). Studies have shown the potential of this PUV technol-
ogy for the repeated inactivation of numerous microbial
species both on sample surfaces and in liquid suspension
(Farrell et al. 2009). Compared with conventional (continu-
ous) UV light, pulsed light treatment has the advantage of
being fast, effective and more efficient at converting electri-
cal energy into photon energy.

P. aeruginosa is part of a large group of free-living bacteria
that are abundant in the natural environment. This species is
frequently found in natural waters such as lakes and rivers in
concentrations of 10 CFU per 100 mL to greater than

1000 CFU per 100 mL and is a well-known cause of the for-
mation of biofilms on pipes and tubing (Coeyne & Nelis 2010).
Therefore, it is the organism of choice for this study. This
research focuses on determining the efficacy of a PUV system
for the inactivation of both planktonic cell and microbial
biofilms of P. aeruginosa and Staphylococcus aureus.
S. aureus was chosen as a gram-positive biofilm test species
to provide comparative data to that of the gram-negative
Pseudomonas.

Methods

PUV technology

The PUV machine used throughout this study was sourced
through Samtech Ltd, Scotland, UK. It operates as a bench-
top pulsed power source used to power a low pressure
(60 kPa) xenon-filled flashlamp (Heraeus Noblelight XAP type
NL4006 series constructed from a clear UV transparent
quartz tube) that produces a high-intensity diverging beam of
polychromatic pulsed light (Fig. 1). This delivery system kills
microorganisms by using ultrashort duration pulses of an
intense broadband emission spectrum that is rich in the UV-C
germicidal wavelength. PUV is produced by storing electricity
in a capacitor over relatively long times and releasing it as a
short-duration pulse using sophisticated pulse compression
techniques (Rowan et al. 1999; Gómez-López et al. 2007).
The emitted flash has a high peak power and usually consists
of wavelengths from 200 to 2600 nm broad spectrum light
enriched with shorter germicidal wavelengths (Gómez-López
et al. 2007) as opposed to low pressure UV that is limited in
its wavelength range and therefore cellular targets. The killing
effects of pulsed light are caused by the rich and broad-
spectrum UV content, the short duration, and the high peak
power of the pulse. The system was used as per Garvey et al.
(2010) and Garvey et al. (2012), and is therefore not
described in further detail herein.

Fig. 1. The spectrum emitted by the pulsed ultraviolet system at a dis-

charge of 20 and 16.2 J per pulsewith rich output in the ultraviolet C (UVC)

region showing three peaks at 229, 247 and 260 nm.
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Centre for Disease Control (CDC) biofilm reactor

The CDC reactor (Biosurface Technologies Corp, Bozeman,
MT, USA) is composed of a glass vessel that holds the reactor
media. Placed into this vessel is a polyethylene top that holds
eight removable polypropylene rods. Each of these rods in
turn has three inserts for holding the coupons on which the
biofilms form. Therefore, each biofilm reactor has space for
24 coupons equivalent to 24 separate biofilms that makes it
an ideal apparatus for inactivation studies. In the centre of
the reactor, a magnetic stirrer is present, which provides a
continuous flow of nutrients over the colonised surface of the
coupons. The CDC reactor is a recognised method for the
growth of P. aeruginosa biofilms under high shear and con-
tinuous flow (Coenye & Nelis 2010), and is the standard
method in use by the American Society for Testing and
Materials (ASTM).

Preparation of microbial biofilms

P. aeruginosa ATCC 27853 and S. aureus ATCC 25923 were
sourced, cultured and maintained in nutrient broth. The CDC
biofilm reactor (BioSurface Technologies Corp., Bozeman,
MT, USA) was used for the formation of microbial biofilms as
per the recommended procedure for continuous fluid shear
flow biofilm formation (ASTM E2562-12 2012). Specifically, a
selected number of polyvinyl chloride (PVC) coupons were
inserted into the coupon holes in each reactor rod and firmly
secured. To initiate P. aeruginosa biofilm formation, 350 mL
of 300 mg/L tryptone soya broth (TSB) was added to the
reactor ensuring that each coupon was completely sub-
merged. This low concentration of TSB provided a nutrient-
depleted environment within the reactor. The reactor was
sterilised at 121°C for 15 min. After which, 1 mL of a 12 h
microbial culture of P. aeruginosa was added to the reactor
chamber to ensure that cells were in the log phase of repro-
duction. Bacterial counts were also conducted to determine
the seeding density of the reactor that was ca. 3.4 × 106 CFU/
mL. The reactor was incubated at 20°C for 24, 48 and 72 h as
required under rotatory conditions (125 rpm). For the forma-
tion of S. aureus biofilms, 350 mL of TSB supplemented with
0.2% glucose was added to the reactor vessel. Following
autoclaving, as previously described, 1 mL of a 12-h culture
of known population density of S. aureus was added to the
reactor media that was then incubated for 48 h at 37°C under
rotatory conditions. To allow for comparative analysis, a 48-h
biofilm of P. aeruginosa that was formed at 37°C was also
treated. To allow for the enumeration of CFU per microbial
biofilm, all coupons were removed from each reactor rod
aseptically and rinsed with sterile phosphate-buffered saline
(PBS) to remove any planktonic cells. Biofilms were removed
from each coupon by scraping the coupon using a sterile cell
scraper into 10 mL of sterile PBS. Serial dilutions were then
made, and the standard plate count technique was used to

determine the CFU/mL bacterial population in the biofilm as
per the recommended procedure (ASTM E2562-12 2012).

PUV inactivation of surface spread and
planktonic bacterial suspensions

P. aeruginosa, S. aureus and E. coli ATCC 25922 cultures
were grown andmaintained on nutrient agar at 37°C. For PUV
studies, a single colony of the test strain was aseptically
transferred to 100-mL sterile nutrient broth followed by incu-
bation at 37°C for 12 h at 125 rpm. For surface treatment,
100 μl of an appropriate dilution was spread onto plate count
agar. Test plates were then exposed to pulses of UV light at
16.2 J at varying doses at a rate of 1 pulse/s as per Garvey
et al. (2012). PUV studies were also conducted on samples
diluted from the 12 h broth in 20 mL final volumes of sterile
PBS at 8 cm from the light source. The applied UV dose (μJ/
cm2) was increased or decreased by adjusting the pulse
number.

PUV inactivation of bacterial biofilms

Coupons were aseptically removed from the reactor and
transferred to a sterile Petri dish. Samples were exposed to
pulses of UV light at 16.2 J at 8 cm from the light source at
varying UV doses that were obtained by increasing the pulse
number. Once treated, coupons were submerged in 10 mL of
sterile PBS and surface-scraped using a sterile cell scraper to
remove the treated biofilms and to allow for the determina-
tion of inactivated rates. The liquid was then transferred to a
sterile 20-mL container and centrifuged at 3000 rpm for
10 min to pellet the cells. The sample was then resuspended
and agitated to ensure biofilm dispersion. Serial dilutions
were made from the biofilms suspension and 100 μL spread
on triplicate agar plates to determine the CFU/mL of treated
samples. This process was repeated for coupons at varying
UV doses to determine the log10 reduction obtained with
increasing UV dose. A cell count was also conducted on
the media present in the reactor vessel by spread plate
techniques.

Statistical analysis

All the experiments were performed three times with three
plate replicates for each experimental data point (allowing for
a total of nine replicates for each data point). Mean results
from the three separate experiments were determined. The
log reduction was calculated as the log10 of the ratio of the
concentration (CFU/mL) of the nontreated (N0) and
UV-treated (N) samples [log10 (N0/N)]. Linear regression analy-
sis was used to determine the rate of inactivation for each
test species under the regime of PUV treatments applied.

Pulsed UV inactivation of microbial biofilms M. Garvey et al.

38 Water and Environment Journal 29 (2015) 36–42 © 2014 CIWEM.

183



Student’s t-tests and ANOVA one-way model (MINITAB
software release 16; Mintab, Inc., State College, PA, USA)
were used to compare the effects of the relationship between
UV treatments and viable/nonviable cells. Student’s t-tests
were used to determine the relationship between the sensi-
tivity of the 24, 48 and 72 h biofilms to UV exposure.

Results and discussion

PUV inactivation of planktonic
microbial strains

Substantial rates of inactivation were obtained following the
PUV exposure of P. aeruginosa, S. aureus and E. coli,
whereby a clear pattern emerged showing an increase in cell
death with an increase in UV dose (μJ/cm2). Findings also
show a significant difference (P < 0.05) in the sensitivities of
each strain tested (Fig. 2) when treated in 20 mL suspensions
up to a UV dose of 3.24 μJ/cm2. At this dose, P. aeruginosa
proved to be more UV-resistant at a discharge energy of
16.2 J followed by E. coli with S. aureus proving to be most
UV-sensitive. However, exposure to 4.32 μJ/cm2 resulted in a
5.6 log10 inactivation of both P. aeruginosa and E. coli, and a
marginally increased 7.5 log10 inactivation of S. aureus.
Results show with doses exceeding 6.48 μJ/cm2 the level of
resistance shown at lower UV doses was obtained again,
whereby the order of resistance (from highest to lowest) was
as follows: P. aeruginosa, E. coli and S. aureus (P < 0.05).

The findings of this study clearly show a significant differ-
ence in the rate of inactivation achieved for these test species
when exposed to pulses of UV light on agar surfaces to that
of microbial suspensions. Gram-negative test species proved
to be significantly (P < 0.05) more sensitive to UV inactivation
when treated on agar surfaces (Fig. 3) as opposed to treat-
ment while in suspension. E. coli proved to be most sensitive

to UV inactivation when treated on agar surfaces with a 6.6
log10 reduction achieved with a dose of 1.08 μJ/cm2, while a
5.4 and 5.5 log10 inactivation was obtained for P. aeruginosa
and S. aureus, respectively, at this setting. Indeed, E. coli
proved to be most UV sensitive when exposed on surfaces
with P. aeruginosa and S. aureus consistently showing
similar rates of inactivation at all exposures regimes (Fig. 3).
With a UV dose of 10.8 μJ/cm2, a 6.7 log10 inactivation of the
gram-negative species, E. coli was obtained when treated in
suspension compared with an 8.4 log10 inactivation on agar
surfaces. This significant difference in inactivation rates was
evident for all treatment doses suggesting that E. coli is more
susceptible to UV inactivation when treated on surfaces. This
was also the case for the gram-negative species
P. aeruginosa where greater inactivation was achieved when
the bacteria was treated on agar surfaces. Interestingly for
the gram-positive test species S. aureus, the inactivation
achieved for the surface and suspension studies showed the
opposite effect. S. aureus appears more UV-sensitive when
treated in suspension, whereby a significant difference
(P < 0.05) in susceptibility was obtained at each dose (Fig. 2).
Indeed, a PUV dose of 3.24 μJ/cm2 provided a 6.4 and 7.1
log10 inactivation of surface spread and microbial suspen-
sions, respectively (Fig. 3). This pattern was evident for all
applied doses for this test species. However, with 10.8 μJ/
cm2, maximal inactivation was obtained for both treatment
methods with a ca. 8.1 and 8.3 log10 inactivation of S. aureus
at 16.2 J per UV pulse for microbial suspension and surface-
treated samples, respectively.

The results obtained here demonstrate that the xenon
flash lamp used in this study is an efficient UV source for the
inactivation of the organisms both for agar surface inoculated
and liquid suspensions at these set operational parameters.
However, the findings have demonstrated that PUV treat-
ment is more effective for the gram-negative species studied
on solid agar surfaces with a faster rate of cell death than in
liquids. The results also reveal the variations in susceptibility
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of these test species to pulses of UV-light. Notably, gram-
negative species E. coli and P. aeruginosa appears more
UV-resistant than the gram-positive S. aureus when treated
in liquid and more UV-sensitive following surface exposure.
Similar studies conducted by Rowan et al. (1999) on surface-
treated organisms showed a similar order of resistance of
these species to UV light.

PUV inactivation of microbial biofilms

The formation of biofilms in the water distribution system
raises concerns to the public health, as these biofilms can
harbour pathogenic bacteria among other problematic
species such as viruses and parasites. Therefore, the inacti-
vation of these resilient microbial communities in water treat-
ment systems is important in order to ensure a safe supply of
pathogen-free water for public use. Studies by Paquin et al.
(1992) showed that the type of piping material and residual
chlorine concentrations of up to 0.05 ppm did not affect the
formation of biofilms in water distribution systems. Studies
by Emitiazi et al. (2004) found the formation of P. aeruginosa
biofilms in distribution systems and in their downstream net-
works concluded that this source of infection (by these
opportunistic pathogens or other species that may be
entrapped within the biofilm structure) is of concern in the
water treatment setting. Table 1 illustrates the biofilm forma-
tion for both strains tested at 20 and 37°C on PVC coupons
that are representative of these distribution networks. For
P. aeruginosa, a seeding density of ca. 1 × 106 CFU/mL
resulted in 1 × 107 CFU/mL biofilm following 24-h incubation
at 20°C. The cell density increased as the incubation period
was extended, resulting in CFU/mL of 1 × 108 following a 48-
and 72-h incubation. Notably, therewas a change in the viabil-
ity of the planktonic cells that did not form the biofilm com-
munity with a 1 log10 loss in viability following 72-h incubation
at 20°C in the reactor broth. This may have occurred due to
nutrient depletion of the reactor media. Up to this point, the
bacterial count of cells present in the biofilm appeared equal
to the planktonic cells present in the reactor (Table 1). It is
worth noting that biofilms of similar cell density were formed
for both 20 and 37°C incubation temperatures for
Pseudomonas. Although the gram-positive S. aureus formed

a relatively densely populated biofilm structure, it did not
show a population density comparable with that of
P. aeruginosa. Following 48-h incubation in suitable media, a
ca. 7 × 106 CFU/mL biofilm was formed as opposed to a
1 × 108 CFU/mL structure of Pseudomonas. With an initial
seeding density of 2 × 106 CFU/mL, there was a
1 × 108 CFU/mL planktonic cell density in the reactor at this
48-h time point for S. aureus. Staphylococcus biofilms are
known to be problematic in the medical setting where they
form in lung tissue, and central venous catheters (Gotz 2002).
Although by no means extensive, results obtained for these
initial studies suggest that for this Staphylococcus species at
these settings the formation of biofilms was not as typical on
this type of material, i.e. PVC as that of Pseudomonas.

For PUV inactivation studies, the couponswere exposed to
varying UV doses on both sides to ensure complete biofilm
exposure. Replicate results indicate that this PUV systemwas
effective at inactivating both test species at 16.2 J per pulse.
Indeed, substantial amounts of inactivation were achieved
with as little as 2.15 μJ/cm2 for biofilms of varying ages
(Table 2). For this study, it was found that the relatively
younger biofilm (24 h) appeared more resistant to UV treat-
ment than the other time frames studied. Table 1 illustrates
the inactivation rates for each biofilm, and a clear pattern is
evident where biofilms required less exposure with greater
inactivation for each 24 h increment. Specifically, a 1.1-, 2.8-
and 3.3-log10 inactivation was obtained for 24, 48 and 72 h
biofilms of P. aeruginosa, respectively, with 6.48 μJ/cm2 of
PUV light at 20°C, and a 2.3- and 2.6-log10 inactivation of
P. aeruginosa and S. aureus at 37°C. This pattern remained
consistent for each treatment dose where a significant differ-
ence in inactivation rates was obtained for Pseudomonas
with increasing age where the biofilm cell density increased
or remained the same ca. 1 × 107 to 1 × 108 CFU/mL (Table 1).
These findings indicate that the initial biofilm structure is
more resistant to PUV exposure, and this resistance gradually
decreases with age. Indeed, maximal biofilm inactivation
(7.2 μJ/cm2) occurred with a dose of 19.44 μJ/cm2 for the 72-h
biofilm where a 3.8- and 4.7-log10 reduction was achieved for
24 and 48 h, respectively. Findings also demonstrate that the
temperature of the biofilm formation did not affect the inac-
tivation kinetics of the Pseudomonas test species where

Table 1 Showing densities of microbial test species at seeding at time 0 h (T0) and following biofilm production at different time points in a Centre for

Disease Control biofilm reactor at 20 and 37°C (±standard deviation)

Reactor temperature 20°C 37°C

Microbial strain P. aeruginosa P. aeruginosa S. aureus

Biofilm age (h) 24 48 72 48

Initial reactor cell density (T0) 3 × 106 CFU/mL (±0.1) 3 × 106 CFU/mL (±0.1) 9 × 106 CFU/mL (±0.1) 4 × 106 CFU/mL (±0.3) 2 × 106 CFU/mL (±0.1)
Biofilm per coupon cell density 1 × 107 CFU/mL (±0.2) 1 × 108 CFU/mL (±0.1) 1 × 108 CFU/mL (±0.2) 1 × 108 CFU/mL (±0.1) 7 × 106 CFU/mL (±0.2)
Final reactor cell density 1 × 107 CFU/mL (±0.1) 1 × 108 CFU/mL (±0.1) 1 × 107 CFU/mL (±0.1) 6 × 108 CFU/mL (±0.05) 1 × 108 CFU/mL (±0.1)

Pulsed UV inactivation of microbial biofilms M. Garvey et al.

40 Water and Environment Journal 29 (2015) 36–42 © 2014 CIWEM.

185



similar levels of inactivation were achieved for each UV dose
applied (Table 2). Initially, levels of inactivation for 48-h
biofilms at 37°C of P. aeruginosa and S. aureus were
obtained where Pseudomonas proved to be slightly more
resistant up to a UV dose of ≤6.48 μJ/cm2. However, at doses
exceeding this and less than 15.12 μJ/cm2 (≥6.48 and
≤15.12 μJ/cm2), there was no significant difference (P < 0.05)
in sensitivities of these test species.

Wastewater and water treatment plants utilise disinfection
approaches and are commonly fitted with medium pressure
light sources. Studies by Said et al. 2011 on the effects of
ultraviolet C on Pseudomonas biofilm production showed
that biofilm formation was not inhibited after irradiation of
P. aeruginosa by a recommended dose for water disinfection
(40 mJ/cm2). This result suggests that this dose is insufficient
to inhibit the cell-to-cell communication system and therefore
biofilm formation (Said et al. 2011).

Studies described herein suggest that the PUV light
system offers high rates of inactivation at lower energy input
to standard UV methods. Implementation of such pulsed
systems in conjunction with or as a standalone UV method
may be achieved by placing lamps along the piping in
sequence to ensure exposure of the treatment area. Opera-
tors must guarantee that lamps are pulsed at their upper-
most UV dose or fluence settings to disinfect the water at the
lamp surface. Plant engineers should also take into account
other variable parameters including potential concentration
of microbial species present, flow rates, UV transmission and
depth of water to be treated to ensure efficient disinfection.
All of these factors can influence the disinfection efficiency of
the system and need to be assessed. It should be noted that
the biocidal light spectrum emitted by pulsed medium pres-
sure and high-voltage xenon light sources are considerably
different, and this must be factored into optimised disinfec-
tion studies at plant level (Rowan 2011).

Further studies are warranted on the photo reactivation
ability of organisms within the biofilm structure following
PUV treatment. However, it is worth noting that previously
published studies by McDonald & Curry 2001 postulate that
the high proton flux from a pulsed light source overwhelms
the cellular repair mechanisms of treated organisms. Also,
the authors believe that studies are merited to assess the
potential of these biofilm structures to harbour other patho-
genic organisms such as viruses or parasites within their
matrix. Pathogens, even present below the detection limit in
water, can accidentally attach to biofilms that then can act
as their environmental reservoir and represent a potential
source of water contamination. Detachment from biofilms
can occur by continuous erosion (Wingender & Flemming
2011). Such studies would allow for a better understanding
of the source of these pathogens in drinking water supplies
and the ability of this PUV approach to eliminate such prob-
lematic species.

Conclusion

This study demonstrated the effectiveness of PUV inactiva-
tion of Pseudomonas biofilms that were grown by use of the
CDC biofilm reactor.
(1) Significant rates of inactivation were obtained for all test
organisms following exposure to PUV light in both planktonic
and biofilm form.
(2) Significant levels of inactivationwere repeatedly obtained
for Pseudomonas biofilms at with varying UV doses at dis-
charge energy of 16.2 J per pulse at 20 and 37°C.
(3) Findings suggests that this novel technology provides a
method for the point of use inactivation of biofilm structures
and also as a means of eliminating species that cause the
formation of these problematic communities within water
treatment networks.

Table 2 Log10 reduction of Pseudomonas aeruginosa and Staphylococcus aureus biofilms of varying ages at 20 and 37°C following exposure to pulsed

ultraviolet light at different doses at a discharge energy of 16.2 J per pulse (±standard deviation)

Uv dose (μJ/cm2)

Temperature 20°C Temperature 37°C

P. aeruginosa P. aeruginosa S. aureus

24 h 48 h 72 h 48 h 48 h

0 0 0 0 0 0

2.15 0.56 (±0.4) 1.3 (±0.3) 1.7 (±0.2) 1.0 (±0.07) 1.4 (±0.2)
4.32 0.87 (±0.2) 1.9 (±0.1) 1.96 (±0.3) 2.1 (±0.02) 2.6 (±0.1)
6.48 1.1 (±0.3) 2.8 (±0.2) 3.33 (±0.1) 2.3 (±0.07) 2.6 (±0.1)
8.61 2.7 (±0.5) 3.5 (±0.5) 4.06 (±0.06) 2.6 (±0.1) 2.8 (±0.06)
10.8 3.3 (±0.6) 3.7 (±0.2) 4.8 (±0.1) 3.7 (±0.1) 3.6 (±0.01)
12.96 3.4 (±0.4) 3.8 (±0.3) 5.86 (±0.2) 3.9 (±0.1) 3.8 (±0.1)
15.12 3.6 (±0.4) 4.1 (±0.4) 5.86 (±0.2) 4.0 (±0.2) 4.0 (±0.3)
17.28 3.5 (±0.4) 4.1 (±0.3) 6.63 (±0.06) 4.2 (±0.2) 5.4 (±0.2)
19.44 3.8 (±0.3) 4.7 (±0.2) 7.2 (±0.1) 5.25 (±0.2) 5.9 (±0.02)
21.6 3.8 (±0.1) 5.4 (±0.2) – 5.8 (±0.2) 5.9 (±0.2)
25.92 4.2 (±0.2) 6.2 (±0.1) – 6.4 (±0.06) –
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(4) Initial studies conducted on S. aureus suggest that it is
also sensitive to UV disinfection; however, as this is a more
clinically relevant strain, studies are merited on the inactiva-
tion of a broader range of Staphylococcus species on sur-
faces more representative of the medical environment.
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Summary The relationship between prior growth of food-spoilage yeast in high-sugar environments and their

subsequent survival postpulsed UV (PUV) irradiation was investigated. Test yeast were separately grown to

early stationary phase in YPD broth containing increasing concentrations of glucose (1–50% w ⁄ v) and were

flashed with £40 pulses of broad-spectrum light at lamp discharge energy settings of 3.2, 7.2 and 12.8 J

(equivalent to UV doses of 0.53, 1.09 and 3.36 lJ cm)2, respectively) and their inactivation measured.

Findings showed that prior growth in high-sugar conditions (‡30% glucose w ⁄ v) enhanced the sensitivity of

all nine representative strains of Zygosaccharomyces bailii, Z. rouxii and Saccharomyces cerevisiae yeast to

PUV irradiation. Significant differences in inactivation amongst different yeast types also occurred

depending on amount of UV dose applied, where the order of increasing sensitivity of osmotically stressed

yeast to PUV irradiation was shown to be Z. rouxii, Z. bailii and >S. cerevisiae. For example, a 1.2-log

order difference in CFU mL)1 reduction occurred between Z. bailii 11 486 and S. cerevisiae 834 when grown

in 50% w ⁄ v sugar samples and treated with the uppermost test UV dosage of 3.36 lJ cm)2, where these two

yeast strains were reduced by 3.8 and 5.0 log orders, respectively, after this PUV treatment regime compared

to untreated controls. The higher the UV dose applied the greater the reduction in yeast numbers. For

example, a 1.0-, 1.4- and 4.0-log order differences in CFU mL)1 numbers occurred for S. cerevisiae 834

grown in 15% w ⁄ v sugar samples and then treated with PUV dose of 0.53, 1.09 and 3.36 lJ cm)2,

respectively. These findings support the development of PUV for the treatment of high-sugar foods that are

prone to spoilage by osmotolerant yeast.

Keywords Pulsed light, emerging technologies, osmotolerant stress, yeast, ultraviolet, minimal food processing, high-sugar foods.

Introduction

Other than bacterial pathogens, the control of spoilage
yeasts is one of the most important aspects in food
preservation particularly as greater amounts of foods are
being processed, preserved, stored and transported over
long distances before consumption (Fleet, 1992; Pitt &
Hocking, 2009; Prakasham et al., 2009). Factors such as
low temperature, reduced water activity, addition of
preservatives and low pH are all used to inhibit or destroy
yeasts and other microorganisms (Martorell et al., 2007).
Yeast resistance to such preservation techniques raises
problems for the food industry, causing a requirement for
either increased preservative levels in low-pH foods
and ⁄or the development of an effective alternative

decontamination technology to prevent yeast spoilage
(Piper et al., 2001; Martorell et al., 2007). Water activity
of foods or aw is also a very important factor affecting
yeast growth.While most yeasts will happily grow in 20%
w ⁄v glucose, only a limited number of yeasts species are
able to grow at low aw caused by the presence of high
concentrations of either sugar (60% w ⁄v) or salt, and
these have been referred to as osmotolerant or xerotol-
erant species (Tilbury, 1980a,b). Previous evidence has
shown that fungal growth in high-sugar foods protects
yeast cells from extreme temperatures and also cross-
protects against the action of preservatives such as sorbic
acid and benzoic acid (Gibson, 1973; Corry, 1976;
Iwahashi et al., 1995). Taking into account that pas-
teurisation using heat is the preservation system normally
used in candied fruit manufacturing, and widely used in
foods and beverages, application of pasteurisation on its*Correspondent: E-mail: nrowan@ait.ie
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own may not be efficient for preservation in very high-
sugar foods. These high-sugar food products with sugar
concentrations ‡35% are at risk of spoilage from
osmotolerant yeast such as Zygosaccharomyces rouxii
andZ. bailii that may aggregate to formmore consumer-
obvious structures such as flocs, particulates or surface
films (Martorell et al., 2007; Pitt & Hocking, 2009;
Sperber & Doyle, 2010). On an industrial scale, sugar
syrups or syrups of fruit juices are frequently spoiled by
osmotolerant yeasts such as Zygosaccharomyces, Can-
dida,Pichia andDebrayomyces spp floating undetected as
surface films on syrups stored in metal tanks (Sperber &
Doyle, 2010). Recent research has demonstrated that use
of conventional approaches to decontaminate the afore-
mentioned osmotolerant yeast from high-sugar content
foods has proved extremely difficult, particularly as aw of
food decreases the thermotolerance of the spoilage
microorganism increases (Coroller et al., 2001; Montiel
et al., 2005; Sharma et al., 2005; Gunde-Cimerman et al.,
2009).
Martorell et al. (2007) showed that all strains of these

osmotolerant yeast testedwere able to adapt to high levels
of sugar and this prior exposure conferred a degree of
protection against pasteurisation (enabling survival in
what would have otherwise been a lethal treatment) and a
high level of resistance to front-line preservatives. Previ-
ous researchers have demonstrated that liquid sugar
maybe filtered to remove microorganisms and heated but
these may impart considerable cost implications to the
plant in terms of energy consumption (Sperber & Doyle,
2010). Use of conventional low-pressure UV sources was
shown to be of limited effectiveness owing to the
requirement to treat at short distances from the contam-
inated food surfaces, but did not significantly affect the
physiochemical quality characteristics of sugar syrups
(Giorgi & Gontier, 1980). However, use of an alternative
pulsed-power UV approach would offer considerable
advantages over low-pressure light sources for this
particular application in terms of delivering effective
UV doses in a more cost-efficient manner over shorter
turnaround periods (Farrell et al., 2010). Furthermore,
conventional UV light sources are mercury filled, which
raises additional safety concerns if damaged during
irradiation of foods. Thus, previous findings suggest that
spoilage of high-sugar foods may be better prevented by
the combined development of emerging technologies such
as pulsed UV light technology along with using biocidal
cleaning agents in the factory, rather than treating the
food with preservatives where acquired resistance raises
problems for the food industry (Piper et al., 2001;
Martorell et al., 2007).
Pulsed UV light (PUV) is a nonthermal approach that

has received considerable attention as a strategy for
decontaminating food, packaging, water and air (Elmn-
asser et al., 2007; Gómez-López et al., 2007; Oms-Oliu
et al., 2010). This approach kills microorganisms by

using ultrashort-duration pulses of an intense broad-
band emission spectrum that is rich in UV-C germicidal
light (200–280 nm band). PUV is produced using
techniques that multiply power manifold by storing
electricity in a capacitor over relatively long times
(fractions of a second) and releasing it in a short time
(millionths or thousandths of a second) using sophisti-
cated pulse compression techniques (Rowan et al.,
1999). The emitted flash has a high peak power and
usually consists of wavelengths from 200 to 1100 nm
broad-spectrum light enriched with shorter germicidal
wavelengths (Rowan et al., 1999). Thus, significant
microbial reductions in ultrashort-treatment times, the
limited energy cost of PUV, the lack of residual
compounds and its great flexibility are some of the
major benefits of this technique for food and water
applications (Elmnasser et al., 2007; Lee et al., 2009;
Garvey et al., 2010; Oms-Oliu et al., 2010). Recent
studies have demonstrated that varying inter-related
operational settings will impact significantly on micro-
bial reductions on food surfaces. Farrell et al. (2010)
observed significant differences in inactivation that
largely occurred depending on the level of the applied
lamp discharge energy (range 3.2–20 J), the amount of
pulsing applied (0–60 pulses) and the distance between
the light source and the treatment surface (range 8–
20 cm) used. These researchers also observed a differ-
ence in sensitivity to PUV irradiation that depended
upon the type, age and concentration of cultures treated.
Other factors to be considered include whether the
targeted microorganism is in a dormant spore-state or is
actively growing. Garvey et al. (2010) also reported that
PUV has limited efficacy in treating highly contaminated
samples owing to shading effects of overlapping micro-
organisms with an upper limit threshold of approxi-
mately 107 cells mL)1 in suspension media.
Based on the aforementioned and given that yeast

may encounter various hurdles (stresses) in food pro-
cessing environments including osmotic stress, it is
possible that prior exposure to these inimical stresses
may provide cross-protection against normally lethal
levels of pulsed UV light. Therefore, the aim of this
study was to investigate the relationship (if any) between
prior growth in high sugar and subsequent tolerance to
normally lethal levels of PUV irradiation in a range of
food-spoilage yeasts. The application of high-intensity
pulsed UV light may reduce the requirement for use of
high levels of a single or multiple preservation steps in
the manufacture, packaging and storage of food.

Materials and methods

Pulsed UV light system

A bench-top pulsed-power source (PUV-1, Samtech
Ltd., Glasgow, UK) was used to power a low-pressure
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(60 kPa) xenon-filled flashlamp (Heraeus Noblelight
XAP type NL4006 series constructed from a clear UV
transparent quartz tube), which produced a high-inten-
sity diverging beam of polychromatic pulsed light, was
used in this study as per Wang et al. (2005). The pulsed
light has a broadband emission spectrum extending
from the UV to the infrared region with a rich UV
content and its intensity also depends on the level of the
voltage applied (Fig. 1). The pulse duration was 80 ns.
The fabricant stated that the discharge tube represents a
line-source of limited length and consequently the light
formed an elliptical, equi-intensity profile over the
sample plane eliminating shading effects. This resulted
in a approximately 30% variation in luminous intensity
between the centre and the edge of the sample. The light
source has an automatic frequency-control function that
allows it to operate at one pulse per second that was
used throughout this study. Light exposure was homog-
enous as the xenon lamp measuring 9 cm · 0.75 cm was

longer than the 8.5-cm-diameter polystyrene Petri dishes
used in the tests that were placed directly below the
lamp. For standard treatments (unless otherwise noted),
the light source was mounted at 8 cm above the
treatment area that was designed specifically to accom-
modate a standard Petri dish and was set as the
minimum or lower threshold distance by the fabricant.
This was to ensure that full coverage of the sample
occurred and to eliminate possible shading effects.

Test organisms, osmotic stress conditions and PUV
irradiation regimes

The species of test microorganisms used in these
experiments and their origin are summarised in Table 1.
All test strains were maintained in Microbank storage
vials (Cruinn Diagnostic, Ireland) at )70 �C. Identifi-
cation of three randomly selected isolates of each yeast
strain was confirmed before and after experimental
studies by use of the germ-tube assay with occasional
use of the VITEK yeast biochemical card and API-32C
systems (bioMérieux, France) as per methods described
by Hsu et al. (2003). To prepare the test samples, yeast
test strains were first resuscitated from frozen porous
beads taken from Microbank vials stored at )80 �C by
overnight enrichment at 25 �C in 100 mL without
shaking in yeast extract (1% w ⁄v), peptone (1% w ⁄v)
and glucose (1% w ⁄v) broth (YPD) adjusted to pH
5.6 ± 0.2 as per method described previously by Park
et al. (1997) before streaking to purity on Malt Extract
agar (Mea, Oxoid, Basingstoke, UK). An isolated
colony was then transferred to separate 100 mL of fresh
YPD broth containing 1% w ⁄v, 15% w ⁄v, 30% w ⁄v and
50% w ⁄v glucose adjusted to pH 5.6 ± 0.2 and culti-
vated without shaking for 2–3 weeks at 25�C to reach
early stationary phase as per modified methods de-
scribed previously (Martorell et al., 2007). This aligned
with previous reported studies of Van Zyl et al. (1993)
and Martorell et al. (2007) that advocated use of a 50%

Figure 1 Spectral distribution of postpulsed UV system emitted at

12.8 J per pulse with rich output in the UVC region showing three

peaks at 229, 247 and 260 nm.

Table 1 Origin and cultivation conditions of test yeast

Test Yeast Name Code Origin* Isolation BSL† Growth Temp. (�C)

Zygosaccharomyces bailii 36 947 ATCC Salad Dressing 1 25

8766 ATCC Domestic wine 1 25

11 486 ATCC Vinegar 1 25

Zygosaccharomyces rouxii 42 981 ATCC Miso, Japan 1 25

46 261 ATCC Miso, Japan 1 25

2615 ATCC Sugar 1 25

Saccharomyces cerevisiae 9763 ATCC Distillery Yeast 1 25

26 603 ATCC Jamaican Cane Juice 1 25

834 ATCC Champagne Wine 1 25

*Code for origin of isolates: American Type Culture Collection (ATCC), Rockville, MD, USA. National Collection of Pathogenic Fungi (NCPF), Colindale,

London, UK.

†Laboratory Biosafety Level (BSL) designation of test yeast.
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w ⁄v to 60% w ⁄v sugar environment to create osmotic
stress in test yeast. Growth was measured spectropho-
tometrically (Model UV 120 02, Shimadzu Corp.,
Kyoto, Japan) over the 3-week incubation period at
640 nm along with confirming cell numbers using
conventional plate count determinations on YPD agar.
Ten millilitre samples were serially diluted in 0.1 m

phosphate buffered saline (Sigma-Aldrich, Wicklow,
Ireland) containing matching percentage of glucose
(w ⁄v) to that of original test sample, which were then
PUV irradiated at 3.2, 7.2 and 12.8 J over the range 0
(untreated) to £40 pulses at 8-cm distance from the light
source. Measurement of corresponding fluence (or
‘dose’) (lJ cm)2) at each applied pulse was determined
using chemical actinometry, as the noncontinuous
emitted spectrum did not facilitate use of the calibrated
UVX digital radiometer (Ultra-Violet Products Inc.,
Nuffield Road, Cambridge, UK) used in our laboratory.
This limitation of digital radiometers and sensors to
measure noncontinuous pulsed emission spectra was
also reported recently by other researchers in this field of
study (Lee et al., 2009). Fluence per pulse was measured
at 0.0133, 0.027 and 0.084 lJ cm)2 at 3.2, 7.2 and 12.8 J
lamp discharge energy settings, respectively. The acti-
nometer developed by Rahn (1993) consists of an
iodide-iodate solution, the UV photolysis of which
results in the formation of triiodide with a quantum
yield of 0.73 at 254 nm. The actinometer absorbs UV
significantly between 200 and 300 nm, above which
absorption decreases sharply. Thus, it is ideally suited
for measuring biocidal radiation in the presence of room
light (Rahn, 1997; Rahn et al., 2003). The fluence is
directly proportional to the yield of triiodide, which is
determined by measuring the absorbance increase at
352 nm. Care was taken to ensure that 10 ± 0.1 mL of
test sample was aseptically transferred by pipette to
Petri dishes, thus maintaining standardised depth of
volume for all studies.
After treatments, samples were diluted in PBS as

described previously and were spread and pour plated
onto YPD media and survivors were enumerated after
3-d incubation at 25 �C. The lethality of the PUV
process under these varying experimental conditions was
determined by enumerating survivors post-treatments
(expressed in terms of log10 colony forming units or
CFU mL)1). Subtraction of the logarithm of the count
after using different combinations of treatment from the
logarithm of the count before processing provided a
measure of process lethality. The time dependence of log
inactivation rate using a fixed lamp discharge energy (J)
at 8-cm distance between light source and the treated
sample was also measured for all test microorganisms
using the model of Kühn et al. (2003). These death rate
inactivation plots follow a first-order dependence (log10
(Nt ⁄N0) = –kt, where k = rate constant). N0 is the
initial concentration of yeast and Nt is the microbial

concentration after pulsing for time t at discharge
energy (J). This rate constant k defines the sensitivity
of a microorganism to a defined PUV treatment and is
unique to each microbial species; the higher the k value
the more sensitive the test strain to the treatment
process. All experiments were carried out in triplicate
using the same culture to avoid sample variability.

Determining repair in PUV-irradiated test yeast

To test the possibility that exposure of treated yeast to
sunlight may repair damaged cells through a photore-
activation process, duplicate 10 mL samples from each
test yeast were adjusted to approximately 7 log10 CFU
mL)1 with PBS containing commensurate concentra-
tions of glucose to that of the samples and were exposed
to 200 pulses at 3.2 J, 100 pulses at 7.2 J and 32 pulses
at 12.8 J to that produced a similar level of UV dose
(approximately 2.7 lJ cm)2) at each applied voltage
setting. After treatment, the first three plates were
immediately wrapped in aluminium foil while the other
three similarly treated plates were exposed to direct
sunlight by placement on laboratory bench illuminated
by sunlight for 4 h. Samples were then plated on YPD
media as describe above and were incubated for 72 h at
25 �C before enumeration. Samples were run in tripli-
cate. Heating of the test liquid medium was investigated
using a thermocouple and by thermal imaging using
IRISYS 4000 Series Imager Software (IRI 4010, Infra-
Red Integrated Systems Ltd, Northampton, UK) as per
modified method of Nugent & Higginbotham (2007).
Plates were positioned 8 cm from light source and were
flashed with £150 pulses of increasing lamp intensity,
namely 3.2, 7.2 and 12.8 J per pulse. There was no
discernable rise in temperature observed in treated
samples over the UV pulsing regime at and below the
fluence levels applied in this study (Fig. 2). Temperature
rises were detected in control samples using the higher
lamp discharge energy of 20 J, which was therefore not
used as a fluence setting in this study.
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Figure 2 Temperature change in YPD sample containing 50% w ⁄ v
glucose during exposure to increasing pulses of UV light.
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Statistical analysis

A univariate general linear model test along with the
Bonferroni method (Minitab software release 13;
Minitab Inc., State College, PA, USA) was used to
compare the multiple effects of independent variables
on pulse-light decontamination efficacy for the various
within- and between-subject combination of treatments,
where differences between averaged mean values from
seven repeated experiments (n = 7) were compared and
were reported at a significance level of P < 0.05. Mean
square error was reported at 0.004. Specifically, the
univariate general linear model test was performed
using one dependent variable that was the average of k
values for each combination of independent effects
applied, namely yeast type (3), yeast strain (9), sugar
level (four concentrations from 0% to 50% w ⁄v
glucose) and applied voltage (three levels; 3.2, 7.2 and
12.8 J). Interactions between factors as well as the
effects of individual factors were investigated by using
the Bonferroni method, which allows many comparison

statements to be made (or confidence intervals to be
constructed) while still assuring an overall confidence
coefficient is maintained. This method applies to an
anova situation where linear pairwise combinations
or comparisons of treatment level means were investi-
gated.

Results and Discussion

Sensitivity of test yeast to PUV treatments

There were marked variations in sensitivity to treat-
ments amongst species of yeast treated with PUV
irradiation (Tables 2, 3 and 4). Greater susceptibility
of yeast to PUV treatment occurred with use of
increasing discharge energies or UV dose (lJ cm)2) at
P < 0.05 level, as exhibited by S. cerevisiae ATCC 834
(Fig. 3) that had been grown in 15% w ⁄v glucose prior
to PUV irradiation. All yeast types and strains also
exhibited similar shaped inactivation kinetic plots to
Fig. 3 when exposed to increasing lamp discharge

Table 2 Influence of prior exposure to increasing concentrations of glucose on the subsequent resistance of different yeast to pulsed UV light

irradiation at 3.2 J (equivalent to a UV dose of 0.5309 lJ cm)2)

Yeast Type & Strain

Reduction rate (k) values determined at UV dose of 0.5309 lJ cm)2 postexposure to

increasing concentrations of glucose

Type Strain 1% (w ⁄ v) 15% (w ⁄ v) 30% (w ⁄ v) 50% (w ⁄ v)

Zygosaccharomyces bailii 36 947 0.07 ± 0.02 0.07 ± 0.02 0.11 ± 0.01 0.14 ± 0.02

8766 0.08 ± 0.02 0.07 ± 0.03 0.08 ± 0.02 0.16 ± 0.03

11 486 0.07 ± 0.02 0.08 ± 0.02 0.08 ± 0.02 0.16 ± 0.02

Zygosaccharomyces rouxii 42 981 0.06 ± 0.01 0.07 ± 0.01 0.10 ± 0.03 0.15 ± 0.01

46 261 0.07 ± 0.02 0.10 ± 0.02 0.10 ± 0.02 0.16 ± 0.02

2615 0.08 ± 0.02 0.09 ± 0.02 0.09 ± 0.02 0.13 ± 0.02

Saccharomyces cerevisiae 834 0.10 ± 0.01 0.10 ± 0.02 0.13 ± 0.01 0.19 ± 0.02

9763 0.08 ± 0.02 0.09 ± 0.02 0.15 ± 0.02 0.20 ± 0.03

26 603 0.09 ± 0.02 0.09 ± 0.02 0.11 ± 0.01 0.15 ± 0.02

Table 3 Influence of prior exposure to increasing concentrations of glucose on the subsequent resistance of different yeast to pulsed UV light

irradiation at 7.2 J (equivalent to a UV dose of 1.093 lJ cm)2)

Test Yeast

Reduction rate (k) values determined at UV dose of 1.093 lJ cm)2 postexposure to

increasing concentrations of glucose

Strain Strain 1% (w ⁄ v) 15% (w ⁄ v) 30% (w ⁄ v) 50% (w ⁄ v)

Zygosaccharomyces bailii 36 947 0.17 ± 0.03 0.18 ± 0.02 0.23 ± 0.02 0.27 ± 0.02

8766 0.15 ± 0.03 0.15 ± 0.03 0.18 ± 0.02 0.26 ± 0.02

11 486 0.15 ± 0.02 0.16 ± 0.02 0.18 ± 0.02 0.25 ± 0.02

Zygosaccharomyces rouxii 42 981 0.08 ± 0.01 0.08 ± 0.02 0.14 ± 0.02 0.18 ± 0.02

46 261 0.15 ± 0.02 0.14 ± 0.02 0.19 ± 0.02 0.25 ± 0.02

2615 0.13 ± 0.02 0.13 ± 0.02 0.17 ± 0.02 0.20 ± 0.02

Saccharomyces cerevisiae 834 0.22 ± 0.03 0.23 ± 0.01 0.24 ± 0.01 0.33 ± 0.01

9763 0.16 ± 0.01 0.17 ± 0.02 0.24 ± 0.02 0.34 ± 0.02

26 603 0.19 ± 0.03 0.18 ± 0.01 0.25 ± 0.02 0.36 ± 0.02
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energies for all combinations of sugars studied (data not
shown). For ease of interpretation, corresponding death
rate constant k values are shown in Fig. 1 where the
slope (or k value shown in bold) of the linearised data
plot provides a measure of the log reduction in cell
population (log10 CFU mL)1) per pulse or second of
exposure. The lower the k value the greater the
resistance of the treated yeast to the applied PUV
treatment, and this means of evaluating in vitro inacti-
vation performance was used to compare sensitivities of
all test yeast under similar studies using increasing lamp
discharge energies. Figure 3 illustrates k values of 0.10,
0.23 and 0.51 for S. cerevisiae ATCC 834 grown prior in
15% w ⁄v glucose after exposure to 3.2, 7.2 and 12.8 J
for £40 pulses, respectively, (equivalent to UV doses of
0.53, 1.09 and 3.36 lJ cm)2, respectively), which high-
lights a clear pattern where more rapid reductions in

predetermined populations of all test yeast occurred
with increased levels of pulsing with use of higher
discharge energies. This also correlates to 1.0-, 1.4- and
4.0-log CFU mL)1 differences in cell numbers for
S. cerevisiae ATCC 834 after treatment with forty
pulses at 3.2, 7.2 and 12.8 J, respectively, in these 15%
w ⁄v sugar samples. For example, it took forty pulses at
3.2 J (equivalent to a UV dose of 0.5309 lJ cm)2) and
five pulses at 12.8 J (0.420 lJ cm)2) to obtain the same
1-log reduction in PUV-irradiated yeast numbers
(Fig. 3). The levels of susceptibility of test yeast to
PUV treatments differed significantly (P < 0.05) and
are listed in order of decreasing resistance: Z. rouxii,
Z. bailii >S. cerevisiae (Table 2, 3 and 4). A pairwise
multiple comparison of means between yeast types using
ANOVA showed the S. cerevisiae differed significantly
in PUV sensitivity to that of similarly treated Z. rouxii
and Z. bailii at P = 0.024 and 0.027 levels, respectively.
There were no significant differences between Z. bailii
and Z. rouxii for all combinations of strains, sugars and
PUV settings tested in this study (P = 0.953). anova
multiple comparisons between mean values from indi-
vidual yeast strains from seven replicate experiments
revealed that only S. cerevisiae 834 differed significantly
from Z. bailii 11 486 and Z. rouxii 42981 at P = 0.024
and 0.020, respectively. For example, this represented a
1.2-log order difference in CFU mL)1 reductions
between these two yeast strains that were grown in
50% w ⁄v sugar samples and then treated with forty
pulses at 12.8 J (UV dose of 3.36 lJ cm)2), as Z. bailii
11 486 and S. cerevisiae 834 were reduced by 3.8 and 5.0
log, respectively, compared to untreated controls. Fur-
ther molecular-based stress-response studies are needed
to ascertain why these particular strains significantly
vary in sensitivity to PUV irradiation. That said,
differences between Zygosaccharomyces spp. and Sac-
charomyces cerevisiae sensitivity to PUV irradiation may
be attributed in part to variation in the ability of each
species to protect against the plethora of molecular and

Table 4 Influence of prior exposure to increasing concentrations of glucose on the subsequent resistance of different yeast to pulsed UV light

irradiation at 12.8 J (equivalent to a UV dose of 3.36 lJ cm)2)

Test Yeast

Reduction rate (k) values determined at a UV dose of 3.36 lJ cm)2 postexposure to

increasing concentrations of glucose

Name Code 1% (w ⁄ v) 15% (w ⁄ v) 30% (w ⁄ v) 50% (w ⁄ v)

Zygosaccharomyces bailii 36 947 0.31 ± 0.03 0.31 ± 0.03 0.34 ± 0.02 0.40 ± 0.02

8766 0.32 ± 0.04 0.31 ± 0.02 0.37 ± 0.02 0.44 ± 0.02

11 486 0.25 ± 0.02 0.26 ± 0.01 0.27 ± 0.02 0.35 ± 0.02

Zygosaccharomyces rouxii 42 981 0.24 ± 0.01 0.26 ± 0.01 0.35 ± 0.02 0.48 ± 0.02

46 261 0.31 ± 0.03 0.32 ± 0.02 0.36 ± 0.02 0.44 ± 0.02

2615 0.34 ± 0.02 0.36 ± 0.02 0.37 ± 0.02 0.47 ± 0.02

Saccharomyces cerevisiae 834 0.50 ± 0.05 0.51 ± 0.02 0.57 ± 0.02 0.63 ± 0.02

9763 0.35 ± 0.02 0.34 ± 0.02 0.39 ± 0.01 0.49 ± 0.01

26 603 0.38 ± 0.04 0.40 ± 0.04 0.50 ± 0.02 0.55 ± 0.02

y = –0.1025x + 0.1403
R2 = 0.9471

y = –0.2375x + 0.3708
R2 = 0.948

y = –0.5133x + 0.6444
R2 = 0.9897

–4.5

–4

–3.5

–3

–2.5

–2

–1.5

–1

–0.5

0

0 5 10 15 20 25 30 35 40

Su
rv

iv
or

s 
(lo

g 10
 CF

U
 m

l–1
)

Exposure time (s)

3.2 J

7.2 J

12.8 J

Figure 3 Inactivation kinetic plot of S. cerevisiae ATCC 834 grown
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cellular insults including PUV-mediated cell membrane
leakage, lipid hydroperoxidation, intracellular reactive
oxygen species generation, apoptosis and necrosis as
observed in PUV-treated Candida spp. (Farrell et al.,
2011). All other combinations of yeast strains examined
for sensitivity to PUV at different sugar exposure levels
in this study proved not significant at P < 0.05 level.
These results presented in Tables 2, 3 and 4 are in

agreement with findings from previous studies that
demonstrated the efficacy of using PUV at 7 J for
inactivating other types of agar-surface irradiated yeast
(Candida lambica, Rhodotorula mucilaginosa) and fungal
spores (Aspergillus niger, A. flavus, Botrytis cinerea and
Fusarium culmorum) (Oms-Oliu et al., 2010). Findings
presented in Tables 1, 3 and 4 also corroborate the
recent work of Farrell et al. (2009) where these
researchers reported that PUV effectively inactivates
nonstressed clinically relevant yeast cells. Specifically,
the latter study showed that levels of susceptibility of
test microorganisms to PUV treatments differed signif-
icantly (P < 0.05) and were listed in the order of
decreasing resistance as Candida krusei >C. albicans,
C. glabrata, C. tropicalis, C. parapsilosis, S. cerevisiae
>Staphylococcus aureus >Escherichia coli. This present
study reports that the food-related yeast Z. rouxii
ATCC 42981 (Table 2, 3 and 4) exhibited similar levels
of PUV tolerance to that of C. krusei ATCC 6258,
which was reported as the most PUV tolerant of the
clinically related Candida strains previously studied by
Farrell et al. (2009). The latter authors also reported
that yeast treated at a shorter distance from the
treatment surface to the PUV light source were inacti-
vated faster owing to receiving a higher UV dose. In
general, it took approximately four times as many pulses
to achieve the same level of yeast inactivation at 18 cm
as it did for similar studies carried out at 8 cm from the
light source. The latter findings were expected as
the intensity of the light is inversely proportional to
the square of the distance from the light source
(Elmnasser et al., 2007), as illustrated in Fig. 3. Farrell
et al. (2009) also reported that the lower the initial
starting cell population irradiated, the shorter the time
taken to achieve surface sterilisation using PUV. As a
distinct tailing or tolerance effect occurred with highly
populated yeast samples (approximately 9 log10 C-
FU cm)2) owing to shading effects, these authors
recommended use of £7 log10 CFU cm)2 for PUV
inactivation that was a level adopted in this present
study. This is in line with the experimental design of
present study where a predetermined yeast population of
approximately 105 log10 cells cm

)2 was used throughout.
All data sets showed no tailing effect within the
experimental regime of pulsing in this present study
(Fig. 3). Previous researchers also demonstrated the
benefit of using greater amounts of pulsing (or higher
UV doses) for achieving greater levels of microbial

reduction on agar surfaces and in liquid food samples.
For example, a 4- to 5-log decrease in yeast numbers was
achieved in this present study after forty pulses at 12.8 J
(or UV dose of 3.36 lJ cm)2), whereas Farrell et al.
(2009) demonstrated that a 7-log reduction or greater in
yeast numbers can be achieved after ninety pulses using
the same lamp discharge energy and distance from the
light source (equivalent to a UV dose of 7.56 lJ cm)2).
Although the increase in sample temperature of PUV-
treated cultures was not found to be discernable in the
present study (Fig. 2), localised overheating of the
internal cellular constituents cannot be dismissed. For
example, Wekhof (2000) proposed that with a fluence
exceeding 0.5 J cm)2, the disinfection is achieved
through rupture of the bacteria during their momentous
overheating caused by absorption of all UV light from a
flash lamp. This present study also investigated the
efficacy of PUV irradiating early-stationary phase yeast
cultures as microorganisms treated in their exponential
growth phase were shown previously to be more
susceptible to PUV-decontamination treatments com-
pared to older cultures (Farrell et al., 2009, 2010).
Previous researchers have demonstrated that microor-
ganisms treated when actively growing are more sus-
ceptible to range of conventional and novel food
processing conditions (Elmnasser et al., 2007). This is
possibly attributed in part to greater likelihood of
inflicting irreversible damage to critical genetic infor-
mation that governs key metabolic pathways (such as
single strand breakages and formation of pyrimidine
dimers) along with damaging vital membranes, proteins
and other macromolecules, where there is an increased
demand for these activities during exponential phase of
microbial growth (Farrell et al., 2009). Without suffi-
cient repair mechanisms, such damage will result in
irreversible events culminating in microbial cell death.

Influence of prior osmotic stress exposure on the sensitivity
of test yeast to PUV irradiation

Prior growth of all yeast test strains to a high concen-
tration of glucose (‡30% w ⁄v) significantly enhanced
their susceptibility to pulsed UV light irradiation at 3.2 J
(Table 2), 7.2 J (Table 3) and 12.8 J (Table 4). Multiple
anova analysis of means from pairwise comparisons of
the combined effects of sugars and PUV settings
revealed that significant differences in sensitivity of
yeast to these treatments occurred from 1% w ⁄v to 30%
w ⁄v sugar (P = 0.008), from 1% w ⁄v to 50% w ⁄v sugar
(P = 0.000), from 15% w ⁄v to 30% w ⁄v sugar (P =
0.038) and from 30% w ⁄v to 50% w ⁄v sugar
(P = 0.006). No significant difference was evident from
comparison of yeast strains treated at all PUV settings
when grown prior in either 1% w ⁄v or 15% w ⁄v sugar
(P = 0.119). Prior exposure of test yeast to 50% (w ⁄v)
glucose (uppermost concentration) caused the greatest

Treatment of osmotolerant yeast with PUV J. C. Hayes et al. 7

� 2012 The Authors International Journal of Food Science and Technology 2012

International Journal of Food Science and Technology � 2012 Institute of Food Science and Technology

194



reduction in PUV-irradiated samples (Tables 2, 3 and
4). Untreated control yeast samples containing 50%
(w ⁄v) glucose were not significantly reduced in cell
number (data not shown). The latter finding was
expected and is typical of yeast that have sophisticated
and efficient osmoregulatory system that maintains
cellular water balance that is well understood (Hoh-
mann et al., 2007; Pribylova et al., 2007; Shima &
Takagi, 2009). A clear trend emerged where the higher
the level of UV dose applied the greater the reduction in
yeast samples observed. With the exception of some
individual strain differences, the general order of
decreasing resistance to PUV irradiation in osmotically
stressed yeast samples was Z. rouxii, Z. bailii >S. cere-
visiae (Tables 2, 3 and 4). The difference in sensitivity of
these PUV-treated Zygosaccharomyces spp. compared
to that of similarly treated S. cerevisiae in high-sugar
environments may be attributed to the fact that the
former xerophilic yeast have developed a more sophis-
ticated osmoregulatory response system that may pro-
vide a degree of cross-protection to that of PUV
irradiation (Martorell et al., 2007). While there is a
dearth of published papers on the influence of prior
food-related stress on subsequent sensitivity to PUV
treatments, Hillegas & Demirci (2003) reported that
pulsed UV light inactivated 89.4% of Clostridium
sporogenes bacteria in honey. PurePulse Technology
(San Diego, CA, USA) also reported that treating
microbial test strains in distilled saline water containing
20% (w ⁄v) glucose effectively enhanced inactivation
compared to similar samples that were PUV irradiated
in water only (cited in Choi et al., 2010). Marked
differences in physiological responses of yeast strains to
PUV irradiation and to other conventional stresses are
not uncommon (Farrell et al., 2010, 2011) and are likely
to be attributed in part to variances in composition and
transcription of housekeeping and specific stress-
response genes (Rowan, 2011). Findings presented in
Tables 2, 3 and 4 also highlight the relationship between
prior growth in a stressful food environment (i.e., high-
sugar) and subsequent sensitivity of test year to expo-
sure from an additional applied stress (i.e., PUV). This
finding markedly contrasts from data presented by other
researchers who reported that prior exposure to a
homologous sub-lethal stress (such as mild-acid) pro-
vides a cross-protective effect to lethal levels of different
or heterologous stresses (such as heating, hydrogen
peroxide and starvation) (Gibson, 1973; Leistner, 1995;
Lou & Yousef, 1997; Rowan, 1999; Hill et al., 2002).
While this study reported on the relationship between
growth in high-sugar environments and subsequent
sensitivity to PUV irradiation under varying operational
conditions for directly plated yeast samples only, future
studies exploring the use of an additional resuscitation
or enrichment step post-PUV treatments are merited.
Owing to the fact that PUV appears to kill yeast

through a multi-hit cellular process (Farrell et al., 2011),
it is highly likely that PUV treatment will produce a mix
of sub-lethally injured and killed cells where the former
sub-population may not be detected using direct plating
techniques unless an appropriate recovery or enrichment
stage (Rowan, 2011). These latter resuscitation experi-
ments were not conducted in this study owing to the
enormity of additional duplicate samples required for
inclusion and analysis.

Influence of PUV on possible microbial photoreactivation
repair post-treatments

A clear pattern also emerged where photoreactivation
was evident from samples that were treated at the lower
discharge energy of 3.2 J with 200 pulses (equivalent to
UV dose of 2.66 lJ cm)2), while no significant photo-
reactivation was observed using similar levels of UV
dose after 100 pulses at 7.2 J (UV dose of 2.7 lJ cm)2)
and thirty-two pulses at 12.8 J (UV dose of 2.69 lJ
cm-2) (P £ 0.05) (Fig. 4). This finding is in agreement
with other researchers who reported a difference in the
ability of PUV-irradiated yeast and other food-related
microorganisms to photorepair and to recover at very
low applied voltages (Farrell et al., 2009, 2010). Photo-
reactivation relates to the ability of PUV-treated
microorganisms to enzymatically repair molecular dam-
aged using sunlight. This is a surprising finding as the
PUV system was set up to deliver a similar UV dose at
each applied voltage setting, and therefore must relate in
part to the intensity of the applied voltage used. This
latter finding does merit further investigation. Owing to
the presence of visible and infrared light (together with
UV light) in the pulsed spectrum emitted by the xenon
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lamp, test samples can warm up during flashing.
Findings from this study showed that limiting pulse
number to £40 pulses at lamp discharge energies of 3.2,
7.2 and 12.8 J (equivalent to UV doses of 0.53, 1.09 and
3.36 lJ cm)2) did not have any discernable effect on
temperature or heating. A moderate sample temperature
increase of 3.2 ± 0.2�C was recorded after 150 pulses at
12.8 J (equivalent to UV dose of 12.6 lJ cm)2) during
photoreactivation studies. Therefore, the latter slight
increases in sample temperature during treatment did
not contribute to the inactivation performances
achieved by PUV in this study.

Conclusions

Findings from the present study revealed that prior
growth in high-sugar conditions (‡30% w ⁄v glucose)
enhances the sensitivity of prominent food-spoilage
yeast to high-intensity pulsed UV light irradiation.
Specifically, these findings provide evidence to support
the further development of PUV combined with tradi-
tional preservation approaches for minimal food
processing applications, particularly for treatment of
high-sugar foods. While the findings from the study
demonstrate the effectiveness of using a xenon pulsed
light approach for the inactivation of food-spoilage
yeast under a limited range of operational settings,
future studies investigating the efficacy of treating
contaminating yeasts in food environments under a
variety of abuse conditions (such as varying surrounding
relative humidity, duration of exposure and so forth) are
also merited. Further molecular- and cellular-based
studies are required to elucidate the underpinning
mechanistic or physiological responses governing adap-
tive tolerance to PUV treatments for xerophilic yeast
grown previously in high-sugar environments. Findings
from this present study will help to specifically advance
the field of nonthermal food processing.
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Use of a Real Time PCR Assay to Assess the Effect
of Pulsed Light Inactivation on Bacterial Cell
Membranes and Associated Cell Viability

Mary Garvey1*, Alessia Stocca2, Neil Rowan2

ABSTRACT: Research into more rapid and effective means of

disinfecting water has become necessary due to the recognition that

not all pathogenic species are being removed by chemical means. There

is an extent of research highlighting the benefits of pulsed light for the

disinfection of water. This study aims to determine the ability of a real

time polymerase chain reaction assay to evaluate microbial inactivation

of pulsed light treated cells. Findings show that pulsed light is a more

rapid means of inactivating test species than standard UV lamp systems.

A linear relationship between cell number and polymerase chain

reaction amplification was obtained. A difference in threshold value

(Ct) of approximately 4 (p � 0.05) was obtained for DNA amplification

following the addition of the dye for pulsed ultrviolet (PUV)-treated

Bacillus cells. Membrane protein leakage proved an effective means of

determining membrane damage for both Bacillus and E. coli test species

following PUV treatment. This membrane damage was not evident for

cells exposed to low pressure ultraviolet (LPUV). Findings describe

suggest that PUV treatment induced a viable but nonculturable state in

treated cells. Water Environ. Res., 88, 168 (2016).
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permeabilization, viable but nonculturable.
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Introduction
The use of ultraviolet (UV) light for the inactivation of

pathogenic organisms has become common practice for both

food and water. The disinfection ability of UV is due to the

absorption of UV energy by the genetic material of exposed cells

resulting in a photochemical reaction that alters the genetic

material (DNA) preventing replication. Standard UV lamps

include low pressure (LP) and medium pressure (MP) lamps,

which have proven effective for the inactivation of a range of

microbial test species. However, it has become increasingly clear

that these standard lamps are not as effective for the inactivation

of larger protozoa parasite species such as Cryptosporidium and

Giardia (Garvey et al., 2014). Furthermore, microbial species

possess DNA repair systems that can repair genetic insult

resulting from UV exposure allowing the species to replicate and

regain its pathogenic potential. An alternative UV delivery

method known as pulsed UV (PUV) light has been recognized as

an extremely effective method for the inactivation of fungal,

spore, biofilm, and parasite species (Garvey et al., 2014) in a

much shorter treatment time. Pulsed UV operates by storing

energy in a capacitor and releasing it as short bursts of energy

into the treatment area. Compared to standard LPUV lamps,

pulsed light treatment has the advantage of being fast, effective,

and more efficient at converting electrical energy into photon

energy. Furthermore, the use of PUV light is believed to cause

irreparable damage to treated species as they have proven unable

to reproduce when exposed to an array of repair conditions

(Abida et al., 2014). The high potency of pulsed light is believed

to stem from damage caused to other essential cellular

components such as proteins and cell membranes not achieved

with standard UV lamps. Therefore, changes in the physiological

state of cells post-PUV treatment should be studied to determine

the mechanisms of induced toxicity (Ferrario and Guerrero,

2014).

Furthermore, methods to determine bacterial viability is

predominantly reliant on the microbial plate count method,

which is often time-consuming. The use of a polymerase chain

reaction (PCR) assay may offer a more rapid determination of

cell death following disinfection. Polymerase chain reaction

assays are based on the amplification of target DNA within a cell

providing a direct relationship between the numbers of cells

present based on the PCR cycle number. However, the main

disadvantage of PCR-based microbial diagnostics is its inability

to discriminate between live and dead bacteria following UV

treatment. Studies on the use of propidium monoazide (PMA)

prior to DNA extraction has been described as a method that

allows selective detection of only live cells following chemical

disinfection (Kesmen et al., 2011). The dye is nearly completely

cell membrane–impermeable and thus can be selectively used to

modify exposed DNA from dead cells while leaving DNA from

viable cells intact. Once PMA dye enters membrane-damaged

cells, it subsequently binds to the DNA of the exposed species,

thus preventing subsequent amplification of modified target

DNA sequences by PCR. Theoretically, PUV-treated cells

exhibiting membrane damage will not be detected via real time

PCR (RT-PCR) as opposed to cells with intact membranes,

indicating that membrane damage from pulsed light treatment

prevented PCR amplification.

Therefore, the aim of this study is to determine PUV-induced

membrane damage in treated microbial cells via a PMA RT-PCR

assay. This represents the first study to determine the effect of

PUV light treatment on bacterial cell membrane structure via

1* Department of Life Sciences, Institute of Technology Sligo, Ash
Lane, Sligo, Ireland; telephone:þ353719305841; e-mail: garvey.mary@
itsligo.ie.
2 Bioscience Research Institute, Athlone Institute of Technology,
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PCR and can potentially offer a rapid method to determine

disinfection efficacy of pulsed light system for the water or food

industry.

Methods
Bacterial Test Species Culture and Maintenance. Esche-

richia coli ATCC 25922 was chosen for this study as it is

currently the indicator organism for water contamination. For

comparative analysis Bacillus strains were also chosen, namely

Bacillus megaterium ATCC 14581 and Bacillus cereus ATCC

11778 to represent both pathogenic and nonpathogenic gram-

positive Bacillus species. Strains were sourced from the

American Type Culture Collection and grown from storage on

nutrient agar at 37 8C and identity confirmed via gram stain and

standard biochemical tests. To establish a working bacterial

culture, a single colony of the test strain was aseptically

transferred to 100 mL sterile nutrient broth followed by

incubation at 37 8C for 24 hours. Following incubation, test

samples were centrifuged at 10 000 rpm for 10 minutes and the

pellet resuspended in sterile phosphate buffered saline (0.01 M

phosphate buffer, containing 0.0027 M KCl and 0.137M NaCl at

a pH of 7.4) (PBS) to give a working stock of ca. 13 108 CFU/

mL.

UV Light Treatment. Low-pressure UV studies were

conducted on 10 mL suspensions using a lab scale UV lamp at

254 nm (UVGL-55 handheld UV lamp) at a distance of 8 cm

form the light source. Bacterial suspensions were prepared by

placing a 1 in 10 dilution (final volume of 10 mL) from the

working solution of ca. 13 108 Bacillus and E. coli respectively

in a petri dish followed by exposure to the LPUV lamp (13 107

cfu/mL test microbial cell number). The UV dose (mJ/cm2) was

varied by altering the time of exposure as required.

A pulsed lamp system (Samtech Ltd, Glasgow, Scotland, U.K.)

was used as described by Garvey et al. (2014) and is, therefore,

not described in more detail herein. Pulsed UV studies were

conducted on samples diluted from the working stock of ca. 13

108 Bacillus and E. coli in the same manner as LPUV studies of

sterile PBS at 8 cm from the light source. Samples were treated

at 16.2 J at a rate of 1 pulse per second to determine the relative

sensitivity of the test species. Following treatment, 100 lL of

serially diluted treated or untreated sample was spread on plate

count agar and incubated for 24 hours at 37 8C, after which the

colony forming unit (cfu/mL) of survivors was determined. For

analysis purposes, the levels of inactivation were determined by

plotting the log10 ratio of survivors against UV dose for each

experimental organism. Samples were then centrifuged at 10 000

rpm for 10 minutes and the pellet resuspended in 198 lL sterile

PBS for PMA binding and PCR analysis. One milliliter of treated

and untreated bacterial suspension was also placed on ice to

determine protein leakage via the Bradford assay. Additionally,

microbial test species were subject to heat treatment at 65 8C for

30 minutes to provide a positive control as heat inactivation is

via membrane induced damage.

Propidium Monoazide Cross-Linking. PMA (Biotium Inc.,

Hayward, California) was dissolved in water to a stock

concentration of 10 mM and stored at �20 8C until required.

All workings with PMA solution were conducted with minimal

light exposure to prevent any potential chemical change in PMA

structure, as it is a light-sensitive molecule. Two microliters of

PMA dye were added to treated and untreated samples

suspended in 198 lL solutions to give a final volume of 100

nM PMA (as recommended by Biotium Inc. for use with the

PMA Lite device). Samples were then placed in the Biotium

PMA Lite LED photolysis device (Biotium Inc.) and exposed to

475 nm emission for 30 minutes as per manufacturer’s

instructions. Following exposure, samples were removed from

the device and DNA extraction was performed to obtain target

DNA prior to PCR amplification.

DNA Extraction. Target DNA extraction was conducted as

per kit instructions for E. coli and Bacillus test species using a

Roche DNA extraction kit and HP PCR template preparation kit

(Roche Diagnostics, Roche, Ireland). All steps were performed as

per manufacturer’s instructions with treated and untreated

microbial pellets that were suspended in 200 lL of sterile PBS.

Real Time Polymerease Chain Reaction. Real-time poly-

merase chain reactions are characterized by an increase in

fluorescence emission due to probe degradation by DNA

polymerase in each elongation step during PCR cycling. The

higher the starting copy number of the nucleic acid target, the

earlier the fluorescence will reach the predetermined threshold

cycle (Ct) and the smaller will the Ct value will be. The Ct value

is the fractional PCR cycle number, at which a significant

increase in target signal fluorescence above the baseline is first

detected for a sample. Quantification of test samples is

performed by determining the Ct value and the use of a

standard curve to deduce the starting copy number. All primers

and probes were sourced fromTib Molbiol, Berlin, Germany. For

E. coli primers (100 base pairs) coding for the 16s RNA region

(16sRNA gene) were used as per Spano et al. (2005); forward

primer CAT TGA CGT TAC CCG CAG AA, reverse primer

CGC TTT ACG CCC AGT AAT TCC, and a taqman probe

sequence: CGT GCC AGC AGC CGC GGT A. For B.

megaterium and B. cereus, the forward primer ACACACGTGC-

TACAATGGATG and reverse primer AGTTGCAGCCTA-

CAATCCGAA with the taqman probe sequence F-

ACAAAGGGCTGCAAGACCGCG—Q coding for the phaC

gene was used as per Nayak et al. (2013). Amplification reactions

(20 lL) contained 5 lL of sample DNA (0.5 lM of each primer,

0.2 lM of probe) and 15 lL of reaction buffer (Roche Diagnostic,

West Sussex, England). Both positive and negative controls were

included in RT-PCR to validate the results. DNase and RNase

free water was used as negative control throughout. Cycling

parameters were initial denaturation for 10 minutes at 95 8C

followed by 65 cycles of denaturation for 10 seconds at 95 8C,

annealing for 40 seconds at 40 8C, extension for 1 second at 70

8C, and cooling for 30 seconds at 40 8C on a Nanocycler device

(Roche Diagnostics). Large numbers of cycles were used to

ensure detection of low levels of infection. On completion of

each RT-PCR run, amplification curves were analyzed by

Nanocycler software (Roche Diagnostics) and a standard curve

of DNA concentration versus cell number was determined

(Figure 1).

Bicinchoninic Acid (BCA) Protein Assay. The BCA protein

assay kit (Fisher Scientific, Ireland) was used as per manufac-

tures instructions. One milliliter of test sample (untreated and

treated) was centrifuged for 10 minutes at 8000 g, the

supernatant was removed to a sterile tube and placed on ice

(or stored at �80 8C until required). Bovine serum albumin

(BSA) standards were prepared to test concentrations of 500,

250, 125, 50, 25, and 5 ug/mL and run in triplicate on plate with

sterile PBS as a blank. Twenty-five microliter aliquots of

standards and test samples were transferred to a 96-well plate

Garvey et al.
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in triplicate. A BCA mix was prepared and stored in the dark.

Buffer mix (200 lL) was added to each well and incubated at 37

8C for 30 minutes in the dark, after which the absorbance was

measured at 562 nm using a multiplate reader (Biotek Synergy

HT). Protein concentration in supernatant is calculated using

the standard curve equation derived from the protein standards.

Statistics. All the experiments were performed 3 times with

three plate replicates for each experimental data point providing

a mean result for each experimental batch. The log reduction

was calculated as the log10 of the ratio of the concentration (cfu/

mL) of the nontreated (N0) and UV-treated (N) samples [log10
(N0/N)]. Linear regression analysis was used to determine the

rate of inactivation for each test species under the regime of UV

treatments applied at 95% significance level. Student’s t-tests and

ANOVA one-way model (MINITAB software release 16; Mintab

Inc., State College, Pennsylvania) were used to compare the

relationship between UV treatments and viable/nonviable cells.

The slope of the relationship between the protein standard

concentrations and absorbance at 562 nm was calculated to

determine the protein leakage of treated cells corresponding to

UV dose and cell viability.

Results and Discussion
The standard approach determining microbial viability post-

disinfection testing has traditionally relied on cultivation-based

techniques such as spread plate counts (cfu/mL). In recent years,

with the focus on the disinfection of the ever-increasing number

of antibiotic resistant microbes, research has sought out speedier

assays for disinfection efficacy testing. Polymerase chain reaction

methods have gained attention as a rapid and specific method

for the quantification of microbial numbers in both food and

water samples (Gensberger et al., 2014). However, quantitative

PCR (qPCR) does not differentiate between live and dead

bacteria; it merely quantifies cell numbers present and is,

therefore, not comparable to cultivation techniques. Studies

have shown the benefits of DNA intercalating dyes such as EMA

and PMA combined with PCR for use in determining viable cell

numbers following chemical or heat disinfection. The interca-

lating dye passes through damaged cell membranes and binds to

the DNA, preventing PCR amplification of dead cells. PMA

specially binds to double-stranded DNA with high affinity. With

photolysis, the photo-reactive azido group on the dye is

transformed to an extremely reactive nitrene radical, which

then reacts with hydrocarbon moieties at the binding site to

form a stable covalent nitrogen–carbon bond, resulting in

permanent DNA modification (Taskin et al., 2011). Propidium

monoazide is cell membrane–impermeable and can be selec-

tively used to modify exposed DNA only from dead cells while

leaving DNA from viable cells intact. At present, there are no

studies detailing the use of a PMA PCR assay as a tool to

determine pulsed light induced microbial death. Therefore, this

study focused on the use of a real-time PCR assay combining

PMA dye to determine if PUV treatment causes membrane

damage to treated cells. Theoretically, cell membranes damaged

by pulsed light should allow for the passage of PMA across the

membrane that subsequently binds to the genetic material

preventing PCR amplification. E. coli is a recognized fecal

coliform bacteria used as an indicator for wastewater treatment;

additionally B. megaterium endospores have been shown to have

similar sensitivity to PUV treatment to that of Cryptosporidium

parvum (Garvey et al., 2012). Therefore, both strains were the

focus of this study.

Pulsed Light for Microbial Inactivation. The PUV system

used throughout this study proved very effective for the

inactivation of all test species when treated in 10 mL

suspensions. A 6.2, 7.35, and 8.41 log10 inactivation of B.

megaterium, B. cereus, and E. coli was achieved with a PUV dose

of 21.6 lJ/cm2 respectively (Figure 2). Additionally the LP UV

system also provided high levels of microbial inactivation with a

6.1, 5.8, and 7.6 log10 inactivation of B. megaterium, B. cereus,

and E. coli, respectively, with a UV dose of 392 mJ/cm2 (Figure

2). For both UV systems E. coli proved most UV sensitive to

Figure 1—Standard curve as determined by RT-PCR Ct value for B. megaterium, B. cereus, and E. coli cells (log10 cfu/mL) (6S.D) using
species specific primers.

Garvey et al.
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treatment followed by B. cereus, with B. megaterium proving

most UV resistant. However, the pulsed light approach provided

high levels of inactivation in a much shorter treatment time than

the low pressure, 21.6 lJ/cm2 is equivalent to a treatment time

of 1.5 minutes with 392 mJ/cm2 equivalent to 12 minutes of UV

exposure. Gram-positive bacteria were also shown to be more

resistant than Gram-negatives to UV inactivation in a study

reported by Farrell et al. (2009). The use of UV light for the

inactivation of microbial species has proven effective over an

array of bacterial strains under varying conditions. Regardless of

the delivery approach, light in the UV wavelength range has

undeniable antimicrobial properties. However, PUV has not only

repeatedly provided higher levels of inactivation of test species in

a much-reduced treatment time than its counterparts, it has also

demonstrated high levels of inactivation of problematic parasite

species such as Cryptosporidium and Giardia (Garvey et al.,

2014). Indeed, this study has shown the significant reduction in

time needed to achieve similar levels of inactivation of all test

species with PUV compared to LPUV. The increased lethality of

PUV compared to standard UV lamps has been accredited to its

rich broad-spectrum UV wavelength range, short duration

pulses, high peak power, and the ability to control the pulse

duration and frequency output of flash lamps (Abida et al.,

2014). The broad spectrum of this system with wavelengths

ranging from 100 to 1100 nm (Farrell et al., 2011) is believed to

play an important role in the irreparable damage caused to

treated organisms. However, there is limited information

available on the exact microbial insult that occurs. Studies have

suggested that damage to cellular membranes plays a key role in

microbial inactivation. Krishnamurthy et al. (2008) reported

severe cellular damage, cytoplasmic membrane shrinkage, and

cellular leakage of Staphylococcus aureus as observed via

transmission electron microscopy (TEM) and attributed it to

the pulsing effect (Krishnamurthy et al., 2008).

Use of Real Time Polymerase Chain Reaction for Viability

Assessment. Figure 1 depicts standard curves for viable E. coli,

B. megaterium, and B. cereus obtained via RT-PCR amplification.

As shown with a higher cell count (log10 cfu/mL), a lower Ct

value is obtained indicating that a higher amount of target DNA

is present for all test species. A linear response is evident for

increasing cell number and corresponding DNA detection (Ct

value). Figure 3 depicts protein content for PUV treated cells,

while Figure 4a describes the results obtained for log10 reduction

(cfu/mL) and the resulting Ct value obtained both with and

without the addition of the PMA dye and corresponding protein

leakage detected (lg/mL) for PUV-treated cells. Similarly, Figure

4b depicts the findings obtained for LPUV-treated test species.

For PUV, a clear pattern is evident where an increase in UV dose

(lJ/cm2) resulted in an increase in microbial inactivation. The

determination of Ct values with and without the addition of

PMA dye did lead to a variation in the PCR results. There was a

significant (p � 0.05) difference in the Ct value for both Bacillus

strains for treated and untreated cells with the addition of the

dye. The untreated control for ca. 1 3 108 B. megaterium cells

resulted in a Ct value of 13.52 and a value of 13.85 following the

addition of the PMA dye. Similarly for B. cereus, a Ct value of

15.82 without PMA and 15.49 with PMAwas detected for ca. 13

108 cfu/mL untreated cells. This Ct value showed good

sensitivity for live cells with and without the addition of PMA,

with figures corresponding to the untreated standard curve

(Figure 1). Following PUV treatment, variations in the Ct values

became evident. For the UV dose range of 4.32 to 17.28 lJ/cm2,

there was a Ct value of ca. 15.7 (corresponding to a cfu/mL of 1

3 107 for both Bacillus species) for all doses without PMA and

Figure 2—Log10 reduction of test strains (line graph) and corresponding membrane protein leakage (column graph) following exposure
to PUV light lJ/cm2. Results are replicate of 3 experiments (6S.D). A, B, C, and D donate significant difference at p , 0.05.
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this increased to approximately 19.5 with the addition of PMA.

This corresponds to a Ct value of approximately 4 (p � 0.05) in

the difference following the addition of the dye for PUV-treated

cells. In comparison to the standard curve, a Ct value of 19.5

equates to a viable 7 log10 (as determined from Figure 1 equation

of the line). Even though there was a difference in values

obtained for the PCR for the PUV-treated cells, it was not large

enough to correspond to the decrease in viability as determined

by the spread plate cell count (cfu/mL). For example, with a

PUV dose of 12.96 lJ/cm2, a 5.6 and 5.1 log10 reduction of B.

megaterium and B. cereus was achieved respectively (Figure 2).

The resulting Ct values of 15.7 and 19.4 without and with PMA

for B. megaterium and 21.1 and 25.89 without and with PMA for

B. cereus do not correspond to a 5 log10 reduction in viable

bacteria. A 5 log10 reduction from an initial population of 1 3

107 viable cells equates to a 2 log10 remaining viable population

post-treatment suggesting that a Ct value of ca. 40 should result

following the addition of the PMA dye (Figure 1). Similar results

Figure 3—Log10 reduction of test strains and corresponding membrane protein leakage following exposure to LPUV light mJ/cm2.
Results are replicate of 3 experiments (6S.D). A, B, C, D, and E donate significant difference at p , 0.05.

Figure 4—Ct value resulting from RT-PCR analysis of a) PUV-treated and b) LPUV-treated test species with (þ) and without the addition
of PMA dye as a PCR blocking agent (6S.D).
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were seen for the LPUV inactivation of the Bacillus test species

(Figure 3), although the variation in the Ct values was smaller

than that observed with pulsed light. This suggests that the

binding of PMA to the DNA of nonviable cells is occurring.

Furthermore, for both PUV and LPUV, the Ct values for E. coli

were very similar with and without the addition of PMA. Indeed

there was no significant difference (p � 0.05) between the values

obtained in the absence or presence of PMA dye. This would

suggest that the cross-linking of PMA to the DNA either did not

occur or did not prevent amplification for E. coli even to the

extent it did with the Bacillus test species. The corresponding

viability cell count showed a maximal ca. 8 log10 inactivation for

both UV methods applied.

Membrane Protein Leakage of Treated Cells. Quantifica-

tion of protein resulting from membrane leakage pre- and post-

UV studies was conducted as a means to verify membrane

damage of treated organisms. Additionally, membrane leakage of

protein following heat inactivation served as a positive control

(Table 1). The equation of the line obtained for protein content

versus absorbance was used to calculate the concentration of

protein leakage for disinfection studies. There was a significant

difference (p , 0.05) between the quantity of protein for the

untreated control and heat-inactivated bacteria for all test

strains. Additionally, this coincided with a significant difference

in the Ct value for heat-inactivated Bacillus samples with an

increase in Ct value following the addition of the PMA dye. As

expected, heat inactivation resulted in membrane damage to an

extent that allowed for an increase in protein leakage of ca. 100

lg/mL. These findings indicate that the operational conditions

of this assay were correct. Furthermore, there was a significant

difference in the Ct values (ca. 6 Ct) obtained following PMA

binding for Bacillus. However, this cross-linking of the PMA

with DNA preventing PCR amplification for both Bacillus

species did not occur to an extent corresponding to the loss in

viability as determined via the cultivation method. Similar to the

findings of the PUV studies, the difference in Ct value does not

correspond to the predicted value for the remaining viable

population of cells. Additionally, as observed for the UV studies

there was no significant difference in the Ct values with the

addition of the PMA dye for E. coli. For all PUV-treated samples,

there was also a significant difference in protein leakage

compared to the untreated control (Table 1). Indeed with a

PUV dose of 21.6 lJ/cm2, the protein content increased to ca.

330 lg/mL for B. megaterium, B. cereus, and E. coli—an increase

of ca. 30 lg/mL protein (Figure 2). This indicates that membrane

damage occurred, albeit to a lesser extent than the heat-

inactivated cells following PUV treatment for all test strains.

Furthermore, the amount of protein leakage following LPUV

treatment was not to the same extent as PUV. There was no

significant increase in protein leakage for all strains tested with

up to and including 12 minutes of LPUV exposure (392.4 mJ/

cm2) (Figure 3). Therefore, studies suggest that PUV light does

result in some cellular membrane damage for the Gram-negative

and Gram-positive species tested as determined by the

quantification of protein leakage. And no such damage was

detected for the same species when exposed to LPUV

inactivation.

Findings suggest indescrepencies between PCR-detected

viability, CFU counts, and protein leakage for UV-treated and

heat-inactivated organisms. One possible explanation for this is

the presence of viable but nonculturable bacteria. Microbial

cells, when under stress conditions such as that caused by

extensive UV exposure, can enter a physiological state that

prevents normal activities of growth and cell division. In this

state, some cells die and some survive, the latter being labelled as

viable but nonculturable cells (VBNC), as they cannot be

cultured on laboratory media. In this state, metabolic function is

reduced to a baseline level, making detecting their presence

relatively challenging. Additionally, they may be transported to

water and food where they may grow, divide, and, in the case of

VBNC, pathogens cause infection (Trevors, 2011). The results of

this study show PCR amplification not corresponding to the cell

viability as determined by cell count, even though protein

leakage occurred suggesting that the PUV system induced

membrane damage in the bacteria. Studies by Kramer and

Muranyi (2014) showed a significant discrepancy between

conventional plate counts and different viability staining

parameters for PUV-treated Listeria and E. coli. The authors

concluded that pulsed light treatment does not cause an

immediate shutdown of vitality functions even when the number

of CFUs already decreased for more than 6 log10 sample (Kramer

and Muranyi, 2014). Findings showed that oxidative stress with

associated damage to the DNA molecule was directly respon-

sible for the loss of cultivability due to pulsed light rather than a

direct rupture of cell membranes or inactivation of intracellular

enzymes (Kramer and Muranyi, 2014). Additionally, studies by

Berney et al. (2006) reported that the cytoplasmic membrane of

E. coli becomes permeable to dyes as a final outcome of pulsed

Table 1—Viability determination of heat inactivated test species (65 8C for 30 minutes) as determined by cfu/mL log10 reduction, RT-
PCR Ct values and protein leakage (6S.D).

Test organism

Viability

Log10 reduction

Ct value

Protein (lg/mL)PMA – PMA þ

B. megaterium 0 13.52 (62.2)a 14.85 (62.1)a 294.89 (62.1)I

7.3 (60.2) 18.83 (62.2)c 24.22 (61.2)d 392.96 (61.2)II

B. cereus 0 15.82 (61.1)b 15.49 (61.5)b 297.01 (61.8)I

5.2 (60.2) 18.62 (62.2)c 24.41(61.2)d 382.27 (62.2)III

E. coli 0 15.82 (61.1)b 15.49 (61.5)b 297.01 (62.8)I

8.0 (60.2) 15.65 (62.2)a 15.11 (62.2)a 356.63 (61.2)IIII

a, b, c, d, I, II, III, IIII donate significant difference (p � 0.05).
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light treatment after the cessation of activities such as ATP

production, glucose uptake, and the activity of the proton efflux

pump (Berney et al., 2006). As a result, a loss in culturability

occurred in growth medium before membrane permeability

occurred, allowing for the uptake of dyes. In the present study,

protein leakage did not occur to the same extent for pulse light–

treated cells as did that for heat; therefore, there may have been

insufficient membrane damage or permeabilisation caused to

allow adequate dye uptake for blocking PCR for the test species.

Furthermore, there was significantly less protein leakage for E.

coli for PUV treatment, suggesting that even less cell permeabi-

lisation occurred for this species. Gram-negative cell structure is

different from Gram-positive in its lipid and protein content;

this may have affected the ability of the pulsed light to induce

membrane damage. Additionally, many studies report on the

increased sensitivity of Gram-positive species over Gram-

negative when exposed to UV light (Garvey et al., 2012; Rowan

et al., 1999).

The findings of this study highlight the importance of using

alternative viability indicators, together with culturability, to

determine the viability state of treated bacterial cells, particularly

when using a method that may induce a viable but nonculturable

state in cell populations, because the standard plate count

approach may underestimate the actual number of viable cells

present.

Conclusions

� Findings described show that PUV provides a much faster

inactivation of test species than standard low-pressure

lamps.
� Pulsed UV induced membrane damage of all test species as

determined via measurement of protein leakage compared

to the untreated control. However, the level of protein

leakage was not to the same extent as heat-inactivated cells

indicating cell permeabilization was reduced.
� This membrane damage was not detected for strains

inactivated with an LPUV lamp.
� The RT-PCR assay combining the use of a DNA

intercalating dye provided an indication of cell death for

the Bacillus species to some extent. However, it was not to

the same level as the cultivation method using standard

plate counts, suggesting a viable but nonculturable state

was present.
� There was no significant difference for the RT-PCR results

following the addition of the dye for E. coli, suggesting that

PMA did not prevent the amplification of dead cell DNA.
� Findings may suggest the presence of viable but non-

culturable cells within the treated population.
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The purpose of this timely review is to critically appraise and

to assess the potential significance of best-published microbi-

al inactivation kinetic data generated by pulsed light (PL). The

importance of selecting different inactivation models to

describe the PL inactivation kinetics is highlighted. Current

methods for the detection of viable-but-nonculturable

(VBNC) organisms post PL-treatments are outlined along

with the limitations of these methods within food microbi-

ology. Greater emphasis should be placed on elucidating

appropriate inactivation kinetic model(s) to cater for the

occurrence of these VBNC organisms that are underestimated

in number using traditional culture-based enumeration

methods. Finally, the importance of further molecular and

combinational research to tackle the potential threat posed

by VBNC organisms with regard to kinetic inactivation

modelling and nexus to public health and food safety is

presented.

Introduction
Recent developments among consumers regarding the de-
mand for fresh, minimally processed foods with a prefer-
ably long shelf life has resulted in emerging research into
new non-thermal technologies to ensure appropriate preser-
vation and safety of treated foodstuffs. However, this
growing consumer preference for minimally processed
foodstuffs is accompanied by public health concerns sur-
rounding efficacy of such approaches to adequately deal
with food-borne diseases (Kramer & Muranyi, 2014;
Rowan, 2004). The trend towards fresh-cut produce usually
cannot be decontaminated by conventional thermal
methods, and washing or sanitizing approaches do not pro-
vide a sufficient reduction in microbial numbers to afford
safety consumers (Sapers, 2001). Therefore, there is a
pressing requirement for the development of nonthermal
decontamination approaches to meet these demands and
to address the requirement for producing safe fresh
produce.

Pulsed light (PL) is a non-thermal method for microbial
inactivation based in the application of one or several high
power ultra-short duration pulses of broad spectrum light
between 200 and 1100 nm (G�omez-L�opez, Ragaert,

* Corresponding author.
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2 Tel.: þ356 23401157.
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Debevere, & Devlieghere, 2007). Typical processing times
are in the order of few seconds and besides its advantages
of rapid and cost-effective treatments, PL does not leave
any unwanted residual compounds on foodstuffs. PL is a
fast and cost effective process where considerable research
has already proved its efficiency for killing various micro-
bial pathogens and spoilage species in or on various
matrices (Farrell, Garvey, Cormican, Laffey, & Rowan,
2009; Farrell, Garvey, & Rowan, 2009; G�omez-L�opez,
Devlieghere, Bonduelle, & Debevere, 2005; Hayes, Kirf,
Garvey, & Rowan, 2013; Hayes, Laffey, McNeil, &
Rowan, 2012; Levy, Aubert, Lacour, & Carlin, 2012;
Rowan, Kirf, & Tomkins, 2009; Woodling & Moraru,
2007). As many other microbial inactivation technologies,
the appropriate characterization of the kinetics of microbial
inactivation is fundamental for process optimization.

Data generated for PL inactivation kinetics is repre-
sented as function of several parameters, such as fluence,
treatment time and number of pulses. As a photochemical
process, fluence is the best parameter up to now to charac-
terize PL effects since it provides information on the
amount of energy impinging the object, and can allow re-
sults intercomparison and scaling up. The latest update of
the glossary of terms used in photochemistry of the IUPAC
(Braslavsky, 2007) that defines fluence as the radiant en-
ergy “incident on a small sphere from all directions divided
by the cross-sectional area of that sphere”, with SI units in
J/m2, although J/cm2 is more commonly used in PL. Units
such as J/g or J/l refer to dose (absorbed energy)
(Braslavsky, 2007), but PL dosimetry usually measures
impinging energy and most of the UV light is not absorbed
by microorganisms (Bolton & Linden, 2003). The small
number of authors using those units should be encouraged
to elaborate on the rationale and justification underpinning
its use. Nonetheless, the shape of inactivation curves is the
same regardless of the use of fluence, time or number of
pulses as independent variable or the units using to charac-
terize population changes (CFU/ml or CFU/g) since the dy-
namics of microbial inactivation depends on the impinging
energy.

In order to achieve a safe food, foodborne pathogens
must be killed by applying suitable fluence. However,
loss of culturability is typically taken as the single criteria
for determining cell death where no deeper investigations
into associated molecular or physiological contributing fac-
tors that underpin PL-mediated killing of treated microbial
cells are examined. A performance criteria must be
achieved by the treatment, such as the minimum 5-log
reduction in pertinent microorganism required by the
FDA to cider and juice processors (FDA, 2001). Despite
the fact that inactivation curves by PL technology are
framed exclusively on culture-based methods, no published
study to date has reported on the significance or impact (if
any) of variations observed in different inactivation kinetic
plots in terms of PL treatment efficacy.

Inactivation mechanism by pulsed light, in brief
Since the kinetics of microbial inactivation is related to

the inactivation mechanism, a brief overview of PL inacti-
vation mechanism is provided here. It is generally assumed
that the UV component is the most important wavelength
region for the bactericidal effects of PL (Gomez-Lopez
et al., 2007) as UV illumination causes photochemical
modification of microbial genomic material mainly by the
photocatalytic formation of cyclobutane thymine dimmers
and by causing a variety of mutagenic and cytotoxic
DNA lesions (Bohrerova, Shemer, Lantis, Impellitteri, &
Linden, 2008). Wang, MacGregor, Anderson, and
Woolsey (2005) showed that the maximum inactivation of
Escherichia coli by PL is obtained at 270 nm, a wavelength
that is highly absorbed by DNA. Conversely, studies have
also reported on the irreversible disruption of microbial
cells by PL implying that destruction is caused by a
multi-target process comprising inter-related photochem-
ical, photothermal or photophysical effects (Cheigh, Park,
Chung, Shin, & Park, 2012; Farrell, Hayes, Laffey, &
Rowan, 2011; Kramer & Muranyi, 2014; Krishnamurthy,
Tewari, Irudayaraj, & Demirci, 2010; Takeshita et al.,
2003; Wekhof, 2000). Photophysical effects relate to struc-
tural damages occasioned by the constant disturbance
caused by the high-energy pulses. While photothermal ef-
fects relates to the localized heating of microbial cells
due to light pulses that can lead to cell explosion
(Krishnamurthy et al., 2010). In such instances, exploded
microbial cells are incapable of entering the VBNC state.

Models describing the microbial inactivation by
pulsed light

Quality and safety kinetics can be described by mathe-
matical models using theoretical analysis and experimental
results. Depending on the mechanistic knowledge upon
which these models are built, they can be subdivided into
deductive or inductive (Hills, 2001), also described as
mechanistic or empirical (McDonald & Sun, 1999). Deduc-
tive kinetic models are based on the general laws, that is,
(bio) chemical/physical, and use them to build realistic
mathematical expressions, while inductive models have as
a starting point the available data. The exact mechanism
of PL induced lethality has not been fully characterized
and, most importantly, has not been translated to quantita-
tive measures that could be used for developing equations.
For this reasons, most of the published models used to
describe inactivation curves by PL treatments have been
built on inductive approaches, as they are not based on a
priori knowledge of the underlying biological mechanisms.
Nevertheless, the existing modelling approaches can be
further exploited to quantitatively describe the influence
of processing conditions on the properties of the studied
substrates, e.g., to assess the food safety of a product
treated by PL. This review revises the modelling structures
published in PL literature so far. These structures are
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described based on the previous re-parametrisation or nor-
malisation e.g., log transformation of the microbial popula-
tions, and transformations advised by the authors of this
chapter for permitting easy parameter identification. It is
noteworthy that the use of the independent variable changes
depending on how the experiments are built and data are
collected, in some cases is fluence (in units of J/cm2) and
in others time (in units of second). Hereafter, the models
are given in the original version that have been reported
in the literature; with appropriate transformation fluence
and time could be interchanged. An overview of these
mathematical structures and features can be seen in Fig. 1.

The description of each model is given below together
with examples of their use to describe PL inactivation ki-
netics of several microorganisms in different substrates.
In order to assess the relation between a certain
microorganism-matrix pair and a specific model, one

must be aware of the way that such relationship is estab-
lished because of the variety of analysis approach by the
different authors. Some authors report the fitting capacity
of a single model, while others test several ones and choose
the best fit. Even this approach differs in the use of a variety
of statistical indexes. Therefore, for a given dataset, it
cannot be excluded that another non-tested model may
have had a better fitting capacity. It is important to consider
that not all data is considered relevant for performing
regression analysis studies. For example, survival data
should exhibit at least a reduction of 1 log unit, which is
considered to be within the range of the experimental error
in plate count data (Mossel, Corry, Struijk, & Baird, 1995).
Additionally, for a particular combination of conditions a
minimum of 10 data points should be collected and, the ma-
jority of them, should be positioned at areas of inflection
where the rate of change of the microbial kinetics is
maximal (Walker & Jones, 1993).

All current published inactivation curves have been gener-
ated in batch systems, in the case of liquids, for example,
pouring it in a test cell, which could be a conventional Petri
dish. Few cases use an orbital shaker to promote turbulence
and generate a homogeneous exposure of the liquid (Miller,
Sauer, & Moraru, 2012; Sauer & Moraru, 2009).

Log-linear model
The model of Bigelow (1921) to describe log-linear ki-

netics has been applied for PL studies, as reported by
Izquier & Gomez-Lopez (2011) for decontamination of
vegetable surfaces.

log10
�
Nf

�
¼ log10ðNoÞ � kmax$

F

lnð10Þ ð1Þ

This version replaces the original use of treatment time
as independent variable by F (fluence, J/cm2). Nf (CFU/g) is
the number of survivors, N0 (CFU/g) is the initial number
of microorganisms, and kmax is the inactivation rate (cm2/J).

Table 1 shows the literature where the log-linear model
has been used. It is noteworthy that the log-linear pattern
has not been identified when foods are the substrate.

Biphasic model
The model of Bigelow (1921) can be extended for

describing two subpopulations with different microbial re-
sistances. The biphasic model described originally by
Cerf (1977) is a classic example. Ferrario, Alzamora, and
Guerrero (2013) used a version that reads as follows:

log10
�
Nf

�
¼ log10ðNoÞ þ log10ðf $expð�kmax1$tÞ

þ ð1� f Þ$expð�kmax2$tÞÞ ð2Þ

Where f is the fraction of the initial population correspond-
ing to the subpopulation more sensitive to the treatment, (1-
f ) is the fraction of the initial population corresponding to
the subpopulation more resistant to the treatment and kmax1

F

Lo
g 

N

linear + shoulder
sigmoidal−like
linear + tail

F

Lo
g 

N

concave
convex
biphasic

F

Lo
g 

N

mixed Weibull
Weibull + tailing
Linear

A

B

C

Fig. 1. Commonly observed types of inactivation curves during PL pro-
cessing expressed as log10 N versus F. Plot A: sigmoidal-like, linear
with a preceding shoulder, log-linear with a tailing. Plot B: biphasic,
concave upwards or downwards. Plot C: Linear, Weibull incorporating

a tailing effect, two mixed Weibullian distributions.
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and kmax2 are the specific inactivation rates of the two pop-
ulations, respectively.

This model has been used by only one research group
(Ferrario et al., 2013), which described the kinetics of PL
microbial inactivation for E. coli in commercial and natural
apple juice and commercial orange juice, and Listeria inno-
cua and Saccharomyces cerevisiae in natural apple juice. It
is obvious that the model has only been used to describe the
inactivation by PL in fruit juices and by only one research
group. These inactivation curves were characterized by a
higher sensitive subpopulation ( f > 0.77).

Sigmoidal model
The microbial responses could be more complicated and

follow a more sigmoidal like behaviour, composed by three
distinctive phases: a shoulder, a log-linear inactivation
phase and a tail. Geeraerd, Herremans, & Van Impe
(2000) developed a mathematical structure that can
describe this behaviour, and it is presented in the following
equation:

This structure (appearing here with the most recent mod-
ifications reported by Valdramidis et al. (2004)) was
considered by Marquenie et al. (2003) using t (in seconds)
as independent variable. Sl [min] is a parameter that stands
for the length of the shoulder. Similarly to the previous
models kmax is the specific inactivation rate [1/min], and
Nres is the residual population density [CFU/ml].

This equation can be reduced to the following structure
if tailing is not present in the collected data:

If tailing is present but not shoulder, the equation takes
the following form:

log10
�
Nf

�
¼ log10

�
10log10ðNoÞ � 10log10ðNresÞ

�
þ log10

�
expð�kmax$FÞ þ 10log10ðNresÞ

�
ð5Þ

The latter structure has been considered by Izquier and
G�omez-L�opez (2011) having F as independent variable in
the place of t.

The sigmoidal model has been applied for the descrip-
tion of the PL inactivation kinetics on agar of L. innocua
(Lasagabaster & Mart�ınez, 2014) and Salmonella Typhimu-
rium (Luksiene, Gudelis, Buchovec, & Raudeliuniene,
2007), and the fungi Botrytis cinerea and Monilia fructi-
gena on agar (Marquenie et al., 2003). Nevertheless, this
does not imply that all fungi follow this inactivation
pattern. For example, Aron-Maftei, Ramos-Villarroel, Nic-
olau, Mart�ın-Belloso, and Soliva-Fortuny (2014) reported
no shoulder in the inactivation of naturally occurring
moulds on wheat grain.

Weibull model
The Weibull model is a structure that is commonly used

for describing non-linear kinetics. Different notations have
been used for describing this model. One of these structures
reads as follows:

log10
�
Nf

�
¼ log10ðNoÞ � ðF=dÞp ð6Þ

where d (J/cm2) is the fluence for the first decimal reduc-
tion, and p (dimensionless) is a parameter describing

Table 1. Microorganism-matrix combinations following the log-linear model.

Microorganism Matrix Reference

E. coli Water Otaki et al. (2003)
E. coli Agar Farrell, Garvey, Cormican, et al. (2009)
Listeria monocytogenes Agar Bradley, McNeil, Laffey, and Rowan (2012)
Pseudomonas aeruginosa Buffer Ben Said and Otaki (2013)
Zygosaccharomyces bailii Glucose solutions Hayes et al. (2012)
Zygosaccharomyces rouxii Glucose solutions Hayes et al. (2012)
Saccharomyces cerevisiae Glucose solutions Hayes et al. (2012)
Coliphage T4 Water Otaki et al. (2003)

log10
�
Nf

�
¼ log10

�
10log10ðNoÞ � 10log10ðNresÞ

�
þ log10

�
expð�kmax$tÞ$

expðkmax$SlÞ
1þ ðexpðkmax$SlÞ � 1Þ$expðkmax$tÞ

þ 10log10ðNresÞ
�

ð3Þ

log10
�
Nf

�
¼ log10ðNoÞ þ log10

�
expð�kmax$tÞ$

expðkmax$SlÞ
1þ ðexpðkmax$SlÞ � 1Þ$expðkmax$tÞ

�
ð4Þ
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downward or upward concavity of the curve. The same type
of equation has been considered from several researchers
by using in some cases different notations, for example, a
constant multiplied factors (e.g., multiplied by 1/2.303), a
instead of d and p instead of b or sometimes by considering
the use of time instead of the fluence as the studied inde-
pendent variable, e.g., (Bialka, Demirci, & Puri, 2008;
Keklik, Demirci, Puri, & Heinemann, 2012; Sauer &
Moraru, 2009). The Weibull model is also used (refer to
Ferrario et al., 2013; Uesugi, Woodling, & Moraru, 2007)
in a re-parameterized form (Peleg & Cole, 1998), which
reads as follows:

log10
�
Nf

�
¼ log10ðNoÞ � b$tn ð7Þ

In a similar way, the b value in the Weibull distribution
function represents the rate of inactivation of the cells,

while n indicates the concavity of the survival curve
(n > 1 refers to downward concavity and n < 1 to upward
concavity). In all cases reported for microbial inactivation
by PL n < 1, that means that the inactivation gets slower
with the progress of the treatment.

It has to be highlighted that the direct comparison be-
tween the different estimated parameters is hampered by
the variety of parameterizations and independent variables,
which can be overcome by the standardisation of the Wei-
bull model structure used by the different research groups.
Previous researchers (refer to Mafart, Couvert, Gaillard, &

Leguerinel, 2002) have shown interest on the use of Equa-
tion (6) mainly because parameter d describes the time for
the first log reduction and can permit direct comparison be-
tween numerous case studies.

The Weibull model is the most frequently used in the
literature describing the inactivation of microorganisms
by PL (Table 2). It has been applied for the inactivation ki-
netics of Gram positive and Gram negative bacteria in vitro
and on food contact surfaces, milk, meat products and fruit
and vegetables.

Weibull with tail
Albert and Mafart (2005) extended the Weibull model-

ling structure for incorporating a tailing effect. When F is
the independent variable, the reparameterisation results in
the following model:

Where Nf is the number of CFU after treatment at a flu-
ence F, No is the initial number of the tested microor-
ganism (in CFU/mL or CFU/gr depending on how
people report their experimental data), Nres is the number
of surviving cells, F is the fluence applied (J/cm2), F1 is
the fluence allowing the first log10 reduction and p is a
parameter which determines the direction of curve con-
cavity exactly as for equation (7). This equation was stud-
ied by Esbelin, Mallea, Ram, and Carlin (2013) to
describe the inactivation of Aspergillus niger spores, and
Cheigh, Hwang, and Chung (2013) for the kinetics of

Table 2. Microorganism-matrix combinations following the Weibull model grouped by its different reparameterizations.

Microorganism Matrix Reference

E. coli O157:H7 Strawberry Bialka et al. (2008)
Cider Sauer and Moraru (2009)
Apple juice

E. coli Buffer Hsu and Moraru (2011)
Skim milk Miller et al. (2012)
Whole milk

Listeria monocytogenes Chicken frankfurters Keklik et al. (2012)
Listeria innocua Clear liquid Uesugi et al. (2007)

Buffer Hsu and Moraru (2011)
Plastics Ringus and Moraru (2013)
Commercial orange juice Ferrario et al. (2013)
Natural melon juice

Salmonella Typhimurium Chicken breast Keklik et al. (2012)
Salmonella Enteritidis Shell eggs Keklik et al. (2012)

Natural apple juice Ferrario et al. (2013)
Natural microflora Lettuce Izquier and G�omez-L�opez (2011)

Cabbage
Carrots

log10
�
Nf

�
¼ log10No

"�
10log10ðNoÞ � 10log10ðNresÞ

�
$10

�
�

�
F
F1

�p�
þ 10log10ðNresÞ

#
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Listeria monocytogenes inactivation on fillets of salmon,
flatfish and shrimp.

Mixed Weibull model

Ferrario et al. (2013) used the two mixed Weibulian dis-
tributions of Coroller, Leguerinel, Mettler, Savy, and
Mafart (2006) which could describe the kinetics of sub-
populations having different resistance,where t (seconds)
is used instead of F, p is a shape parameter, a is the
log10 proportion between the sensitive fraction ( f ) and
the resistant one (1 - f ), d1 and d2 are the time for the first
decimal reduction of the subpopulation 1 and subpopula-
tion 2, respectively. The authors found that this equation
was the best for describing the PL inactivation of Salmo-
nella Enteritidis in commercial apple juice and S. cerevisiae
in that matrix and in natural melon juice.

Interpreting the models
It is not clear why a specific microorganism differs in the

pattern of inactivation (applied kinetic model) as function
of the substrate. While tailing is more likely to occur in
irregular solid opaque substrates than in stirred liquids
due to shadow effects, other factors regulating how lethality
curves deviate from linearity remain obscure. A clear effect
of experimental conditions can be seen in some liquids,
where the inactivation curve differs between tests per-
formed under static or turbulent conditions. In the case of
E. coli inoculated in apple juice, sample shaking causes
that tailing occurs at higher inactivation levels in turbulent
tests in comparison to static tests leading to a difference
higher than 4 log in residual population (Sauer &
Moraru, 2009). The turbulence effect is more drastic in
milk inoculated with E. coli, where tailing appears at about
2 J/cm2 under static conditions while the inactivation curve
is linear even at 14.85 J/cm2 under turbulence, which is also
evidenced by the shape parameter, which is 0.13 for skin
milk under static conditions and 0.98 under turbulence
(Miller et al., 2012). It is possible that under static condi-
tions only the bacterial cells at the upper levels of the liquid
column are reached by light, which gets attenuated when
penetrates through the liquid sample. While shaking in-
crease the homogeneity of the exposure of the bacterial
population. These results are important from the practical
point of view, since PL application to liquids will be likely
performed in flow-through systems where turbulence can
be promoted.

Subtle differences in data acquisition could lead to
different kinetic models, for example, between biphasic
and double Weibull, since even though a relatively high
number of points could be used to build the inactivation

curve, the portions of the curve determining which model
yields the best fit could consist of relatively few points.
As discussed earlier, the specific models tested in data anal-
ysis will not necessarily exclude the appropriateness of the
rest. It is known that food matrix affect PL efficacy
(G�omez-L�opez et al., 2005) due to competition with bacte-
ria for light absorption, but other extrinsic factors may play
a role, such as pH, which can in turn have synergistic or
opposite influences in each one of the multi-target lethal
inactivation process. Several possible explanations for the
occurrence of some features of the PL inactivation curve
are given below.

The shoulder phase of PL-generated inactivation
kinetic data

While there are different models that include a shoulder,
such as the log-linear with shoulder and the biphasic and
shoulder (Geeraerd, Valdramidis, & Van Impe, 2005),
only the sigmoidal model has been used to describe the
PL inactivation kinetics. This fact should not be strange
since cases of complete inactivation are very scarce, and
the occurrence of tailing is common, and shoulders and
tails give place to a sigmoidal pattern. The Weibull model
can also fit shoulders although not explicitly (Geeraerd
et al., 2005) and could mask their existence, however the
kinetic curves analyzed in this revision and described by
the Weibull model show a sudden drop of survivor popula-
tion after the first pulse. Besides the few microorganism-
matrix combinations enumerated before, there are other
few examples in the literature where shoulders appear
evident such as the classical paper of MacGregor et al.
(1998) on the inactivation of E. coli, E. coli O157:H7 and
L. monocytogenes, and those by Farrell, Garvey,
Cormican et al. (2009) and Farrell, Garvey and Rowan,
(2009) on 13 bacteria and the yeast Candida respectively,
and all of them on agar surfaces.

The biological meaning of the shoulder could be related
to the multi-target nature of the microbial inactivation by
PL; the damage initially occurring in microbial cells is
not enough to make them become unculturable, until a
threshold is reached where cells loss the capability to
divide. This interpretation is in line with the so-called vital-
istic approach (refer also to Geeraerd et al., 2000). This

log10Nf ¼ log10No þ log10
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threshold would not be reached until enough photons of
adequate energy reach the target points of the microorgan-
isms. The recovery methods can also influence the shoulder
of inactivation curves, since there is a possible contributory
role of variation in media formulation used for dilution,
enumeration and resuscitation of treated cells such as oxy-
gen scavengers. This is relevant as variation in absence or
presence of shoulder affects could be attributed to damage
of house keeping genes responsible for production of cata-
lase and superoxide dismutase, which affect the ability of
sub-populations of PL-treated cells to grow on highly nutri-
tious media. Lewis (2000) described localised metabolic
suicide as the ability for stress or damaged cells to tolerate
oxygenated environs was decoupled. This, greater consider-
ation must be placed of media design by way of resuscita-
tion to address possible variability seen with shoulder plots.

Besides its biological meaning, it can be considered
more important to assess its relevance in PL microbial inac-
tivation. Taking into account the microbial inactivation
curves characterized as per fluence basis, (Luksiene et al.,
2007) reported a shoulder length of just 0.08 mJ/cm2, while
Lasagabaster and Mart�ınez (2014) reported 0.045e0.073 J/
cm2, which looks relatively irrelevant compared to the
value of 12 J/cm2, which is the maximum allowed by the
FDA (1996). Moreover, a possible relationship between
the existence of shoulder and the type of bacteria arises
from the work of Farrell, Garvey, Cormican et al.(2009)
where 13 bacteria were tested under similar conditions,
the eight Gram positive bacteria exhibited shoulder but
the five Gram negative not, with the exception of Pseudo-
monas aeruginosa, which showed a shoulder but only at
the lowest lamp discharge, as it has been also reported
for several species of Candida (Farrell, Garvey & Rowan,
2009).

It is possible that shoulders are missing from several
inactivation curves reported in the literature because re-
searchers applied already too high fluences for the first
pulse, therefore specific tests using very low fluences could
resolve shoulders. However, even though more basic
research is needed based on fluence-characterized treat-
ments to elucidate the possible presence of shoulder as a
typical feature of PL inactivation curves, those results
will be meaningful only from the point of view of funda-
mental research; from the point of view of practical imple-
mentation, very small shoulders could be disregarded for
process design. The evidence accumulated so far indicates
that shoulders are infrequently observed, and when so, too
short to be relevant in practice.

The inactivation phase in PL-mediated inactivation
kinetic data

Since all reported inactivation curves have been obtained
by using culture methods, the inactivation can be primarily
ascribed to the formation of cyclobutane pyrimidine dim-
mers, which give place to chlonogenic death: the loss of
ability of cells to duplicate. Regarding the deviations of

linearity, the mechanistic and the vitalistic concepts (devel-
oped quite some years ago by Cerf (1977) are the main con-
cepts explaining these phenomena in predictive
microbiology. According to the vitalistic concept, on one
hand, individual cells are not identical (e.g., due to pheno-
typic variation between cells (Humpheson, Adams,
Anderson, & Cole, 1998)) which can be assigned to a
mechanism at the molecular level (Van Boekel, 2002),
which may vary between individuals. Consequently, the
non-identical behaviour resulting from exposure to stresses,
which results to deviations from log linear inactivation ki-
netics at population level. This variation has been described
by some authors in terms of the statistical properties of
different underlying distributions (e.g., Weibull) of resis-
tances or sensitivities (Mafart et al., 2002; Peleg & Cole,
1998; Van Boekel, 2002). Possible approaches to validate
the vitalistic theory could be to assess the resistance of mi-
croorganisms surviving more drastic treatments and
compare it with the or assess the resistance of decreasingly
smaller fractions of the population in order to determine
whether the continuously decreasing death rate curves
become progressively exponential as cell counts decrease.

On the other hand, considering the mechanistic theory as
it was discussed and reviewed by Geeraerd et al. (2000) and
Cerf (1977) deviations could be related to the fact that some
micro-organisms are inaccessible by the main processing
parameter (in the current case light), to acquired microbial
resistance during the treatment, or to experimental arte-
facts, such as, clumping of micro-organisms, the presence
of genetically different microbial populations or other
experimental protocol issues.

The comparison of results should be performed care-
fully, especially with data analysed by the Weibull model
where diverse reparameterizations have been used. Taken
this into account, a limited insight on the effects of different
variables on the kinetic parameters can be performed in
spite of the relatively high amount of data derived from
the Weibull model for PL inactivation. The effect of sub-
strate on PL inactivation kinetics can be observed when
Salmonella enterica is inactivated upon inoculation on
different fruit surfaces. For example, a is 4.16 min on rasp-
berry surface but much lower on strawberry surface
(0.05 min), while b is 0.71 and 0.32 for raspberry and
strawberry surfaces respectively (Bialka et al., 2008).
Another comparison shows also differences in the PL inac-
tivation of E. coli in liquid substrates, with a 5.70 for buffer
and 1.60 for apple juice (Hsu & Moraru, 2011).

The tail phase in PL-mediated inactivation kinetic data
There are some cases where a residual survival popula-

tion persists at constant or nearly constant levels no matter
how long the treatment is prolonged, which is known as
tailing. Tailing seems to be common in the microbial inac-
tivation by PL. From the practical point of view, it implies
that once reached the tail, prolonging the treatment will not
yield further microbial inactivation but it can deteriorate the
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food where the microorganism is. Having also in mind this
practical implication, the null or nearly null microbial inac-
tivation is not only present in those inactivation models in
which the tail is explicitly present (sigmoidal, Weibull
plus tail), but also in the inactivation curves where a second
inactivation phase can have a very low inactivation rate.
Furthermore, it is possible that tailing can emerge in inac-
tivation curves where it has not being identified when
higher fluences are applied, since complete inactivation
has been rarely reported, Krishnamurthy, Demirci, and
Irudayaraj (2007) is an exception.

There are several theories on the possible explanation of
tailing, some general and others specific of the PL process.
The vitalistic approach supports that the existence of different
sub-populations can cause tailing when one sub-population is
very resistant to the treatment (Marquenie et al., 2003). In the
frame of a mechanistic theory, since UV light penetration is
poor, any opaque body between the light source and the
microorganism can shield it from inactivation, which is
known as shadow effect. The shadow effect will then generate
a tail in the inactivation curve because part of the microbial
population will never be reached by light. In solids, microor-
ganisms can be shielded by surface features such as the achnes
of strawberries or the druplets of raspberries (Bialka et al.,
2008) or by surface irregularities of food contact surfaces
(Ringus &Moraru, 2013). In liquids, turbidity and suspended
solids area main obstacles for microbial inactivation although
appropriate mixing can maximize the exposure to light of all
microorganisms present in the liquid mass (G�omez-L�opez,
Koutchma, & Linden, 2012). It has also demonstrated that
high population densities can produce tailing when microor-
ganisms overlap each other, those at the top get inactivated
but simultaneously protect those at the bottom (Cudemos,
Izquier, Medina-Mart�ınez, & G�omez-L�opez, 2013; Farrell,
Garvey, Cormican et al., 2009), the same occurs in liquids
when there is cumpling of cells (Uesugi et al., 2007). Another
approach states that the probability of different targets being
reached by photons is reduced when the survivor population
is low (McDonald et al., 2000).

It is worth mentioning that the tailing could be just an
experimental artefact, such asnon-homogeneity in illumina-
tion (Unluturk, Atilgan, Handan Baysal, & Tari, 2008).
Special care must be taken in non-confounding tailing
with reaching the maximum detectable level of inactivation
(Lasagabaster & Mart�ınez, 2013). The limit of detection de-
fines the levels in which classical cultural microbiological
methods can be performed. Some researchers tried to
exclude this artifact by performing additional experiments
based on Most Probably Numbers (Sauer & Moraru,
2009) and reporting the same deceleration. It is critical
that new microbiological methods are developed to elimi-
nate these experimental artifacts.

Zero or values below statistical significance in an
enumeration test based on classical microbiological tech-
niques may consist of artificial below the limit results. These
results have been described as censored results that are not

quantified but are assumed to be less than a threshold value
(Duarte, 2013). Current trends in predictive microbiology
are suggesting the use of these data by the applications of
imputation, e.g. Lorimer and Kiermeier (2007) or maximum
likelihood estimation methods, e.g., (Busschaert, Geeraerd,
Uyttendaele, & Van Impe, 2011). These statistical ap-
proaches could stand as alternatives to novel microbiolog-
ical techniques that can contribute to decreasing the levels
of detection or enumeration of microbial bacteria.

Relevance of agar plate count culture data
While the foregoing sections have revealed significant

differences in kinetic data attributed to PL-treatments, there
is also a growing body of evidence to support the viewpoint
that food technologies that rely exclusively on such agar
plate count or growth-dependent enumeration (kinetic)
data may very well be significantly underestimating the pro-
portion of microbial survivors post PL treatments. Recent
studies have shown that a still unknown proportion of mi-
croorganisms supposedly killed by PL enter what is
commonly termed as a viable but not culturable (VBNC)
state (Hayes et al., 2013; Kramer & Muranyi, 2014;
Rowan, 1999, 2004). Consequently, there is a pressing
need to establish whether or not existing culture-based ki-
netic models can be applied to VBNC organisms so that
reliable and repeatable determination of their destruction
post PL-treatment occurs. According to the early work of
Oliver (1993), a bacterium in the VBNC state is defined
as “a cell which is metabolically active, which being inca-
pable of undergoing the cellular division required for growth
in or on a medium normally supporting grown of that cell”.
While the relevance and significance of a VBNC microbial
state post PL-processes have yet to be fully appreciated, mo-
lecular and combinational research suggests that a signifi-
cant sub-population of non-culturable microorganisms
retain pathogenicity that may pose a threat to public health
and food safety (Fakruddin, Bin Mannan, & Stewart, 2013;
Sardessai, 2005). The acknowledgement of the relevance of
this phenomenon in PL treatment also raises questions as to
the efficacy of using culture-based data alone for food safety
determinations. While only a limited number of studies to
date have investigated the impact of PL on microbial
viability at the molecular and cellular level (Cheigh et al.,
2012; Farrell et al., 2011; Kramer & Muranyi, 2014;
Takeshita et al., 2003), they all have revealed alarming
discrepancy between conventional plate counts and different
viability staining parameters whereby PL-treatment does not
cause immediate shutdown of vitality functions even when
the number of colony forming units decreased by more
than 6 log10 per sample.

Culture dependent vs culture independent methods
for assessing pulsed light efficacy
Viable but non-culturable state

The evidence for the existence of VBNC cells has
increased since the introduction of this concept by Byrd
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and Colwell in the 1980’s (Byrd, Xu, & Colwell, 1991),
particularly in food and drink that elicits a myriad of
inter-related sub-lethal microbial stresses such osmotic
stress (Dunaev, Alanya, & Duran, 2008; Rowan, 2011;
Sawaya, Kaneko, Fukushi, & Yaguchi, 2008). Microbial
pathogens in VBNC state may still retain their capacity
to cause infections (Cappelier, Besnard, Roche, Velge, &
Federighi, 2007; Rowan, 2011). VBNC state microorgan-
isms cannot be cultured on routine microbiological media,
yet maintain their viability and pathogenicity. Unlike semi-
starved bacteria, VBNC cells will not resume growth when
nutrients and culture-friendly conditions are provided.
Fakruddin et al. (2013) report that VBNC cells exhibit
active metabolism in the form of respiration or fermenta-
tion (Besnard, Federighi, & Cappelier, 2000; Rowan
et al., 2008; Yaqub, Anderson, MacGregor, & Rowan,
2004), incorporate radioactive substances (Rollins &
Colwell, 1986), and have active protein synthesis (Farrell
et al., 2011) but cannot be cultured or grown on conven-
tional laboratory media. Albeit currently unknown in terms
of its’ severity or scope, recent observations reveal that
environmentally-stressed pathogenic organisms that exist
in the VBNC state may potentially present as yet an unde-
fined risk to consumers. Rowan (2004, 2011) reported pre-
viously that VBNC organisms may potentially be more
virulent that those grown on artificial laboratory-based cul-
ture media due to exposure to adverse environmental
stressors that are commonly associated with food process-
ing such as such as high salt or acidity causing enhanced
virulence factor expression. Fakruddin et al. (2013) re-
ported that VBNC cells pose a distinct threat to public
health and food safety dispelling opinion that such patho-
gens are unable to induce infection/disease despite retain-
ing their virulent properties. Researchers have revealed
that when VBNC pathogens pass through an animal host
(Baffone et al., 2003), resuscitation and resumption of
metabolic activity have led to infections and diseases
(Baffone et al., 2003; Sardessai, 2005). The first evidence
of pathogenicity of nonculturable cells was demonstrated
of fluid accumulation in the rabbit ileal loop assay by
VBNC Vibrio cholera O1, followed by human volunteer
experiments (Amel, Amine, & Amina, 2008). Cappelier
et al. (2007) also reported that avirulent VBNC cells so
L. monocytogenes needs to presence of an embryo to be
recovered in egg yolk and regain virulence after recovery.

Though historically there has been disputes surrounding
the existence of VBNC cells, extensive molecular studies
has resolved this debate (Fakruddin et al., 2013; Rowan,
2011). It is now appreciated that VBNC cells represents a
distinct survival strategy enabling problematical microor-
ganisms to adapt to adverse environmental conditions
(Rowan, 2004). Harsh environmental triggers that have
been reported to cause the occurrence of VBNC cells
include nutrient starvation, sharp changes in pH or salinity,
osmotic stress, oxygen availability, extreme temperatures,
exposure to food preservatives and heavy metals,

chlorination of wastewater and decontamination processes
such as pasteurization of milk (Fakruddin et al., 2013).
Recently there has been a growing awareness about the po-
tential for minimal processing technologies such as PL to
produce VBNC cells (Kramer & Muranyi, 2014; Rowan,
2011).

Culture dependent vs culture independent methods
Since the landmark work of Rowan et al. (1999), most of

the published studies to date have used conventional agar-
based culture methods for the enumeration of survivors to
PL treatments. The purpose of subsequent studies has
been to demonstrate efficacy of PL application for microbi-
al destruction at an appropriate technology readiness level
(TRL) suitable for market update and deployment. Howev-
er, measuring of microbial lethality associated with PL
treatments has been far from straight forward as inactiva-
tion varies depending on operational parameters (such as
applied voltage, number of pulses, distance from light
source that are collectively captured under the term UV
dose or fluence), biological factors (such as type, nature
and number of microbial species present, nature of the sus-
pension menstrum, presence of antibiotics or dyes, shading
effects), presence of an enrichment/resuscitation phase post
treatments to name but a few (Hayes et al., 2013; Rowan,
1999, 2004). Evidence suggests that these harsh environ-
ment cues may trigger a switch to the adaptive survival
VBNC state in PL treatments (Kramer & Muranyi, 2014;
Rowan, 2011). Otaki et al. (2003) along with G�omez-
L�opez et al. (2005) reported the occurrence of photoreacti-
vation after PL treatments. Photoreactivation is the recov-
ery of culturability of PL-treated microorganisms after
exposure to visible light. It is limited to small recoveries
(<1 log) and to the application of low fluencies. Photoreac-
tivation studies constituted one of the earliest approaches to
provide evidence that not all PL-treated microorganisms
which are transferred to agar plates retain vital molecular
and cellular functions but are incapable of forming
colonies.

To complicate the prediction process further, recent ev-
idence clearly shows that PL treatment kills yeast through
a multi-hit or mechanistic process that affects cell mem-
brane permeability along with DNA and macromolecule
stability and functionality depending on the UV dose
applied. Specifically, Farrell et al. (2011) reported on the
various mechanisms of cellular response in clinical strains
of Candida albicans to PL treatments. Significant increase
in the permeability of the cell membrane as function of the
amount of UV pulsing applied was demonstrated by both,
propidium iodide uptake and protein leakage (Fig. 2). The
latter finding correlated well with increased levels of lipid
hydroperoxidation in the cell membrane of PL-treated
yeast. PL-treated yeast cells displayed a specific pattern
of reactive oxygen species (ROS) production during treat-
ments, where ROS bursts observed during the initial phases
of PL treatment was consistent with the occurrence of
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apoptotic cells. Increased amount of PL treatment also re-
sulted in the occurrence of late apoptotic and necrotic cells
with commensurate transition from nuclear to cytoplasmic
accumulation of ROS and cell membrane leakage.
Enhanced nuclear damage was observed in PL-treated cells
as determined by the Comet assay. Cellular repair was
observed in all yeast during sub-lethal exposure to PL-
treatments. These complex structural and physiological
studies revealed that microorganisms may survive PL de-
pending on the regime of treatments and in order to
comprehensively achieve complete lethality it is important
to understand and appreciate all operating conditions
including target organism(s) under investigation and to
mitigate for VBNC. This will have follow-on implications
for effective microbial modelling of survivors post PL treat-
ments and interpreting associated death rate kinetic data.

Ferrario, Guerrero, and Alzamora (2014) studied the
inactivation of S. cerevisiae using flow cytometry in combi-
nation with different fluorescent stains and compared PL-
mediated disinfection with conventional plate count
enumeration. They found that the loss of culturability was
much higher than the correspondent increase in permeabi-
lized cells. Using a similar approach, Kramer and
Muranyi (2014) studied the influence of PL treatment on
structural and physiological properties of L. innocua and
E. coli. Findings were consistent with the observations of
Farrell et al. (2011) where a significant discrepancy be-
tween conventional plate counts and different viability
staining parameters was reported, showing that PL treat-
ment does not cause immediate shutdown of vitality func-
tions even when the number of colony forming units
decreased by more than 6 log10 per sample. Kramer and
Muranyi (2014) also showed that loss of culturability
occurred at considerably lower fluences than shutdown of
cellular functions like depolarization of cell membranes,
the loss of metabolic, esterase and pump activities or the
occurrence of membrane damage. The authors concluded
that a considerable proportion of PL-treated bacteria ap-
peared to have entered the VBNC state. While oxidative
stress with concomitant damage to DNA molecule were

showed to be directly responsible for loss of microbial cul-
turability as opposed to direct rupture of cell membranes or
inactivation of intracellular enzymes, it would appear that
the microbial lethality occurs due to accumulation of mul-
tiple insults inflicted on the treated cells where the rate of
onset is influence in part by the amount of fluence applied.
This complex cellular response to PL-treatment is reflected
in different death rate kinetic data exhibited by microbial
food spoilage and pathogens.

Flow cytometric investigations in combination with
different fluorescent probes provide valuable insight into
the physiological states and are suitable approach to gain
further appreciation of the impact of microbial disinfection
processes (Kennedy, Cronin, & Wilkinson, 2011; Nocker
et al., 2011). Berney, Weilenmann, and Egil (2006) used
flow cytometric studies to report statistical different levels
of metabolic activity of L. innocua and E. coli levels detect-
able after PL treatment despite colony count enumeration
data dropping to below the detection limit. However, appli-
cation of higher energy levels of PL caused a gradual shut-
down of cellular functions. Indeed, immediately after
applying a fluence of 0.76 J/cm2, high fractions of both bac-
terial populations were still able to maintain polarized cell
membranes even though colony counts reduced to more
than 99.99% in each case. These studies revealed that
PL-treated bacteria entering this VBNC state may still
show several vital functions, although they are incapable
of growth in or on laboratory nutrient media.

Ben Said, Otaki, Shinobu, and Abdennaceur (2010) also
reported the occurrence of VBNC bacteria after PL treat-
ments by investigating phage susceptibilities of Strepto-
coccus typhi. Infectivity of the host bacteria was still
detectable intimating viability although culturability was
lost. Kramer & Muranyi (2014) observed that due to highly
variable results obtained in different reported studies con-
cerning potential rupture of treated microorganisms by
PL, it appears likely that the occurrence of photothermal
or photophysical inactivation mechanisms is to some extent
likely to be attributed to their size, cellular structure and
UV light absorption properties. Besides obvious damages
to DNA (Kramer & Muranyi, 2014), microbial inactivation
by PL could be linked to alterations of proteins and lipids
where researchers reported on the occurrence of lipid per-
oxides and carbonylated proteins and lipid hydroperoxida-
tion in the cell membrane of treated yeasts (Farrell et al.,
2011).

Kramer and Muranyi (2014) reported that measurement
of intracellular esterase activity proved to be a weak param-
eter to investigate cell viability post PL-treatments because
high levels of CF-stained bacteria could be detected even
when cells were already nonculturable and de-energised.
The detection of enzyme activity does therefore not neces-
sarily suggest cell viability. Kramer and Muranyi (2014)
also showed that exclusion of the dye PI that is often
used as a criterion for live bacteria could not be seen as a
suitable marker for viability as high levels of cells with
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intact membranes were detected after treatment with lethal
energy doses. Also, Kramer and Muranyi (2014) reported
detection of significant levels of ROS at 0.50 J/cm2, which
corresponds to a fluence where increasing loss of culturabil-
ity occurred with PL-treatments. This corroborated earlier
work of Farrell et al. (2011) which demonstrated that
augmented levels of ROS were evident in nonculturable
cells. The latter authors uniquely reported that the onset
of apoptosis is possibly a suitable candidate marker to inti-
mate microbial destruction as this state in PL-treated yeast
occurs after lethal doses of PL are delivered.

Recently, PL has also been used for the destruction of
the waterborne enteroparasite Cryptosporidium parvum
that requires either use of complex mammalian in vitro
cell culture techniques or use of in vivo rodent infection
models to confirm efficacy of destruction (Garvey, Farrell,
Cormican, & Rowan, 2010; Garvey, Hayes, Clifford, Kirf,
& Rowan, 2013). An alternative method for assessing
viability post PL treatments is the measurement of cellular
adenosine triphosphate (ATP), which is the basic unit of en-
ergy currency in viable cells. ATP is not present in non-
viable cells, as it is degraded after death. ATP has been
used as an indicator of viability of microorganisms
including C. parvum (King, Keegan, Monis, & Saint,
2005). ATP measurement is a likely candidate method for
rapidly determining the viability or activity of this parasite
pre and post PL disinfection particularly as oocyst excysta-
tion requires the generation and use of ATP. Garvey et al.
(2013) reported on disinfection levels as determined via
ATP measurement pre and post UV exposure were also
compared with the combined in vitro HCT-8 cell culture-
qPCR assay which was shown previously to correlate
with the gold standard mouse infectivity model (Garvey
et al., 2010). Quantitative PCR is growing in popularity
as a culture-independent means of assessing microbial
lethality post treatments (Garvey et al., 2010, 2013). Their
studies showed that PL effectively killed C. parvum with a
5.4 log10 loss in oocyst viability after exposure to a UV flu-
ence of 8.5 mJ/cm2 as determined by the in vitro cell culture
e qPCR assay. The ATP assay was shown to be signifi-
cantly less effective in measuring loss of oocyst viability
in similarly PL-treated samples for all combination of treat-
ment regimes studied. Overestimation of survivors by the
ATP assay may suggest that a sub-population of C. parvum
oocysts may exist in a VBNC state.

How best then to determine the efficacy of PL-
treatments to destroy VBNC organisms with the knowledge
that traditional culture-based microbial kinetic modelling
informs process operational parameters yet are not appro-
priate for VBNC. Identification of an appropriate model
to facilitate enumeration of VBNC post PL treatments us-
ing our knowledge acquired from culture-based kinetics
would advance the field of food processing and would
have far reaching tangential implications for other related
domains that are deploying similar PL disinfection ap-
proaches including inter alia drinking water. In the very

limited number of PL-treatment studies published thus far
that reported to occurrence of VBNC, the various vitality
markers described plot in a linear fashion and possibly
aligned with log-linear kinetic inactivation method
(Farrell et al., 2011; Ferrario et al., 2014; Kramer &
Muranyi, 2014). One logical approach to connecting
VBNC with culture-based kinetic inactivation methods
would be to focus of modelling the occurrence of vital
markers (such as inter alia onset of apoptosis) and to factor
this into operation of PL treatments.

Conclusions
The inactivation kinetic of microbial cells due to PL

treatment has been described using different models,
frequently non-log-linear. Even though harmonisation be-
tween the modelling structures and the right choice of pa-
rameters is necessary to compare the effectiveness of the
technologies between laboratories worldwide, it appear
that the diversity of models is a product of a mechanism
of inactivation that is not simple but occurs through a com-
plex multi-targeted molecular and cellular process where
the rate of microbial destruction is critically influenced
by the level of fluence applied combined with nature of
the methods used to enumerate cell survivors. A number
of mechanisms have been described associated to photo-
chemical, photophysical and photothermal effects. There-
fore, numerous modelling structures have been proposed
that can also capture non-linear kinetics.

Increasing evidence recently recognises that significant
numbers of microorganisms cannot be cultured successfully
with conventional growth dependent techniques such as
agar plates, membrane filtration and broth enrichment
post PL-treatments. A wide range for nonsporulating
Gram positive and negative bacteria can exist in the
VBNC state, which is a survival strategy that enables the
PL-treated microorganism to employ enhanced resistance
to combat adverse conditions that are commonly associated
with stresses imposed during food processing. Pathoge-
nicity is maintained by some species during VBNC state
inferring that such survivors may still pose a potential
threat to consumers is beginning to be considered. The
real risk of low numbers of VBNC survivors in minimally
processed foods is limited and there is a pressing need to
gain a greater appreciation of the true levels of viable or-
ganisms in raw materials and the manufacturing environ-
ment. However, the full impact of VBNC microorganisms
on industrial food processes has not been given consider-
ation due in part to the widespread conventional use of cul-
ture dependent growth techniques that are incapable of
detecting such organisms. Intensive research is warranted
to investigate the most suitable vitality marker(s) for PL-
treated cells and to then construct appropriate kinetic
curves based on these along with comparing and contrast-
ing kinetic curves produced using traditional culture based
techniques under similar experimental conditions to inform
process efficacy.
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A deeper study of PL lethality is therefore needed in or-
der to identify new methods of enumeration and identifica-
tion with the potential for detecting VBNC organisms post
treatments in such foods may bring about a radical reap-
praisal of processing parameters and detection limits.
New research is required to ascertain the ability of
VBNC survivors tolerating and replicating within estab-
lished in vivo infection models post PL-treatments. Greater
information is also required to elucidate the existence of
commonly shared cellular mechanisms (and associated
gene expression regulators and gene markers) that govern
cellular conversion to this VBNC state. Moreover, there is
a dearth of knowledge regarding specific underlying molec-
ular and associated cellular mechanisms governing transi-
tion and persistence of food and waterborne
microorganisms in this VBNC state, in addition to obvi-
ously establishing what specific environmental conditions
or triggers cause these changes in culturable state. Further
research is, however, also urgently needed to identify a suit-
able cellular marker to tag microbial cell death and to
investigate the relationship (if any) between detection of
this ‘cell death marker’ and corresponding culture depen-
dent plate count data that is currently used in the food
industry.
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A B S T R A C T   

Pulsed UV (PUV) technology is accepted commercially for disinfection within the food packaging industry, but 
has yet to be deployed by the water/wastewater sector. This is partly due to a lack of robust, independently 
validated data for submerged or flow-through treatment applications. This study evaluated the efficacy of PUV 
for water disinfection under flow-through conditions. Bacterial pathogens of interest in the food and water/ 
wastewater sector, namely Escherichia coli, Staphylococcus aureus and Listeria innocua (surrogate for 
L. monocytogenes) were used to investigate the potential for photoreactivation and/or dark repair post PUV flow- 
through disinfection. A continuous-flow low-pressure UV was also analysed under similar experimental condi-
tions. Bacterial inactivation via flow-through PUV was dependant on energy output with E. coli exhibiting 
greatest sensitivity to PUV treatment (5.3 log 10 inactivation after treatment at 1539 mJ/cm 2 - output in UV 
range < 300 nm); L. innocua exhibited the highest PUV resistance (3.0 log 10 inactivation after treatment at 1539 
mJ/cm 2 – output in UV range < 300 nm) under similar treatment conditions. Greater photoreactivation occurred 
at lower PUV outputs for both S. aureus and E. coli after flow-through PUV treatment. Thus exposure of treated 
bacteria to natural light, immediately post flow-through PUV treatment, should be avoided to minimise 
photoreactivation. The LPUV demonstrated inactivation of all bacteria below the limit of detection (1 CFU/mL) 
and inhibited the occurrence of photoreactivation. This study highlights the importance of considering bacterial 
repair potential and the need for further development of PUV technology for such applications.   

1. Introduction 

Ultraviolet (UV) disinfection is a well-established technology across 
a variety of different sectors including aquaculture, ballast water treat-
ment, municipal wastewater treatment, drinking water treatment, 
agriculture, dairy and the beverage industry [1–3]. UV disinfection is 
typically seen as being user-friendly, free from toxic/hazardous chem-
icals, effective against chlorine-resistant microorganisms and exhibiting 
shorter contact times in comparison to chlorine treatment [4,5]. Low 
pressure UV (LPUV) and medium pressure UV (MPUV) are currently the 
de facto UV disinfection systems used for water/wastewater disinfection 
applications. Typically, UV light is generated within the lamps when a 
voltage is applied across a mercury gas mixture which results in the 
discharge of photons. The type of UV light produced is dependent upon 

the mercury vapour pressure; LPUV lamps produce monochromatic light 
at 253.7 nm under low vapour pressure while MPUV lamps produce a 
polychromatic light due to higher vapour pressures [6]. Pulsed UV 
(PUV) disinfection is a relatively new UV technology which differs to 
mercury vapour-based LPUV/MPUV light by utilising xenon gas to 
generate a high energy electron pulse, which typically lasts microsec-
onds. PUV systems generally comprise three parts; the power supply, the 
pulse configuration system and the flash lamp [7]. An alternating cur-
rent is stored in a capacitor where energy is discharged to create an 
intense pulse of light which spans across the polychromatic broad-
spectrum of UV, visible and infrared light (200− 1000 nm) [8]. The high 
peak power stored in the capacitor is a trademark of this system, which 
has been shown in some cases to offer shorter treatment times [9,10]. In 
addition, the power emitted from pulsed UV lamps is generally at least 
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an order of magnitude higher than the power emitted from LPUV lamps; 
this is reflected in the respective energy outputs of both systems for 
microbial inactivation [11,12]. 

The application of PUV light as a microbial disinfection method 
within the food industry has been approved by the United States Food & 
Drugs Authority (FDA) under code 21CFR179.41 [7,13]. PUV disinfec-
tion is considered a favourable alternative to conventional thermal/-
chemical disinfection processes owing to shorter treatment times 
however currently, it is predominantly applied as a disinfection method 
for food packaging and to a lesser extent as a decontamination method 
for food products themselves [14]. The vast majority of the published 
literature pertaining to PUV studies describe experimentation analysis 
performed under static conditions i.e. samples are fixed below the lamp. 
Of those studies which have evaluated the disinfection potential of the 
system using a continuous ‘flow-through’ experimental set-up, authors 
reported log inactivation in terms of flow rates and ‘number of passes’ 
through the system; no UV doses were reported. Krishnamurthy et al. 
[15] investigated the PUV inactivation efficiency of Staphylococcus 
aureus via flow-through milk treatment. Results from this study reported 
bacterial inactivation rates of between 0.55 and 7.26 log10 CFU/mL 
which were dependent on the distance of the lamp from the sample, the 
flow rate and the ‘number of passes’ i.e. the amount of times the medium 
was recycled through the system. Complete inactivation of S. aureus 
(7.23log10) was achieved at a lamp distance of 8 cm and a flow rate of 20 
mL/min for a ‘one-pass’ treatment; no UV doses were reported. Uslu 
et al. [16] evaluated the potential of flow-through PUV for the disin-
fection of Escherichia coli (E. coli) and Bacillus subtilis (B. subtilis) in 
wastewater. In this case, complete inactivation of E. coli (7.23 log10) and 
B. subtilis (7.13 log10) was achieved at a flow rate of 2 L/min for a 
‘one-pass’ treatment in a synthetic wastewater mix. The variation in the 
sample media used creates difficulty in comparing both studies as UV 
absorption rates may vary depending on the medium [17]. Further 
detail on UV dose would also be necessary for comparison, this is an 
issue which limits wider comparisons within the literature in general. In 
addition, comparisons were not drawn between PUV flow-through 
treatment and LPUV disinfection. 

While UV treatment is an effective disinfection method which pro-
duces no disinfection by-products (typically associated with chemical 
disinfection), a primary drawback includes that of microbial DNA 
damage repair post UV disinfection. UV-induced molecular lesions may 
be repaired or replaced by the microorganism either by (i) using en-
zymes that require light to repair DNA – i.e. photoreactivation (PHR) or 
(ii) employing enzymes that replace damaged DNA with undamaged 
nucleotides; excision or dark repair [18–20]. In the water/wastewater 
disinfection sector, PHR is of primary concern when incorporating UV 
systems into disinfection processes as microbial re-growth following 
exposure to sunlight can influence system effectiveness [21]. Literature 
investigating the photoreactivation potential of various pathogens in 
wastewater effluent post LPUV treatment has established the relation-
ship between increasing UV dose and decreasing microbial photoreac-
tivation rates [22–25]. However, in the case of bacterial PHR/dark 
repair post pulsed UV disinfection, study findings are mixed. Lee et al. 
[26] reported no PHR or dark repair activity of E.coli in distilled water 
mixed with humic acids after PUV treatment at 9 mJ/cm2 (dose 
measured as the portion of UV energy within 200–400 nm range of the 
broadspectrum lamp), while MacLean et al. [27] confirmed photoreac-
tivation of S. aureus after a PUV exposure (320–500 nm wavelength 
range) of 1500 mJ/cm2 and also surmised a lower UV output/dose 
during treatment would most likely result in increased bacterial 
photoreactivation rates. Kramer et al. [28] investigated the PHR po-
tential of E. coli and L. innocua after pulsed light exposure on a poly-
saccharide surface and reported photoreactivation for both test bacteria 
with relative recovery being PUV energy dependant. In all cases, pulsed 
UV disinfection analysis took place under static or ‘batch’ experimental 
set-up with fixed sample treatment. Indeed, the vast majority of 
PHR/dark repair studies in water typically involve prior UV disinfection 

carried out via batch analysis [21,24,29–32]. Limited UV disinfection 
studies have evaluated the potential of bacterial reactivation after 
flow-through UV disinfection for liquid treatments and to the best 
knowledge of the authors, all were performed with conventional UV 
systems. 

In this study the efficiency of UV inactivation for E. coli, S. aureus and 
L. innocua (pathogens relevant in the food and water/wastewater sec-
tors) was studied using LPUV and PUV systems in single-pass flow- 
through configuration. This also constitutes the first study to compre-
hensively compare bacterial photoreactivation and/or dark repair 
immediately following flow-through pulsed UV treatment. This study 
would be of general interest to the water/wastewater sector with a 
particular focus on the implementation of strategies of wastewater 
reuse. 

2. Materials and methods 

2.1. LPUV and PUV systems 

The PUV system comprised a bench–scale pulsed power source (PUV- 
01, Samtech Ltd., Glasgow) which was used to power a low pressure (60 
kPa) xenon-filled flashlamp (Heraeus Noblelight XAP type NL4006 se-
ries constructed from a clear UV transparent quartz tube) and produced 
a high intensity beam of polychromatic pulsed light (200− 1100 nm). 
The lamp was placed 10.75 cm above a sterilised aluminium flow- 
through vessel (with a plan surface area of 290 cm2, sample depth of 
5.5 cm and hold-up volume of 750 mL) through which water was 
pumped with a peristaltic pump at specified flow rates (Fig. 1 (a)). The 
system was enclosed and a smooth aluminium cover was used on the 
inside of the lamp cover to reflect UV light onto the sample. The PUV 
system allowed for the input voltage and the pulse rate to be varied 
between 400 and 1000 V and for a pulse frequency of between 0.1 and 
10 pulses per second (PPS). The energy output of the lamp (total energy 
and energy in specific wavelength ranges) was calculated by analysing 
lamp characteristics as supplied and verified by testing (by the manu-
facturer), the area of the vessel, the pulse frequency and the hydraulic 
residence time - HRT (Table 1) – see supplementary information for 
system details (Figure S1 and Table S1). The range of energy outputs 
chosen for this study were selected based on previous PUV system 
analysis outlined in Fitzhenry et al. [33] and Fitzhenry [34]. These 
outputs would approximate low, medium and high energy output ca-
pabilities from this lamp. Based on the characteristic curves for the PUV 
lamp, the expected energy outputs could be calculated to include only 
the wavelengths below 300 nm (i.e. comprises UV C and some of the UV 
B spectrum). This was done so provide context for in-situ measurements 
taken at < 280 nm (described in Section 2.3). 

The continuous-flow monochromatic LPUV system deployed in this 
study (LCD 412 Plus, S.I.T.A., Halpin & Hayward Ltd.) had a fixed power 
output of 40 W at a UV-C wavelength of 254 nm, an internal empty 
volume of 2.5 L and chamber dimensions of 95 cm length x6 cm diam-
eter (Fig. 1 (b)). The lamp dimensions were 84.3 cm in length x1.6 cm 
diameter. The lamp irradiation was 30 mJ/cm2 (at 1 s residence time). 
The UV energy output could be altered by varying the influent flow rate 
thereby altering the HRT and thus the exposure time. The flow rate used 
in the experiments was the maximum allowable (24.6 L/min) which 
corresponded to a HRT of 0.47 s. This equates to samples being exposed 
a UV output of 14 mJ/cm2 (0.47 s x 30 mJ/cm2 - this was the lowest 
exposure energy output achievable and resulted in almost full inacti-
vation for all pathogens) (Table 1). 

2.2. Experimental setup 

Table 1 summarises the experiments carried out with the LPUV and 
PUV systems in this study. In the case of the LPUV system, only one 
energy output was analysed (14 mJ/cm2). For the flow-through PUV 
system, four different UV outputs were evaluated ranging from 486 mJ/ 
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cm2 to 2052 mJ/cm2. 

2.3. UV dose determination of PUV system 

The ‘UV dose’ refers to the UV energy received by the sample (i.e. the 
UV exposure of the sample). The UV output is energy emitted from the 
lamp in the UV spectrum. Previous studies have shown the distance of 
the lamp from the sample to have an impact upon PUV fluence distri-
bution and measurements [35]. Therefore, it was decided to measure the 
UV dose at the distances used in this study to allow for comparison to the 
calculated UV output. The UV and UV-C dose received by the sample 
from the PUV system was analysed using a thermopile power detector 
(Model: XLP12− 3S-H2-IN, Gentec-EO, Quebec, Canada) and Integra 
software in addition to two longpass colour glass filters; FGL 400 (which 
filters out wavelengths above 400 nm to give the UV range (200− 400 
nm)) and FGL 280 (which filters out wavelengths above 280 nm to give 
the UV-C range (200–280 nm)) (Thorlabs GmbH, Dachau, Germany). 
The percentage transmission of both filters was as follows; for the 400 
nm filter transmission at wavelengths greater than 400 nm was 89 % +/- 
4% and for the 280 nm filter transmission for wavelengths greater than 
280 nm was 91 % +/- 6% (Thorlabs GmbH, Dachau, Germany). The 
detector (12 mm aperture) was situated at the bottom of a metal cylinder 

5 cm in depth through which the light was directed downwards towards 
the cylindrical detector surface. The detector was placed on the 
aluminium vessel, with the sensor being 10.75 cm below the xenon 
lamp. Pulse energies were measured three times at each voltage and 
each voltage setting was analysed on three separate occasions (to 
determine consistency/deviation of detector readings) to give nine 
broadspectrum energy readings in total after which an average value 
was obtained. Power was measured in irradiance units (mW/cm2). The 
filters were then placed separately directly on top of the detector at the 
base of the metal tube and the power measurements were taken as 
previously described. The differences in the power values obtained with 
and without the filters were used to calculate the power emitted from 
the lamp within the UV and the UV-C range. The calculated UV output 
and equivalent measured UV and UV-C dose are listed in Table 2. At a 
distance of 10.75 cm there is a significant difference between the output 
of the lamp and the dose measured (as approximated by the inverse 
square law). Other factors contributing to the relatively low UV (and 
UV-C) dose relative to the lamp output is the broadspectrum nature of 
the output and heat generated within the PUV system. This has been 
previously noted in Fitzhenry et al., (2019) (33). It should be noted that 
the filters were removed for the disinfection studies and were only used 
to determine UV dose. 

Fig. 1. Schematic of bench-top experimental set-up of (a) PUV system and (b) LPUV system.  
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2.4. Bacterial analysis via UV treatment 

The bacterial strains used to investigate inactivation, photoreacti-
vation and dark repair post LPUV and PUV disinfection were Escherichia 
coli ATCC 25922, Staphylococcus aureus DSM 1104 and Listeria innocua 
DSM 20649. These were chosen as they had been recently identified as 
pathogens of interest in wastewater streams from dairy processing fa-
cilities in Ireland [42]. The strain DSM 20649 was used as a 
non-pathogenic surrogate for Listeria monocytogenes [36]. All three 
freeze-dried cultures were reconstituted using tryptic soy agar (TSA, 
Sigma-aldrich, Wicklow, Ireland) and tryptic soy broth (TSB, Fisher 
Scientific, Dublin, Ireland) at 37 ◦C for 18− 24 hours. Fresh cultures were 
then inoculated aseptically on to cryobeads (Pro-Lab Microbank, Cruinn 
Diagnostics, Dublin Ireland) for long-term storage at − 80 ◦C. The fresh 
cultures were also cultured on TSA slopes as working culture stocks and 
stored at 4 ◦C in the fridge. Working stock cultures were discarded every 
three months and replaced with fresh working cultures to avoid 
contamination issues. 

Prior to the photoreactivation experimentation, the bacteria were 

exposed to both PUV and LPUV disinfection as a prerequisite to PHR/ 
dark repair analysis. For experimental analysis, one colony of each strain 
was inoculated into 80 mL of Luria Broth (LB) (Sigma-aldrich, Wicklow, 
Ireland) for E. coli culture and TSB (Fisher Scientific, Dublin, Ireland) for 
L. innocua and S. aureus. The broth(s) were cultured on a rotary shaker at 
90 rpm for 24 h at 37 ◦C. For LPUV runs, batches of tap water (20 L) were 
spiked with 10 mL of broth strains to give a starting bacterial concen-
tration of 6 log10 ± 0.5, while for PUV runs 2.5 L of distillate water was 
spiked with 1 mL of broth strains to give a starting bacterial concen-
tration of 6 log10 ± 0.5). The distillation system in the laboratory pro-
duced a limited volume of water daily and could not meet the volumes 
required for LPUV analysis thus tap water was used instead. Experi-
mental analysis was carried out to ensure there were no differences in 
inactivation rates of bacteria (E. coli was used as the test strain) via LPUV 
between both mediums (data not shown). Influent and effluent samples 
were analysed in duplicate pre and post UV treatment via pour plate 
technique (1 mL) as per standard methods [43] using Tryptone Bile 
X-glucuronide (TBX) Agar (VWR, Dublin, Ireland) for E. coli and TSA 
(Sigma-aldrich, Wicklow, Ireland) for S. aureus and L. innocua. Each UV 
inactivation experiment was performed at least three times. The limit of 
detection was 1 CFU/mL, see Section 2.6 for log inactivation 
calculations. 

2.5. Photoreactivation and dark repair analysis 

Immediately following UV treatment, effluent samples were placed 
under light and dark conditions to study potential bacterial PHR/dark 
repair. For photoreactivation experiments, duplicate sample aliquots 
(40 mL) were placed into open petri dishes (diameter of 90 mm, surface 
area of 58 cm2) at a distance of 9 cm from two compact fluorescent 
lamps (23 W power, luminous flux (Lm) 1450) which emitted light in the 
300–700 nm spectral range (OSRAM model DPRO MITW 23 W/840 
E27). Previous studies have reported the photolyase enzyme for bacte-
rial PHR to respond significantly to ‘blue light’ in the 360–500 nm range 
[27]. For dark repair experiments, duplicate sample aliquots (20 mL) 
were aseptically transferred to 60 mL tubes covered with aluminium foil 
and placed into a sealed box in the dark for the same duration of time as 
the photoreactivation experiments. Both the light and dark experimental 
analysis was carried out in the same incubator (Velp Scientifica) at 20 ±
1 ◦C. Sample volumes of 1 mL were collected aseptically from both the 
light and dark sample experiments at a series of time intervals ranging 
from 0 to 120 min post UV treatment. The samples were analysed in 
duplicate via pour plate technique (1 mL) as per standard methods [43] 
using TBX agar (VWR, Dublin, Ireland) for E. coli and TSA (Sigma-al-
drich, Wicklow, Ireland) for S. aureus. 

2.6. Quantitative analysis 

Bacterial inactivation via UV treatment using logarithmic scale and 
colony forming unit (CFU) /mL was determined using Eq. (1), where N0 
and N are the concentrations (CFU/mL) pre and post disinfection 
respectively. 

Inactivation(UV) = log10(N0/N) (1) 

Bacterial photoreactivation and dark repair expressed as a percent-
age was determined with Eq. (2) adapted from methods used in Maclean 
et al. [27] and Shafaei et al. [25] where Nt is the concentration at time 
“t” after the start of the photoreactivation/dark repair experiment (light 
or dark). Note that at time zero Nt is equal to N. 

Repair(%) =
Nt − N
N0 − N

× 100 (2)  

Table 1 
Characteristics of the LPUV and PUV flow-through experimental runs performed 
with the three bacterial strains.  

UV 
system 

Voltage 
(V) 

Pulse 
frequency 
(PPS) 

HRT 
(s) 

Flow 
rate 
(L/ 
min) 

UV 
output 
(mJ/ 
cm2) 

Bacterial 
strains 
tested 

LPUV N/A N/A 0.47 24.60 14.01 E. coli, 
S. aureus 
and 
L. innocua 

PUV 

800 0.5 120 0.38 486.02 

E. coli, 
S. aureus 
and 
L. innocua 

900 1.0 100 0.45 1026.12 

E. coli, 
S. aureus 
and 
L. innocua 

900 2.0 75 0.60 1539.22 

E. coli, 
S. aureus 
and 
L. innocua 

900 2.0 100 0.45 2052.02 
S. aureus 
and 
L. innocua 

N/A: Not Applicable. 
1 Output at 254 nm. 
2 Output at < 300 nm. 

Table 2 
Calculated broadspectrum UV output and equivalent measured UV and UV-C 
dose for PUV system.  

Pulse 
frequency 
(PPS) 

Residence 
time (s) 

Voltage 

Calculated UV 
Output (from 
lamp 
characteristics) 

Average 
measured 
UV Dose 

Average 
measured 
UV-C 
Dose 

(10.75 cm 
from 
lamp)* 

(10.75 cm 
from 
lamp)* 

EA < 300 nm 

(mJ/cm2) 
EA < 400 nm 

(mJ/cm2) 
EA < 280 nm 

(mJ/cm2) 

1 60 800 486 42 16 
1 100 900 1026 112 18 
2 75 900 1539 168 26 
2 100 900 2052 269 35 

EA – energy per unit surface area. 
*

n = 9 for each of these measurements with a standard deviation of less than 2% of the average in 

each case. 
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3. Results & discussion 

3.1. Bacterial inactivation via continuous-flow LPUV and flow-through 
PUV disinfection 

Results for the LPUV system showed almost complete inactivation of 
all three bacterial strains at the UVC output of 14 mJ/cm2 (Fig. 2). Log10 
inactivations of 5.3 ± 0.3, 6.0 ± 0.2 and 5.9 ± 0.1 were observed from 
starting bacterial populations of 6.0 log10 ±0.5 for S. aureus, E. coli and 
L. innocua respectively at 14 mJ/cm2. Therefore, given the LPUV system 
was operating at the shortest HRT (and thus the lowest UV output 
achievable) – no other HRTs were subsequently investigated. The 
inactivation of vegetative bacteria in water via LPUV is well established. 
Previous studies have shown E. coli and S. aureus to be inactivated by 5–6 
log10 in water via batch LPUV disinfection at UV doses of < 10 mJ/cm2 

[4,37]. Thus, results in this study are in line with findings in the liter-
ature which illustrate vegetative cells are readily inactivated by LPUV 
disinfection at relatively low UV energies. 

Research investigating bacterial inactivation in water/wastewater 
via flow-through PUV systems is limited. In this study, bacterial inacti-
vation via flow-through PUV disinfection was linearly dependent on 
energy, with E. coli being the most sensitive and L. innocua exhibiting the 
most PUV resistance (Fig. 3). 

The maximum inactivation observed for E. coli (5.3 ± 0.3 log10) was 
achieved at a lamp UV output (< 300 nm) of 1539 mJ/cm2 while a 
higher UV output (< 300 nm) of 2052 mJ/cm2 inactivated the Gram- 
positive bacteria S. aureus and L. innocua by 5.2 ± 0.6 log10 and 4.3 ±
0.3 log10 respectively. This finding is consistent with Farrell [38] who 
reported Gram-positive bacteria (S. aureus and L. monocytogenes) to be 
more resistant to PUV light in comparison to Gram-negative bacteria 
(E. coli) in a static experimental set-up. Uslu et al. [17] analysed the 
inactivation of E. coli via flow-through PUV disinfection in synthetic 
wastewater with the addition of ‘multiple pass’ analysis whereby the 
sample was recirculated back under the PUV lamp for a second disin-
fection step. In the aforementioned study, the UV dose/system output 
was not described rather the flow rate and broadspectrum energy output 
(J) per litre treated was given. Results showed complete inactivation of 
E. coli in synthetic wastewater at flow rates of 10 L/min (equivalent to a 
broadband energy of 39.7 J/L) for a two-pass treatment. A similar study 
[39] investigated the inactivation of L. innocua via flow-through PUV for 
water treatment. A PUV dose of 4,000 mJ/cm2 (at a flow rate of 1 L/min) 
was required for 2 log10 L. innocua inactivation in water. Krishnamurthy 
et al. [16] tested the inactivation of S. aureus in milk under flow-through 
PUV experimental conditions and also adopted a multi-pass disinfection 
method akin to Uslu et al. [17]. Log10 reductions were reported as a 
function of flow-rate, lamp distance and number of sample passes. 
Complete inactivation of S. aureus was obtained at 8 cm sample distance, 
single pass and 20 mL/min flow rate however no UV dose/energy output 

was reported. Interestingly, it was also noted that a decrease in PUV 
energy was a polynomial function of the lamp distance i.e. inactivation 
rates were higher at 8 cm lamp distance than those achieved at 5 cm 
lamp distance [16]. Finally, Fitzhenry et al. [33] recently reported a UV 
output (< 300 nm) of approximately 2,000 mJ/cm2 was required to 
inactivate Bacillus spp. endospores by approx. 2 log10 in water via 
flow-through PUV disinfection. 

These studies show that with flow-through pulsed UV technology (as 
investigated to date) the use of multi-pass is necessary for the inacti-
vation of S. aureus and E. coli. In the case of L. innocua a single pass may 
be possible, however, to-date, clear information on the necessary UV 
dose has not been available. This study presents inactivation rates for 
various UV outputs for the PUV technology. This data is key as the 
overall capacity of the lamp in terms of UV energy output will be a key 
determining factor (alongside the desired pathogen removal rates) as to 
whether single pass or multi-pass should be deployed. 

3.2. Bacterial photoreactivation & dark repair post UV treatment 

Experimental results for the potential photoreactivation of the three 
pathogens following LPUV disinfection at 14 mJ/cm2 indicated that 
bacterial concentrations after light and dark repair analysis were 
negligible (see Supporting Information, Figure S2). Previous research 
[24] has reported PHR for E. coli post LPUV treatment whereby water 
samples exposed to UV dose of 5 mJ/cm2 were subsequently placed 
under sunlight lamps for 4 h before photoreactivation was observed. 
While photoreactivation of E. coli was reported after LPUV treatment at 
5 mJ/cm2, the same study [24] reported a lack of photoreactivation 
when the bacteria were exposed to a higher UV dose of 15 mJ/cm2. Sanz 
et al. [23] reported a similar conclusion when investigating the photo-
repair potential of total coliforms post LPUV treatment in a wastewater 
treatment facility. Their results showed a significant decrease of 
photoreactivation potential at high UV doses indicating the severity of 
the UV damage at high doses can prohibit DNA lesion repair. Therefore, 
perhaps in the case of the experimental analysis carried out in this study, 
the applied LPUV output of 14 mJ/cm2 may have inhibited the ability of 
the bacteria to photoreactivate/dark repair. Unfortunately, limitations 
regarding decreasing the system energy output of the LPUV system did 
not allow for analysis of bacterial PHR/dark repair post lower LPUV 
outputs. Nonetheless, considering the high inactivation efficiencies 
found for the three experimental bacterial strains and the lack of pho-
toreactivation/dark repair at the minimum UV output possible (14 
mJ/cm2), and at a relatively high flow rate (24.6 L/min equating to 0.47 
s HRT), the results further highlight the suitability of the LPUV system as 
an effective technology to inactivate S. aureus, E. coli and L. innocua 

The particular strain of L. innocua (DSM 20649) selected for this 
study appeared to be impacted by the photoreactivation experimental 
conditions. Previous studies have discussed various light sources used in 
PHR experiments including the spectrum output, the power, the 

Fig. 2. Log10 inactivation of S. aureus, E. coli and L. innocua via continuous-flow 
LPUV disinfection at a UV output of 14 mJ/cm2. Standard error bars shown (n 
= 3). 

Fig. 3. Bacterial inactivation via flow-through PUV disinfection at various UV 
outputs. Data points are average values of three independent runs and error 
bars represent the standard deviation. 
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temperature (which influences sunlight simulation) and the colour of 
the light. It was noted that the photolyase enzyme for bacterial photo-
reactivation responds significantly to ‘blue light’ in the 360–500 nm 
range and that L. monocytogenes and S. aureus exhibit maximum 
photoreactivation potential between 360–380 nm [27], therefore these 
factors were taken into consideration when deciding the optimum 
conditions for photoreactivation experiments. Fig. 4a shows the results 
of the photoreactivation and dark repair experiments for L. innocua post 
flow-through PUV treatments at PUV outputs (< 300 nm) of 486, 1026 
and 2052 mJ/cm2. While minimal dark repair was observed for 
L. innocua, populations of L. innocua survivors post PUV irradiation were 
observed to decrease in numbers during the period of photoreactivation 
conditions. Upon further investigation, it was confirmed that L. innocua 
was inactivated by the compound fluorescent lamp with no prior UV 
exposure (Fig. 4b). Thus, it was decided to eliminate it from the 
photoreactivation analysis. For confirmation purposes, similar analysis 
was carried out on E. coli and S. aureus whereby the strains were exposed 
to the compound light only (without prior exposure to PUV). The results 
confirmed that the photoreactivation experimental conditions were not 
impacting upon cell viability as was the case with L. innocua (Fig. 4(b)). 
A previous study reported photoreactivation of the same strain of 
L. innocua as was used in this study [28]. Kramer et al. [28] investigated 
the photoreactivation of PUV treated L. innocua (DSM 20649) and used a 
30 W fluorescent lamp with a spectrum output of between 400 and 650 

nm for PHR analysis. These results showed photoreactivation rates of 
between 102 and 106 CFU/mL after 24 h of lamp exposure on tryptic soy 
agar at 37 ◦C depending on the PUV fluence applied. 

The reasons for L. innocua becoming inactivated under the com-
pound lamp in this study are not entirely clear. Perhaps the slightly 
lower spectrum output of the lamp and the difference in experimental 
conditions (illumination on agar and not water as was the case in this 
study) in the Kramer et al. [28] study were more conducive to L. innocua 
photoreactivation analysis i.e. agar medium designed to enable bacterial 
growth as opposed to water medium. However, in this study it was 
considered important to use a lamp with a spectrum below 400 nm due 
to reasons stated above i.e. photolyase activity and favoured photore-
activation potential at the wavelengths between 360–380 nm. More-
over, S. aureus and E. coli were not negatively affected by the 
lamp/photoreactivation conditions. While photoreactivation analysis of 
L. innocua could not be completed in this study, details surrounding the 
specifics of experimental design and the particular bulbs used for PUV 
treatments may be noteworthy for future studies. 

Photoreactivation was observed for both E. coli and S. aureus post 
flow-through PUV treatment at various energy outputs over time (Fig. 5 
(a) and 5 (b)). Results for S. aureus at the lowest output of 486 mJ/cm2 

showed a sharp increase in PHR between 10 and 60 min after which 
inactivation were relatively stable. However, this was not constant and 
the % PHR increased slightly again after this time point. Increases in the 

Fig. 4. (a). photoreactivation and dark repair post PUV disinfection at PUV outputs (< 300 nm) of 486, 1026, 2052 mJ/cm2 and 4(b) inactivation of L. innocua under 
photoreactivation (PHR) lamp only, without any prior PUV treatment. 
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percentage photoreactivation of S. aureus were less pronounced at 
higher UV system outputs with negligible PHR occurring at any time 
point after PUV treatment at 2052 mJ/cm2 (Fig. 5 (a)). Analysis of E. coli 
photoreactivation over time shows a slightly different trend to that of 
S. aureus post PUV treatment (Fig. 5 (b)). At 486 mJ/cm2, the PHR of 
E. coli steadily increased between 15 and 90 min before a tailing effect 
was observed. At 1026 mJ/cm2 the percentage of photoreactivation 
E. coli was relatively low, while at 1539 mJ/cm2 it was found to be 
negligible. Therefore, it was decided to not investigate photoreactiva-
tion of E. coli at higher UV system outputs. Previous studies [21] have 
suggested that a time-based comparison for photoreactivation experi-
ments cannot be performed due to variations in lamp intensities i.e. the 
energy outputs of lamps can vary even where they are the same model. 
However, in the present research study a time-based comparison be-
tween S. aureus and E. coli was possible as the same experimental set-up 
and lamp was used for both bacteria and should be noted for future 
studies of this kind. Photoreactivation has been observed previously 
[28] for E. coli post static PUV treatment on gel mediums with a recovery 
rate of up to 2 log10 following a PUV dose of 450–1000 mJ/cm2. 
Maclean et al. [27] investigated the PHR potential of S. aureus and 
L. monocytogenes post PUV treatment under static experimental condi-
tions and observed a photoreactivation response after PUV treatments of 
1500 mJ/cm2 and 3400 mJ/cm2 (within 320–500 nm range) respec-
tively. The study found approximately 2% of S. aureus bacteria photo-
reactivated after a PUV exposure of 1500 mJ/cm2 (PHR exposure time 
not given). Similarly, results in the present study found 1.7 % of the 
S. aureus population photoreactivated after 1500 mJ/cm2 PUV energy 
exposure at 90 min. However, in this case, a flow-through experimental 
set-up was applied. While Maclean et al. [27] did report a low degree of 
PHR for S. aureus at the PUV output energy applied, it was surmised that 
a less intense UV energy output would likely result in a higher degree of 
photoreactivation which was the finding in this study. The majority of 
photoreactivation occurred within the first hour for S. aureus and the 
first 90 min for E. coli thus avoiding bacterial exposure to light imme-
diately after flow-through PUV disinfection may be important when 
attempting to maintain high inactivation rates for both S. aureus and 
E. coli. However, it should also be noted that this study did not inves-
tigate delayed exposure to light i.e. PHR after some dark incubation, 
thus caution may need to be exercised in this case also. Nonetheless, as is 
the case with LPUV disinfection, bacterial photoreactivation is reported 
to be avoidable when a high UV energy is applied [23,24]. 

The maximum pathogen photoreactivation and dark repair after 120 
min following flow-through PUV treatment is shown in Fig. 6. As indi-
cated in Fig. 5, S. aureus exhibited higher PHR rates in comparison to E. 
coli; this trend appeared consistent for dark repair analysis of S. aureus at 
486 mJ/cm2 albeit the percentage of reactivated bacteria was low. For 
example, in the case of S. aureus, 0.75 % of the surviving bacterial 
population (post PUV treatment at 486 mJ/cm2) repaired under dark 

experimental conditions in comparison to 0.29 % of E.coli at the same 
UV output. Aside from slight bacterial reactivation at the lowest PUV 
output, dark repair for both strains was found to be minimal after PUV 
flow-through treatments of 1026 mJ/cm2 and above. Potential reasons 
for the lack of dark repair exhibited by bacteria in this study may be due 
the length of dark exposure time applied during the experimental 
analysis. Jungfer et al. [40] reported the activation of bacterial dark 
repair mechanisms (recA mRNA protein) to be dependent on experi-
mental incubation time which was found to vary depending on the 
bacterial strain. For example, a dark incubation time of two hours 
induced recA in drinking water bacteria Caulobacter crescentus. In 
contrast, Enterococcus faecium required an incubation period of six hours 
before dark repair mechanisms were observed [40]. However, previous 
studies [23,41] have also reported bacterial dark repair to occur within 
approximately 100 min of incubation post UV disinfection after which a 
bacterial decay period was observed. Nebot Sanz et al. [23] confirmed 
dark repair analysis, carried out in conjunction with photoreactivation 
analysis, did occur but to a lower degree that in light repair conditions. 
Moreover, the authors [23] concluded maximum dark repair of bacteria 
occurred sooner in comparison to maximum bacterial photoreactiva-
tion. In this study, stable photoreactivation rates were achieved during 
the maximum experimental exposure time of 120 min, and for this 
reason dark repair experimental analysis was also carried out for the 
same duration. Some of the differences in findings between studies may 
be attributed to the variation in Gram positive and negative composition 
in terms of cell membrane(s) and amount of cell wall material present 
(peptidoglycan) (38). 

It is possible that low UV outputs also puts less biocidal stress on the 
treated bacterial cells with potentially greater ability to repair as less 
physical, genomic and metabolic damage – lower doses may not cause 
irreversible damage. 

Fig. 5. Percentage photoreactivation over time of (a) S. aureus and (b) E. coli at various UV outputs (< 300 nm) following flow-through PUV treatment.  

Fig. 6. Photoreactivation (light) and dark repair (dark) after 120 min exposure 
for S. aureus and E. coli post flow-through PUV treatment at various UV outputs. 
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4. Conclusions 

This constitutes the first study to demonstrate that bacterial (S. 
aureus and E. coli) photoreactivation is possible post flow-through PUV 
disinfection and that the level of bacterial photoreactivation is depen-
dent upon the output energy applied during prior UV disinfection 
treatment. Furthermore, it was shown that dark repair is less significant 
when compared to light repair. The results agree with similar studies in 
the literature involving static and continuous-flow UV disinfection 
studies whereby the UV dose/output applied during the UV disinfection 
phase influences the degree to which bacteria can repair. Should flow- 
through PUV systems be considered for full-scale operation as a disin-
fection system for water reuse/wastewater treatment, sufficient energy 
should be applied to avoid bacterial reactivation. The immediate 
exposure of bacteria to light post flow-through PUV treatment should 
also be avoided to minimise photoreactivation of both S. aureus and E. 
coli. The continuous-flow LPUV system used in this study successfully 
inactivated all three bacteria to a higher degree than the PUV system 
deployed (with significantly lower energy consumption). The LPUV was 
also successful in the inhibition of E. coli and S. aureus photoreactiva-
tion post LPUV treatment. The study confirmed the suitability of existing 
LPUV as a technology in achieving adequate inactivation percentages 
with limited potential for repair in both light and dark conditions. 
However, further work would be required in the development of PUV 
systems to enable them be efficiently and cost-effectively deployed in 
larger scale water/wastewater treatment scenarios. As with all disin-
fection technology the required doses for adequate removal of targeted 
pathogens will depend on the nature of the wastewater being treated. 
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Introduction
The prevention and control of veterinary related 
infections is an important aspect of public health and 
safety due to the occurrence of zoonotic infections. The 
spread of pathogenic species within veterinary practices 
can lead to infection of both the housed animals and 
veterinary staff. Veterinary clinics are a focus for human 
and animal interaction, often in situations dealing with 
infected wounds or faecal matter. This is a significant 
concern for immunocompromised individuals who 
are animal owners. Animal associated pathogens of 
concern to immunocompromised persons include 
Cryptosporidium, Salmonella, Listeria, Bacillus, 
Escherichia coli, Campylobacter and Giardia (Grant 
and Olsen, 1999). Furthermore, many research studies 
have highlighted the connection between the spread 
of pathogenic organisms from surfaces to patients 
(Gebel et al., 2013). Consequently, the use of surface 
disinfectants for the control of pathogens in clinical 
and veterinary settings has become important due to 
the increase in antibiotic resistant microbial species and 
zoonotic infections. However, issues have arisen where 
some pathogens have shown resistance to commonly 
used chemical based disinfectants. Such pathogens 
include the parasites Cryptosporidium and Giardia, 
bacterial endospores and bacterial biofilm structures 
(Betancourt and Rose, 2004). Planktonic microbial 
cells are able to attach to and colonise environmental 
surfaces by producing an extracellular polymeric 
substance (EPS), these adherent (sessile) cells are 
referred to as biofilms. The descriptive terms sessile 

and planktonic are used to describe surface adherent 
and free floating bacterial cells respectively. Veterinary 
important species such as Listeria, Escherichia, Bacillus 
and Salmonella are capable of producing these biofilm 
structures allowing them to gain resistance to standard 
chemical disinfection methods. Biofilms communities 
spread largely by breaking of in clumps from the 
primary structure, these detached biofilm clumps may 
contain enough bacteria to give an infective dose to 
housed animals making them a potential health risk. 
Indeed, biofilms or sessile communities are believed to 
be the causative agent in diseases such as pneumonia, 
liver abscesses, enteritis, wound infections and mastitis 
infections in animals (Clutterbuck et al., 2007). 
Ingestion of a biofilm bacterial clump present in the 
surrounding environment could play an important role 
in the transmission of disease. In addition, in hosts with 
functioning innate and adaptive immune responses, 
biofilm-based infections are often very persistent and 
remain unresolved. In fact, surrounding tissues often 
undergo extensive damage by immune complexes 
and invading neutrophils when trying to eradicate the 
infection (Stewart and Costerton, 2001).
The prevention of biofilm formation on surfaces 
located in areas of animal housing would provide 
the best control measures for these robust structures; 
however, there is no agent available that will prevent 
cell adhesion and biofilm formation. Current methods 
rely on the use of disinfection agents and regular 
cleaning of surfaces exposed to possible pathogens. 
Research has indicated that sessile communities can be 
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Abstract
The presence of pathogenic organisms namely parasite species and bacteria in biofilms in veterinary settings, is a 
public health concern in relation to human and animal exposure. Veterinary clinics represent a significant risk factor 
for the transfer of pathogens from housed animals to humans, especially in cases of wound infection and the shedding 
of faecal matter. This study aims to provide a means of detecting veterinary relevant parasite species in bacterial 
biofilms, and to provide a means of disinfecting these biofilms. A real time PCR assay was utilized to detect parasite 
DNA in Bacillus cereus biofilms on stainless steel and PVC surfaces. Results show that both Cryptosporidium and 
Giardia attach to biofilms in large numbers (100-1000 oo/cysts) in as little as 72 hours. Pulsed light successfully 
inactivated all test species (Listeria, Salmonella, Bacillus, Escherichia) in planktonic and biofilm form with an 
increase in inactivation for every increase in UV dose.
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up to 1000 times more resistant to chemotherapeutics 
such as chlorhexidine than their planktonic counterparts 
(Garvey et al., 2014a). Furthermore, resistant bacteria 
originated in sessile communities can spread from 
animal to animal through veterinary staff, veterinary 
surfaces and equipment or farm equipment such as 
feeders and water dispensers (Aguilar-Romero et al., 
2010) resulting in extended infection problems. Biofilm 
structures are also capable of trapping or incorporating 
other pathogenic species including enteric noroviruses 
(Wingender and Flemming, 2011) and parasites such as 
Giardia and Cryptosporidium (DiCesare et al., 2012). 
Harbouring of such species shields them from cleaning 
and disinfection techniques, increasing their already 
high resistance to such treatments. Studies have shown 
that aquatic biofilms represent a significant, long-
term reservoir for pathogens such as Cryptosporidium 
and Giardia, which can be released back into water 
(Wingender and Flemming, 2011). Thus, explaining 
the presence of parasites in water networks long after 
disinfection protocols are completed following an 
outbreak. Ultraviolet (UV) light is well known for its 
antimicrobial activity, due to its bacteriostatic properties 
affecting the DNA of the organism, breaking DNA 
bonds, causing the formation of DNA adducts thus 
preventing bacterial cell replication (Ochoa-Velasco 
et al., 2014). Additionally, research focusing on the 
use of a pulsed light (PL) system for the inactivation 
of parasite species and bacterial endospores has shown 
this system to be highly efficient (Garvey et al., 2014a). 
PL technologies differ from standard UV lamps in their 
mode of delivery, penetration depth and wavelength 
range (Garvey et al., 2014a) making them a more 
potent disinfection system. Here we report on the 
use of a PL system for the disinfection of veterinary 
relevant biofilms on polyvinylchloride (PVC) and 
stainless steel surfaces. The use of polymerase chain 
reaction (PCR) methods provides a rapid species 
specific means of identifying species type and cell 
numbers present. Indeed, PCR methods have been used 
extensively to detect and quantify bacterial cells in 
food products and in biofilms (Pan and Breidt, 2007). 
Therefore, the present study also utilised a real time 
PCR assay to determine the extent at which Bacillus 
biofilm structures incorporated parasite species into 
their matrix, subsequently providing shelter from 
disinfection techniques.

Materials and Methods
Microbial test species
For this study a range of veterinary relevant biofilm 
forming microbial species Listeria monocytogenes 
(ATCC 11994), Bacillus cereus (ATCC 11778), 
Salmonella typhimurium (ATCC 13311) and 
Escherichia coli (ATCC 11775) were chosen for biofilm 
formation and PL inactivation studies. All strains were 
cultured and maintained in nutrient agar and nutrient 

broth (Cruinn Diagnostics Ltd, Ireland) at 37oC. Giardia 
lamblia cysts and Cryptosporidium parvum oocysts 
were purchased from Waterborne Inc USA. Oocysts 
and cysts were stored in sterile PBS (0.01 M phosphate 
buffer, containing 0.0027 M KCL and 0.137 M NaCl 
at a pH of 7.4) with 100 U of penicillin/ml, 100 μg of 
streptomycin/ml and 100 μg of gentamicin/ml at 4°C. 
Prior to use parasite identity was confirmed by a dye 
staining method comprising of propidium iodide (PI) 
1 mg/ml in 0.1 M sterile PBS and 4’, 6’-Diamidino-
2-Phenylindole (DAPI) 2 mg/ml in methanol and 
a fluorescein-labelled mouse-derived monoclonal 
antibody Giardi-a-Glo™ or Crypt-a-GloTM (Waterborne 
Inc, New Orleans, USA). Oo/cysts were counted using 
a haemocytometer and inverted microscope (Olympus, 
CKX41) with camera (Olympus, IX2-SLP) attached.
Growth of sessile communities using Centers for 
Disease Control (CDC) biofilm reactor
The CDC biofilm reactor (Biosurface Technologies 
Corp, Bozeman, Montana, USA) was used for the 
growth of biofilm structures as per the recommended 
procedure of the American Society for Testing and 
Materials (ASTM, 2012). Furthermore, the CDC reactor 
is a recognised method for the growth of biofilms under 
high shear and continuous flow (Coenye and Nelis, 
2010) and is of sufficient capacity to provide numerous 
samples of biofilms for disinfection studies. In order 
to establish a dose response relationship for biofilm 
inactivation with UV light it is necessary to first obtain 
biofilm communities which were dense, reproducible 
and also treatable. For this study both PVC and stainless 
steel coupons were chosen as biofilm growth surfaces 
as both materials are commonly used in veterinary 
settings and are excellent matrixes for biofilm adhesion 
and proliferation.
For the growth of microbial biofilms methods were 
followed as per the recommended procedure for 
continuous fluid shear flow biofilm formation (ASTM 
E2562-12 2012) and Garvey et al., 2014b. The reactor 
was prepared containing 350 mL of tryptone soy 
broth (TSB) and 2% glucose as this concentration 
was previously found to promote biofilm adhesion 
and proliferation (Senevirantne et al., 2013). Once 
satisfied that the coupons were completely submerged 
the apparatus was sterilised by autoclaving. 1 mL of 
a 12 hour microbial culture was added to the reactor 
chamber to ensure that cells were in the log phase 
of reproduction. For each test strain the reactor was 
incubated at 37°C for 72 and 96 hours under rotatory 
conditions at 125 rpm. To allow for the enumeration 
of colony forming units (cfu) per microbial biofilm, all 
coupons were removed aseptically from each reactor 
rod and rinsed with sterile phosphate-buffered saline 
(PBS) to remove any planktonic cells. Biofilms were 
removed from each coupon by scraping the coupon 
using a sterile cell scraper into 10 mL of sterile PBS. The 
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standard plate count technique was used to determine 
the cfu/mL bacterial population in the biofilm as per the 
recommended procedure (ASTM E2562-12 2012). To 
allow for the entrapment of parasite test species within 
the biofilm matrix 1x106 oo/cysts per mL was added 
to the reactor chamber and incubated for 72 hours. For 
biofilms containing parasite test species, 1 mL from the 
10 mL PBS containing the scrapped biofilm was stained 
with parasite specific dyes as previously described to 
confirm identity and numbers present.
Pulsed Ultraviolet (PUV) light
The PUV machine used throughout this study was 
sourced through Samtech Ltd, Strathclyde, Scotland, 
UK. The bacteriostatic effects of PL are caused by the 
rich and broad-spectrum UV content, the short duration, 
and the high peak power of the pulse. The system was 
used as per Garvey et al. (2010) and is therefore not 
described in further detail herein.
Pulsed light inactivation of planktonic microbial 
species
E. coli, S. typhimurium, L. monocytogenes and B. cereus 
cultures were grown and maintained as previously 
described. For PUV studies a single colony of the test 
strain was aseptically transferred to 100 mL of sterile 
nutrient broth followed by incubation at 37oC for 
12 hours at 125 rpm. For surface treatment 100 μL of 
an appropriate dilution was spread onto agar surfaces. 
Test plates were then exposed to pulses of UV light at 
16.2 J at varying doses (obtained by varying the pulse 
number) at a rate of 1 pulse per second as per Garvey 
et al. (2014). PUV studies were also conducted on 
samples diluted from the 12 hour broth in 20 mL final 
volumes of sterile PBS at 8 cm from the light source, 
after which 100 μL of treated liquid was transferred to 
suitable agar and incubated at 37oC for 24 hours.
Pulsed light inactivation of sessile communities
Coupons were aseptically removed from the reactor, 
rinsed with sterile PBS and transferred to a sterile 
petri dish. Samples were exposed to pulses of UV 
light at 16.2J at 8 cm from the light source at varying 
UV doses which were obtained by increasing the 
pulse number. Once treated, coupons were submerged 
in 10 mL of sterile PBS and surface scraped using a 
sterile cell scraper to remove the treated biofilms and 
to allow for the determination of inactivated rates. 
The liquid was then transferred to a sterile 20 mL 
container and centrifuged at 800 g for 10 minutes to 
pellet the cells. The sample was then re-suspended and 
agitated manually to ensure biofilm dispersion. Serial 
dilutions were made from the biofilms suspension and 
100 μL spread on triplicate agar plates to determine the 
cfu/mL of treated samples. This process was repeated 
for coupons at varying UV doses (< 8μJ/cm2) to 
determine the Log10 reduction obtained with increasing 
UV dose. Plates were incubated for 24 hours at 37oC 
to allow for the growth of bacterial colonies, which 

were subsequently gram stained and identify confirmed 
to ensure no contamination of the rector system had 
occurred.
Parasite entrapment and DNA extraction from 
biofilm structures
Biofilms of B. cereus were allowed to form while in 
the presence of 1x106 oo/cysts per mL in the biofilm 
reactor, to allow for the entrapment of parasite species 
within the biofilm matrix. This species was chosen due 
to its enteric pathogenic nature and it greater resistance 
to PUV inactivation. Following 72 hours incubation, 
coupons were aseptically removed from the bioreactor 
to sterile petri dish. Coupons were then aseptically 
scrapped in to 10 mL volumes of PBS, which was 
subsequently centrifuged at 800g for 10 minutes to 
pellet the cells, followed by re-suspension in 200 μl 
of sterile PCR grade water. Target DNA extraction for 
B. cereus, G. lamblia and C. parvum was conducted as 
per kit instructions for B. cereus biofilm suspensions 
using a Roche DNA extraction kit and HP PCR template 
preparation kit (Roche Diagnostics, Roche, Ireland). All 
steps were performed as per manufacturer’s instructions 
with treated and untreated microbial pellets which were 
suspended in 200 μL of sterile PBS.
Real time PCR
All primers and probes were sourced from Tib 
Molbiol, Berlin, Germany. For B. cereus the forward 
primer ACACACGTGCTACAATGGATG and 
reverse primer AGTTGCAGCCTACAATCCGAA 
with the taqman probe sequence 
F-ACAAAGGGCTGCAAGACCGCG—Q coding for 
the phaC gene was used as per Nayak et al. (2013). Primers 
coding for β-giardin of G. lamblia were used as per 
method of Bertrand et al. (2009) with the forward primer 
5′-AAGCCCGACGACCTCACCCGCAGTGC-3′ 
and reverse primer 
5′-GAGGCCGCCCTGGATCTTCGAGACGAC-3′. 
The Taqman probe with the following 
sequence: 5’-FAM TCACCCAGACGATGGA 
CAAGCCCTAMRA-3 was utilised for this study. 
For Cryptosporidium parvum the 18Si reverse 
primer 5’- CCTGCTTTAAGCACTTAATTTTC 
and 18Si forward primer 
5’- ATGGACAAGAAATAACAATACAGG as first 
described by Morgan et al. (1997) were utilised as per 
Garvey et al. (2010). The Taqman probe had the following 
sequence: 5-‘-(6-FAM) ACCAGACTTGCCCTCC 
(TAMRA) as per Keegan et al. (2003). Amplification 
reactions (20 μL) contained 5 μL of sample DNA (0.5 μM 
of each primer, 0.2 μM of probe) and 15 μL of reaction 
buffer (Roche Diagnostic, West Sussex, England). 
Both positive and negative controls were included in 
RT-PCR to validate the results. DNase–RNase free 
water was used as negative control throughout. Cycling 
parameters were initial denaturation for 10 min at 95°C 
followed by 65 cycles of denaturation for 10 s at 95°C, 
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annealing for 40 s at 40 °C, extension for 1 s at 70°C 
and cooling for 30 s at 40°C on a Nanocycler® device 
(Roche Diagnostics). These cycling parameters were 
the same for all samples. Additionally, large numbers 
of cycles were used to ensure detection of low levels 
of infection. On completion of each RT-PCR run 
amplification curves were analysed by Nanocycler 
software (Roche Diagnostics) and a standard curve 
(Fig. 1) of cell DNA concentration determined. DNA 
standards were prepared from fresh cells or oo/cysts 
ranging in concentration from 10 to 108 oocysts or 
cysts/mL by dilution in PBS following standard viable 
count determinations.
Statistics
All experimental data is an average of 3 experimental 
replicates with 3 internal replicates. Bacterial 
inactivation is expressed as log10 reduction of the 
untreated control. Student’s t-tests and ANOVA one-
way model (MINITAB software release 16; Mintab Inc., 
State College, PA) were used to compare the relationship 
between UV treatments and bacterial inactivation at 
95% level of confidence. Student t-tests were used to 
determine the relationship between the sensitivity of 
biofilms from different strains to PL treatment.

Results
Sessile communities and parasite detection
All bacterial strains under study formed densely 
populated sessile communities on both PVC and 
stainless steel surfaces after 72 hours. Findings 
also demonstrate (data not shown) that with longer 
incubation times, exceeding 72 hours (96 hours), 
there was no increase in cell number of the biofilms 
as detected by plate counts. Following 72 hours, a 
ca. 5 and 6.6 log10 biofilm formed for B. cereus and 
S. typhimurium respectively, and a 6 log10 for E. coli 
and 6.5 log10 for L. monocytogenes on PVC surfaces. 
A similar level of cell density was detected on stainless 
steel surfaces, where a ca. 5 log10 to 6.6 log10 biofilm 
formed for B. cereus, L. monocytogenes, S. typhimurium 
and E. coli. The determination of cell number for 
B. cereus biofilms via PCR was slightly higher than 
the standard cell count method. A Ct value of 18.39, 
corresponding to a cell count of ca. 7 log10 cfu/ml 
(Fig. 1) for both materials was determined by analysis 
of the standard curve. An important fact to note is that 
PCR detects the presence of target DNA, but cannot 
differentiate between live and dead cells. In contrast, 
the standard cell count technique reports viable cell 
numbers only via the enumeration of colonies grown 
on nutrient agar. The lack of an increase in biofilm cell 
density after a 72 hours period suggests the presence 
of a stationary phase or steady state of biofilm growth. 
PCR analyses showed the presence of total cells 
(non-viable and viable) at 72 hours, when viable cell 
counts as determined by the spread plate technique 
are subtracted from this, a value for non-viable cells 

can be determined. In this case a biofilm viable 
cell density of 5 log10 was formed, indicating that 
approximately 2 log10 of non-viable cells were also 
present in the biofilm matrix as detected by PCR. The 
presence of these non-viable cells further confirms that 
incubation for 72 hours provided an optimal period 
of time for biofilm formation, after which cell death 
occurs to some extent. These findings correspond to 
that of Senevirantne et al. (2013), who concluded that 
72 hours was also the optimal incubation time for the 
growth of Enterococcus faecalis biofilms. Therefore, 
the findings of this study suggest that 72 hour duration 
of incubation is sufficient to reproducibly produce a 
robust, densely populated biofilm of B. cereus, E. coli, 
L. monocytogenes and S. typhimurium using a CDC 
reactor. Consequently, 72 hour biofilms were used for 
inactivation studies for all test species.
Both parasites species were detected in the B. cereus 
biofilms at a concentration of between 2 and 3 log10 
for PVC and stainless steel surfaces by PCR (Fig. 2). 
Additionally, PCR proved a more efficient reliable 
method of detecting Cryptosporidium and Giardia than 
the use of specific dyes. Fluorescent dye staining of 
biofilms containing oo/cysts greatly underestimated the 
number of organisms present. A maximal oo/cyst count 
of 10 (+/-2) was measured for C. parvum and 14 for 
G. lamblia (+/-4) via fluorescent staining. Issues arose 
in relation to non-specific binding of dyes to biofilm 
constitutes believed to be EPS components resulting in 
unreliable counting of parasite numbers.
The impact of PL on microbial species was assessed 
for surface treated organisms, organisms in suspension 
and sessile communities. All test strains proved to be 
susceptible to the pulsed light treatment, albeit with 
varying levels of sensitivity as shown in (Figs. 3 and 4) 
E. coli showed the greatest level of inactivation on agar 
surfaces (Fig. 3a) with complete inactivation of an initial 
concentration of ca. 9 log10 with as little as 5 μJ/cm2 of 
pulsed light. The order of decreasing sensitivity for test 

Fig. 1. Linear regression analysis of DNA standard curve as 
determined by real time PCR analysis for planktonic Bacillus 
cereus (log10 cfu/ml) and the parasite species Cryptosporidium 
parvum (log10 oocysts/ml) and Giardia lamblia (log10 cfu/(oo)
cysts per ml) (+/-S.D) using species specific primers.
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strains was E. coli, L. monocytogenes, B. cereus and 
S. typhimurium on surfaces. When treated in suspension 
this sensitivity changed with L. monocytogenes 
showing the highest resistance to PL treatment and 

S. typhimurium showing the greatest sensitivity to pulsed 
light (Fig. 3b) for all treatment doses (p<0.05). Indeed 
a maximal 9.6 log10 inactivation of S. typhimurium was 
achieved with 5.39 μJ/cm2 compared to a 2.73 log10 for 
L. monocytogenes. This same dose resulted in a 3.45 and 
5.38 log10 inactivation of B. cereus and E. coli respectively, 
highlighting the significant difference in susceptibility 
to pulsed light. These findings are in conjunction with 
Cheigh et al. (2012) where E. coli also proved more 
sensitive to PL than L. monocytogenes when treated in 
suspension. High levels of biofilm inactivation were 
also achieved for all test strains present on both surface 
materials (Fig. 4). For the Gram negative species E. coli 
and S. typhimurium a 4.04 and 5.11 log10 reduction in 
viable cell counts was obtained on PVC surfaces with 
5.39 μJ/cm2 (Fig. 4a). This same dose resulted in a 
significantly (p<0.05) greater level of inactivation of the 
same species on stainless steel surfaces, with a maximal 
4.2 and 6.6 log10 reduction obtained for E. coli and 
S. typhimurium respectively (Fig. 4b). Both Gram positive 
species tested showed increased sensitivity on stainless 
steel surfaces compared to PVC. A dose of 5.39 μJ/cm2 
resulted in a 3.23 and a 4.34 log10 inactivation on PVC 
and 5.95 and 4.6 log10 inactivation on stainless steel 
for B. cereus and L. monocytogenes respectively. A PL 
dose of 7.56 μJ/cm2 resulted in complete inactivation of 
L. monocytogenes and S. typhimurium of ca. 6.51 log10 
(Fig. 4a) on PVC surfaces.

Fig. 2. Real time PCR Ct value (column graph) for microbial 
test species and corresponding cell count in log10 cfu/(oo)cysts 
per ml (Δ) as determined by using the equation of the line of 
the standard curves, results show both parasite test species as 
detected in B. cereus biofilms on (a) PVC and (b) stainless 
steel surfaces (+/- S.D).

b

a

Fig. 3. Pulsed light inactivation of a range of Gram negative 
and Gram positive test species on (a) agar surfaces and (b) in 
suspension (+/- S.D).

b

a

Fig. 4. Pulsed light inactivation of bacterial biofilms of 
varying test species on (a) PVC surfaces and (b) stainless 
steel surfaces (+/- S.D).

b

a
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Discussion
The change from a planktonic free floating cell to 
that of a biofilm sessile cell induces physiological 
changes in bacteria, occurring via a series of gene 
expression alterations including gene repression and 
induction (Donlan and Costerton, 2002). It is the 
induction of genes, relating to antibiotic resistance 
that leads to the increased pathogenicity of sessile 
bacteria over their planktonic counterparts (O’Leary 
et al., 2015). Consequently, this causes the increased 
resistance to antibiotics and disinfectants such as 
chlorine commonly observed with these complex 
structures (Aguilar-Romero et al., 2010). For this 
reason, it is of the upmost importance to establish 
alternative ways of eradicating these problematic 
often pathogenic structures from veterinary surfaces. 
The pulsed light system used in this study proved 
successful at disinfecting densely populated biofilms of 
veterinary relevant microorganisms. Indeed, complete 
inactivation of a 6.5 log10 biofilm of L. monocytogenes 
and S. typhimurium was achieved with 7.56 μJ/cm2. 
However, there was a significant difference (p<0.05) in 
the susceptibility of biofilm communities on PVC and 
stainless steel surfaces. S. typhimurium and B. cereus 
proved more sensitive to pulsed light inactivation on 
stainless steel surfaces compared to PVC. Stainless 
steel is the predominant material used in veterinary 
practices as clinical surfaces and animal housing due 
to their easy to clean nature. Consequently, the higher 
susceptibility of microbial biofilms on stainless steel 
surfaces further establishes this materials benefit for 
use in such environments.
Traditionally, the sensitivity of planktonic cells to 
disinfection has been used as an indication of biofilm 
sensitivity and resistance (Buckingham-Meyer et al., 
2007). However, disinfection studies such as those 
described herein based on actual biofilm communities 
is much more representative of the environmental 
situation. Additionally, high levels of planktonic cell 
inactivation (4 – 9 log10 cfu/ml) were also achieved 
following pulsed UV exposure for both surface treated 
and microbial suspensions. Therefore, pulsed light as a 
disinfectant has the ability to reduce biofilm formation 
at the planktonic stage of attachment, which can be 
assisted by choosing surface materials that are more 
readily disinfected by this approach such as stainless 
steel.
The findings of this study confirm that both parasite 
species studied can quickly attach or become entrapped 
in bacterial biofilms. This is in keeping with the findings 
of recently published literate outlining the presence of 
parasite species in biofilm structures (DiCesare et al., 
2012; Koh et al., 2013). The findings of Koh et al. 
(2013) conclude that biofilm communities accumulate 
Cryptosporidium species over time as determined by 
qPCR detection. The detection of these pathogens 

within biofilm structures has important public health 
implications in relation to animal and human exposure. 
The infectious dose for Cryptosporidium has been 
established to be less than 20 oocysts (Zambriski et al., 
2013) with prolonged infection occurring with little 
success following medical intervention. The robust, 
chemical disinfection resistant nature of biofilms and 
these parasites increases the probability that the survival 
and detachment of biofilm-associated viable parasites 
may occur at concentrations exceeding that required 
for infection. This possibility needs to be considered in 
risk assessments relating to the cleaning of veterinary 
environments particularly where animals are housed.
Previous studies by this research group reported a 
ca. 5 log10 inactivation of Cryptosporidium parvum 
(Garvey et al., 2013) and ca. 1 log10 inactivation 
of Giardia lamblia (Garvey et al., 2014b) with a PL 
dose of 7.38 μJ/cm2. Nevertheless, further studies 
are warranted to determine the exact dose required to 
inactivate parasites within biofilm matrixes, which 
will undoubtedly shield parasites to some extent. 
However, issues are expected to arise in relation to 
viability determination post treatment and cell culture 
infectivity. Specifically, issues relating to the sterility 
of the parasites following extraction from biofilms 
and subsequent exposure to mammalian cell lines. 
Nonetheless, PL shows potential for use as a disinfectant 
for veterinary environments given its highly effective 
bacteriostatic properties towards bacterial biofilms and 
parasite species. Regardless of microbial exposure to 
PL in suspension or on surfaces findings demonstrate 
that cell inactivation increased significantly (p<0.05) 
with increasing UV dose or treatment time.
In conclusion, the findings reported here contribute to 
existing literature in many ways:
Firstly, all veterinary relevant strains produced densely 
populated biofilms structures on both surface materials 
used.
Secondly, PL repeatedly inactivated the range of test 
species on surfaces and in suspension. Additionally, it 
provided high levels of biofilm inactivation on PVC 
and stainless steel surfaces.
Thirdly, a real time PCR assay proved successful for 
determining the level of C. parvum and G. lamblia 
present in the biofilms of B. cereus where fluorescent 
staining greatly underestimated the numbers present.
Finally, pulsed light doses (7.38 μJ/cm2) which have 
been previously shown to inactivate both parasite 
species (Cryptosporidium and Giardia), have also 
provided complete inactivation of all biofilms tested.
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Efficacy of measuring cellular ATP levels to determine the

inactivation of pulsed UV treated Cryptosporidium parvum

oocysts suspended in water

Mary Garvey, Jennifer Hayes, Eoghan Clifford, Dominik Kirf

and Neil Rowan

ABSTRACT

This constitutes the first study to report on the use of a novel approach to determine inactivation in

PUV-irradiated Cryptosporidium parvum oocysts suspended in water based on the measurement of

cellular adenosine triphosphate (ATP) concentration. This study also compares the efficiency of a

novel ATP assay to that of using the combined in vitro HCT-8 cell culture – quantitative polymerase

chain reaction (qPCR) method for determining the inactivation in the waterborne pathogen C. parvum

after exposure to pulsed UV (PUV) treatments. Findings were compared with using the combined cell

culture-qPCR approach for determining oocyst viability in similarly treated samples. PUV effectively

killed C. parvum with a 5.4 log10 loss in oocyst viability after exposure to a UV dose of 8.5 μJ/cm2 as

determined by the in vitro cell culture – qPCR assay. The ATP assay was shown to be significantly less

effective in measuring loss of oocyst viability in similarly PUV-irradiated samples for all combination

of treatment regimes studied. Measurement of cellular ATP is not suitable as an indicator of the

disinfection efficiency of PUV-irradiated C. parvum oocysts. The levels of ATP present post PUV-

irradiated samples suggests that significant cellular activity remained in treated oocysts that are

unable to invade human HCT-8 cells. However, further studies are merited to investigate factors that

might aid repair post PUV treatments in this water-borne human parasite. Use of this ATP assay

offers an interesting insight into loss of infectivity in PUV-treated C. parvum. This rapid assay does

not appear suitable for investigating or optimizing treatment efficiency under varying operational

settings as it detects PUV-treated oocysts at levels significantly higher compared with using the in

vitro cell culture-qPCR infectivity assay. Overestimation of survivors by the ATP assay may suggest

that a sub-population of C. parvum oocysts may exist in a viable but non-infectious state or may

require a period of resuscitation to facilitate photo-repair (if possible) that may lead to regained ability

to infective human hosts.
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INTRODUCTION

Cryptosporidium is a coccidian parasite that is now a well-

recognized cause of diarrhoea in immunocompetent and

immunocompromised humans (Fayer et al. ). Also

Cryptosporidium species have been known to cause serious

disease conditions on numerous occasions resulting from

the consumption of contaminated drinking water

(MacKenzie et al. ). It has been documented that Cryp-

tosporidium parvum represents a threat to public health in

the water industry due to the very low infection dose of

oocysts and its resistance to standard drinking water treat-

ment methods (Hijjawi ; Lee et al. ). Studies of

water sources in the UK and US have found that oocysts
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commonly occurred in all types of surface water with den-

sities as low as 2.5 oocysts/L (Gray ). Also it is known

that low levels of C. parvum are required for host infectivity

(DuPont et al. ). If the water industry is to make accu-

rate assessments of the risk to public health posed by

waterborne Cryptosporidium it must be able to determine

not just their presence and viability but also whether the

oocysts are capable of causing infection. Viability and infec-

tivity assays will also provide the water industry with a tool

to measure the efficiency of disinfection protocols (Rochelle

et al. ). Therefore, it is essential to develop such methods

that will contribute to the elimination of this parasite from

drinking water supplies.

Use of conventional low pressure (LP) UV light has been

found to be effective at inactivating a range of problematic

organisms including Cryptosporidium oocysts but suffers

from operational limitations (Rochelle et al. ). Other

novel approaches of UV-irradiation have been developed in

recent times such as medium-pressure (MP) and pulsed UV

(PUV; Hijnen et al. ). Optimization of these emerging

approaches has been affected by the lack of availability of

simple rapid methods to detect and enumerate viability of

C. parvum post UV treatments, which is currently limited to

complex in vitro cell culture combined with and real-time

quantitative polymerase chain reaction (RT-qPCR) (Keegan

et al. ; Garvey et al. ). Measurement of oocyst death

and associated loss of parasitic infectivity in host tissues is

important when investigating the efficiency of traditional and

new processes for killing Cryptosporidium. Therefore, estab-

lishing whether or not treated oocysts in water are viable

post-treatments governs decontamination efficiency. Previous

studies have reported on the use of range ofmethods including

immunofluorescence microscopy and colorimetric endpoints

for detecting Cryptosporidium (Fontaine & Guilot ) how-

ever, these sophisticated non-viability approaches are time-

consuming and require use of highly specialist equipment

and technique. An animal model using infectivity in mice

was developed and considered the gold standard for assessing

oocyst viability post decontamination but this approach is also

cumbersome and raises significant ethical concerns (Karanis

& Aldeyarbi ). Therefore, this study explored ways in

which to repeatedly and accurately determine oocyst viability

following exposure to PUV (Figure 1). One alternative or com-

plimentary candidate method is the measurement of cellular

adenosine triphosphate (ATP) levels as all living cells contain

ATP, which is the basic unit of energy currency in viable cells.

ATP is not present in non-viable cells, as it is degraded after

death. ATP has been used as an indicator of viability of micro-

organisms including Cryptosporidium (Holm-Hansen &

Booth ; Patterson et al. ; Weddle & Jenkins ;

King et al. ). ATP measurement is a likely candidate

method for rapidly determining the viability or activity of this

parasite pre- and post-disinfection particularly as oocyst excys-

tation requires the generation and use of ATP. Indeed, King

et al. () reported previously that the quantification of

oocyst ATP levels can provide a simple and rapid method to

estimate oocyst inactivation post heat treatment. Also,

Somiya et al. () concluded that the ATP assay is superior

to in vitro excystation and 40,6-diamidino-2-phenylindole/

propidium iodide (DAPI/PI) permeability assays because of

its rapid and simple procedure. Based on the aforementioned,

the aimof this studywas to assess the potential of anATPassay

to detect the concentration of ATP in treated and untreated C.

parvum oocysts, in order to determine loss in viability follow-

ing exposure to PUV irradiation. Use of the ATP

measurement may alleviate the strong dependency of complex

in vitro cell culture and ormice infectivity studies for determin-

ing PUV disinfection efficiency. Disinfection levels as

determined via ATP measurement pre- and post-UV exposure

were also comparedwith the combined in vitroHCT-8 cell cul-

ture qPCR assaywhichwas shown previously to correlatewith

the gold standard mouse infectivity model (Garvey et al. ).

MATERIALS AND METHODS

Preparation viability staining of C. parvum oocysts

C. parvum oocysts (Iowa isolate derived from a bovine calf)

were purchased from Waterborne Inc., USA. Oocysts were

stored in sterile PBS (0.01 M phosphate buffer, containing

0.0027 M KCL and 0.137 MNaCl at a pH of 7.4) with

100 U of penicillin/ml, 100 μg of streptomycin/ml and

100 μg of gentamicin/ml and stored at 4 WC until they were

used for UV treatment studies. Use of a combined surrogate

dye staining method comprising PI and a fluorescein-

labelled mouse-derived monoclonal antibody A400FLR-1X

Crypt-a-Glo™ (having corresponding epitopeon oocyst cell
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wall; Waterborne Inc., New Orleans, USA) was used to con-

firm the viability of oocysts. The excystation rate was

determined for each batch of oocysts by microscopic obser-

vation following sequential incubation at 37 WC in acidified

Hanks’ balanced salt solution (HBSS) for 1 h and in 0.8%

trypsin–0.75% sodium taurocholate for 1 h, followed by

incubation at room temperature for 30 min as described

elsewhere (Rochelle et al. ). For negative infection

studies, oocysts were inactivated by heating at 70 WC for

30 min. All experiments were carried out using oocysts

with greater than 80% viability, as determined by in vitro

excystation as per Korich et al. ().

Enumeration and viability of C. parvum oocysts

Standard counts were determined for all oocyst stocks.

Viable oocysts were enumerated by serial dilution in phos-

phate buffered saline (PBS) containing the aforementioned

antibiotics using both fluorescence microscopy (confocal

microscopy, Leica DM 600 CS, Germany), and real-time

qPCR post infection in HCT-8 cell line as per method of

Garvey et al. (). Oocyst suspensions at different popu-

lation sizes were initially centrifuged at 3,000 rpm for

15 min at 4 WC, then re-suspended in acidified HBSS pH

2.7 for 1 h at 37 WC before filtration onto polycarbonate

black 0.8 μm pore-size membrane filters (Fischer Scientific)

using a filter system (Millipore) at a vacuum pressure of

200 mbar (1 bar¼ 105 Pa). Ten microlitres of PI (Sigma),

prepared by dissolving 1 mg of PI in 1 ml of 0.1 M sterile

PBS, and one drop (circa 45 μl) of A400FLR-1X Crypta-

Glo™ were then applied to oocysts on the membrane and

incubated for 2 h at room temperature in the dark. The

membranes were mounted on glass microscope slides with

4 μl mounting medium (glycerol [non-photoreactive], 2 ml;

100 mg of DABCO {1,4-diazabiccyclo[2,2,2] octane} per ml

of double distilled water, 2.4 ml; 0.1 ml Tris buffer, 4.8 ml,

formalin 0.5 ml; and 5 MNaCl, 0.5 ml) and sealed with cov-

erslips and clear nail varnish. Non-viable oocysts stained

bright red due to uptake of PI when viewed at an excitation

wavelength of 460–500 nm and an emission spectrum of

510–560 nm. Whereas all viable and non-viable oocysts

stained apple-green when stained with A400 FlR-1X at an

excitation wavelength of 460–500 nm and an emission wave-

length of 510–560 nm. Entire membranes were scanned and

all oocysts suspensions were counted by fluorescence

microscopy. All counts were determined in triplicate.

Pulsing of C. parvum samples with UV rich light

A bench-top pulsed power source (PUV-1, Samtech Ltd,

Glasgow) was used to power a LP (60 kPa) xenon-filled

flashlamp (Heraeus Noblelight XAP type NL4006 series

constructed from a clear UV transparent quartz tube), that

produced a high-intensity diverging beam of polychromatic

pulsed light, was used in this study as per Garvey et al.

(). The pulsed light has a broadband emission spectrum

extending from the UV to the infrared region with a rich UV

content and its intensity also depends on the level of the

Figure 1 | The spectrum emitted by the PUV system at a discharge of 20 and 16.2 J per pulse with rich output in the UVC region showing three peaks at 229, 247 and 260 nm.
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voltage applied (Figure 1). The light source has an automatic

frequency control function that allows it to operate at

1 pulse per second (pps) that was used throughout this

study. Light exposure was homogenous as the xenon lamp

measuring 9 × 0.75 cm was longer than the 8.5 cm standard

diameter. Petri dishes used in the tests which were placed

directly below the lamp, which ensured that full coverage

of the agar surface occurred and eliminated possible shading

effects. For standard treatments (unless otherwise noted),

the light source was mounted at 8 cm above the treatment

area, as this distance was shown previously to be optimal

for inactivation of C. parvum (Garvey et al. ). In this

study, standard treatments involved suspending predeter-

mined numbers of C. parvum in 10 ml of PBS that were

transferred to Petri dishes that was then subjected to lamp

discharge energies of 16.2 J, and 20 J at 8 cm distance from

the light source up to and including a fluence of 25.92 and

34 μJ/cm2 at a rate of 1 per second respectively. Heating

of the oocyst suspensions was measured using a thermo-

couple and by thermal imaging (IRI 4010, InfraRed

Integrated Systems Ltd, Northampton, UK) as per modified

method of Nugent & Higginbotham (). There was no

discernable increase in water temperature during each treat-

ment. All studies were run in triplicate.

ATP assay

The ATP Biomass Kit HS (BioThema, Luminescent Assays,

Handen, Sweden) was used to detect and quantify ATP in

PUV treated and untreated controls following a method of

King et al. () with modifications. This assay is based on

the principle of luminescence utilizing the firefly luciferin-

luciferase which is known to be highly specific (Somiya

et al. ). A standard curve of ATP concentration vs.

oocysts concentration was prepared by serial dilution of

circa. 107 oocysts/ml through to 101 oocysts/ml in sterile

PBS. Final 1 ml volumes of oocyst dilutions were centrifuged

at 3,000 rpm for 15 min in a microcentrifuge (Microcentri-

fuge, MSE Sanyo, Micro Centaur), subsequently the

supernatant was removed by careful pipetting and the pellet

resuspended in 1 ml of acidified HBSS (pH 2.7). The samples

were vortexed for 10 s to disperse the oocyst pellet and a cell

count performed using a haemocytometer to ensure that the

serial dilutions produced the correct quantity of oocysts per

ml. All samples were incubated at 37 WC for 1 h to allow excys-

tation to occur. After incubation, samples were again

centrifuged at 3,000 rpm for 15 min, the supernatant was

removed and oocysts resuspended in 100 μl of sterile MilliQ

water. One hundred microlitres of extractant B/S (ATP Bio-

mass Kit) was added to each sample and vortexed for 10 s,

subsequently samples were sonicated (5510 Branson Sonica-

tor) for varying times (30, 60, and 90 s) to determine optimal

conditions for ATP extraction (Somiya et al. ). Following

sonication, the ATP assay was conducted as per themanufac-

turer’s instructions with some minor alterations. Specifically,

40 μl of the oocyst extractant solution was removed from the

sample container and added to onewell of the 96well plate in

triplicate, 160 μl of reconstituted ATP Reagent HSwas added

to each well containing oocyst samples. The light emission

produced by the addition of theATP reagent to eachwell con-

taining C. parvum ATP was immediately measured using a

luminometer (Wallac Victor™, 1420 Multilabel counter).

Once the reading was obtained (Ismp1) the light emission

was again read after 5 s (Ismp2) and 10 μl of the 100 nmol/L

ATP standard (supplied with kit) was added to each well

and the light emissionmeasured (Ismpþstd) after mixing. In tri-

plicate a blank was also run containing only the medium in

which the oocysts were suspended, i.e. MilliQ water, the pur-

pose of this was to ensure no external ATP was present in the

medium. All ATP studies were conducted in the dark using

black 96 well plates as luciferin is rapidly degraded by

bright light.

Once the assay was complete the amount of ATP (pmol)

per sample was calculated using the equation:

ATPsample ¼ Ismp1= Ismpþstd � Ismp2
� �

Pulsed UV inactivation studies were then conducted by

treating 1 ml samples containing circa. 106 oocysts/ml with

a range of pulses at 16.2 and 20 J respectively (correspond-

ing UV doses shown in Tables 1 and 2). After treatment

oocyst samples were assayed for ATP content as per the

method described above. The amount of ATP (pmol) present

after PUV inactivation was used to determine the reduction

in oocyst viability post UV exposure by linear regression

analysis utilizing the standard curve obtained by measuring

ATP (pmol) concentration per oocyst concentration. All

studies were conducted in triplicate.
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In vitro cell culture infectivity

Cell culture infectivity was confirmed by immunofluores-

cent staining of treated HCT-8 cell monolayers following

exposure to viable oocysts. Monolayers of the human

ileocecal adenocarcinoma cell line HCT-8 (ATCC CCL-

244: American Type Culture Collection, Rockville, MD)

were grown with regular subculturing in RPMI 1640

growth media with L-glutamine and supplemented anti-

biotics (penicillin G, 100,000 U/L, streptomycin, 0.5 g/L

and amphotericin B, 0.5 g/L), sodium bicarbonate, 2 g/L,

and 10% foetal calf serum adjusted to pH7.4. HCT-8 cells

were grown in T75 cm�2 cell culture flasks in a humidified

incubator at 37 WC in an atmosphere containing 5% (vol/

vol) CO2 for circa 24 h until 80–90% confluent monolayers

had formed. Cell monolayers were then detached with

0.25% (vol/vol) trypsin–EDTA and subsequently seeded

into each of eight well chambered slides (Lab Tec II,

Nunc) at a concentration circa 1 × 105 cells per well.

After UV or heat treatments, the oocysts were stimulated

by re-suspension in acidified HBSS (pH 2.7) and then in

1.0% (wt/vol) bile salts (pH 7) for 1 h at 37 WC. After two

washing steps with sterile PBS, oocysts were re-suspended

in cell culture media and thereafter 350 μl aliquots were

then added to each well. Untreated oocysts were also

stimulated to infect the cell monolayer as described above

and provided a positive control. Duplicate sample of

oocysts was heat treated at 70 WC for 30 min and this prep-

aration was used as a negative control as per Rochelle et al.

(). Samples were incubated for up to 48 h at 37 WC in

5% (vol/vol) CO2 atmosphere, to determine optimal con-

ditions for cell infectivity. At set times each individual

well containing a separate monolayer was fixed by flooding

with 100% (vol/vol) methanol (Sigma) which was sub-

sequently left to stand for 10 min at room temperature.

After removal of methanol, 75 μl of the fluorescein stain

Sporo Glo™A600FLR-20X (Waterborne Inc., UK) was

added to each well for 45 min (at 37 WC), which detects

different life cycle stages of Cryptosporidium in vitro. The

inoculated HCT-8 cell monolayers were then counter-

stained for 1 min with C101 containing Evans blue dye

(Waterborne Inc., USA). All slides were examined under

fluorescence microscopy (Leitz Diaplan fluorescence

microscope) at an excitation wavelength of 460–500 nm

and an emission wavelength of 510–560 nm for Sporo-

Glo™ and an excitation wavelength of 550 nm and emis-

sions wavelength of 610 nm for the counterstain C101.

All wells containing separate monolayers was examined

and noted as positive or negative for sites of parasitic

Table 2 | Log10 reduction in C. parvum viability following exposure to pulses of UV light at

varying at UV dose at 20.0 J as detected by a cell culture RT-PCR assay and ATP

assay. Results are a mean of 3 replicates (þS.D.)

20 J UV dose

Log10 reduction in viability

No. of pulses μJ/cm2 CC-RT-PCR ATP assay

0 0 0 0

10 1.42 1.2± 0.1 0

30 4.26 1.9± 0.3 0

40 5.68 3.6± 0.3 1

60 8.52 5.6± 0.1 1.1± 0.2

90 12.78 –a 1.3± 0.1

120 17.04 – 1.5± 0.1

150 21.3 – 2.3± 0.2

180 25.5 – 2.5± 0.1

210 29.8 – 2.9± 0.3

240 34 – 3.8± 0.1

aNo detectable target gene present.

Table 1 | Log10 reduction in C. parvum viability following exposure to pulses of UV light at

varying at UV dose at 16.2 J as detected by a cell culture RT-PCR assay and ATP

assay. Results are a mean of 3 replicates (þS.D.)

16.2 J UV dose

Log10 reduction in viability

No. of pulses μJ/cm2 CC-RT-PCR ATP assay

0 0 0 0

10 1.08 0.4± 0.1 0

30 3.24 1.2± 0.1 0

40 4.32 2.5± 0.2 0.9± 0.1

60 6.48 4.6± 0.1 1± 0.1

90 9.72 5.4± 0.1 1± 0.2

120 12.9 –a 1.3± 0.1

150 16.2 – 1.4± 0.1

180 19.44 – 1.6± 0.2

210 22.6 – 1.8± 0.2

240 25.92 – 3± 0.1

aNo detectable target gene present.
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infection or foci of infection. Images of C. parvum life cycle

stages were captured using a camera (Hamamatsu Colour

Chilled 3cco camera) mounted on the aforementioned flu-

orescence microscope. All studies were performed in

triplicate.

Combined cell culture-quantitative PCR (CC qPCR) assay

for enumerating viable C. parvum post treatments

Real-time, TaqMan-quantitative PCR (qPCR) was per-

formed using primers (TIB MOLBIOL, Berlin, Germany)

specific for the 18S region of Cryptosporidium following

the method of Keegan et al. () with some slight modifi-

cations. Real-time PCR reactions are characterized by an

increase in fluorescence emission due to probe degradation

by DNA polymerase in each elongation step during PCR

cycling. The higher the starting copy number of the nucleic

acid target, the earlier the fluorescence will reach the prede-

termined threshold and the smaller will be Ct. The

threshold cycle (CT) is the fractional PCR cycle number at

which a significant increase in target signal fluorescence

above the baseline is first detected for a sample. Quantifi-

cation of test samples is performed by determining the Ct

value and the use of a standard curve to deduce the starting

copy number. The sequence of the TaqMan probe was

based on the conserved eukaryotic probe of Amman et al.

() with the following sequence: 5-0-(6-FAM) ACC

AGA CTT GCC CTC C (TAMRA). An aliquot (4 μl) of the

Lightcycler TaqMan® Master kit (Roche Diagnostics,

West Sussex, UK) comprising Taq DNA polymerase, reac-

tion buffer, MgCl2 and dNTP was used in each reaction.

Cycling parameters were initial denaturation for 10 min at

95 WC followed by 50 cycles of denaturation for 10 s

at 95 WC, annealing for 40 s at 40 WC, extension for 1 s at

70 WC and cooling for 30 s at 40 WC on a LightCycler®

device (Model 1.5, Roche Diagnostics, West Sussex, UK).

The large number of cycles was used to ensure detection

of low levels of infection. On completion of each RT-PCR

run amplification curves were analysed by LightCycler®

software (version 3.5, Roche) and a standard curve of

oocyst DNA concentration determined. When required,

PCR amplicons were visualized by UV illumination follow-

ing electrophoresis in 1% agarose gels containing ethidium

bromide. DNA standards were prepared from fresh oocysts

ranging in concentration from 10 to 107 oocysts/ml by

dilution in PBS following standard viable count determi-

nations. Aliquots of oocysts at different densities were

then stimulated to infect the HCT-8 cell line that were

seeded into 24 well plates at a concentration of circa

1 × 104 cells/ml at 90% confluency. The latter cell line

stimulation occurred by resuspension and separate incu-

bations for 1 h in acidified HBSS and in bile salts as

described earlier. One millilitre aliquots of each concen-

tration range of excysted oocysts were re-suspended in

Figure 2 | Standard curve for C. parvum oocyst number vs. ATP concentration (pmol).
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RPMI cell culture growth media and added to one well of

the 24 well plate. Following 48 h incubation at 37 WC in a

humidified atmosphere of 5% (vol/vol) CO2, the cell culture

media with non-adherent or internalized C. parvum was

removed by aspiration and discarded. Mammalian cells

were then washed with sterile PBS and trypsinized using

200 μl of 0.25% (vol/vol) trypsin/EDTA (Sigma) and left

for 15 min at 37 WC until complete detachment of the mono-

layer had occurred. Cells were then centrifuged at

1,000 rpm for 10 min and re-suspended in 200 μl sterile

PBS, thereafter the mammalian cells and C. parvum sporo-

zoite cell membranes were lysed using PCR template

preparation kit (Roche Diagnostics, West Sussex, UK) in

order to produce DNA (template) and standard curve

(Figure 3). The aforementioned procedure was then

repeated to determine infectivity of oocysts subjected to

varying UV parameters or heating at 70 WC for 30 min (nega-

tive control). Log inactivation of oocysts (L) is defined by

L¼ log10[Nd/N0], where N0 is the initial concentration of

oocysts and Nd is the concentration of viable infectious

oocysts post disinfection treatments as detected by

combined cell culture-qPCR assay as per method of Lee

et al. ().

Statistical analysis

Student’s t-tests and ANOVA one-way model (MINITAB

software release 13; Mintab Inc., State College, PA) were

used to compare the effects of the relationship of indepen-

dent variables on light treatments.

RESULTS AND DISCUSSION

Determination of rate of PUV inactivation of C. parvum

using a combined cell culture real-time PCR in vitro

assay

A standard curve of C. parvum oocyst number and corre-

sponding DNA amplification was generated by using a

combined cell culture (CC) – qRT-PCR procedure by inoculat-

ing HCT-8 monolayers with different concentrations of C.

parvum oocysts (Figure 3). Based on the number of oocysts

added to each PCR reaction for the DNA standards, relative

quantification of infectious oocysts was performed for esti-

mating log inactivation of oocysts during treatment

processes. The uninfected HCT-8 cell extract failed to pro-

duce a detectable signal in the PCR, indicating no

amplification of the host cell DNA with the 18S primers

(data not shown). Following UV treatments, the Ct values

obtained for PUV-treated oocysts were higher compared

with the untreated control suggesting that there was a

decrease in the number of viable oocysts present after UV

treatment (Table 1). Using the 16.2 J per pulse setting

(Table 1), a 1.2 log10 reduction in viability or infectivity was

obtained post PUV-irradiation with a UV dose of 3.24 μJ/

cm2 while a maximal 5.4 log10 reduction in oocysts infectivity

was achieved using the higher UV dose of 9.72 μJ/cm2

(Figure 4). At the higher discharge voltage of 1,000 V (or

20 J per pulse) (Table 2), a 1.2 log10 reduction in oocyst infec-

tivity was achieved using a significantly lower UV dose

(1.42 μJ/cm2) and a maximal 5.6 log10 loss in oocyst infectiv-

ity occurred after exposure to a UV dose of 8.52 μJ/cm2. At

UV doses 8.52 μJ/cm2, no C. parvum DNA was detected in

the host cell monolayer via the combined CC-qPCR com-

pared with untreated controls (Figure 4) suggesting that

once complete oocyst inactivation was achieved no cell infec-

tivity occurred resulting in an absence of target DNA for

amplification. Mofidi et al. () also used HCT-8 cell cul-

tures and real-time PCR assay to evaluate the efficiency of

UV light as a disinfectant against C. parvum and demon-

strated an average level of inactivation of 94% (1.2 log10)

using a similar polychromatic UV system that emitted a UV

dose of 4 mJ/cm. Therefore, pulsed UV light successfully

inactivated C. parvum oocysts as determined via the cell
Figure 3 | Standard curve for C. parvum oocyst concentration versus Ct value obtained

by real-time PCR utilizing a cell culture based assay (þ/� S.D.).
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culture qPCR assay, For this PCR assay, the limit of detec-

tion was found to be 10 oocysts per monolayer. The log

inactivation rate for each type of UV treatment was deter-

mined using the equation previously described (Garvey et al.

). The results demonstrate that the assay was highly repro-

ducible, evident by the linear standard curve obtained for

serial dilution of the stock culture (Figure 3). The HCT-8 cell

line failed to produce a detectable signal in the PCR, indicating

no amplification of host cell DNA with the 18S primers. Also

heat inactivated oocysts included as the experimental negative

controls were not detected indicating successful removal of

oocysts that had not undergone excystation. To date most pub-

lished data on inactivating C. parvum is using LP and MP UV

light sources, Craik et al. (), Keegan et al. () andMofidi

et al. () reported that a UV doses of 6, 5.8 and 10 mJ/cm2

respectively provided an average 2 log10 loss of viability of C.

parvum (Lee et al. ). The results of this study indicate

that with a pulsed UV approach, similar levels of inactivation

occur with a greatly reduced appliedUVdose, e.g. 1.42 μJ/cm2

gave a 1.2 log10 loss in viability following a 10 s exposure at

20 J per pulse.

Previous studies conducted comparing in vitro cell cul-

ture alone or combined cell culture-qPCR to that of

measuring infectivity in live severe combined immunodefi-

ciency (SCID) mice found good correlation between PUV

inactivation as determined by both these methods (Rochelle

et al. ; Garvey et al. ). Such studies further support

the findings of this research and confirm the disinfection

potential of PUV for C. parvum and suggest that the optimal

method to determine infectivity post treatment is the use of a

cell culture based qPCR method. Studies conducted by Fon-

taine and Guillot () to assess the sensitivity of RT-PCR,

for viability of C. parvum oocysts also found a similar detec-

tion limit to that of this study. Also studies conducted by

Keegan et al. () observed a detection limit of 10 oocysts

per inoculated monolayer using a cell culture qPCR assay,

confirming that this assay allows for effective quantification

of infection by direct comparison of disinfected and untreated

oocysts in cell culture. Therefore, the findings of this study

demonstrate that cell culture combined with qPCR allows

determination of the inactivation of C. parvum oocysts

using UV light. These findings are consistent with the findings

of Lee et al. () and demonstrate that qPCR combined

with in vitro cell culture is a valuable tool for evaluating dis-

infection systems for drinking water treatment. While this

complex approach is widely accepted as an effective and

reliable method for determining inactivation of C. parvum

oocysts, its usage is restricted to specialist-equipped labora-

tories operated by highly-trained technicians. Therefore, it is

important to assess alternative methods for oocyst inacti-

vation studies.

ATP measurement for viability assessment

Adenosine-50-triphosphate (ATP) is a multifunctional

nucleotide that acts as a coenzyme and an energy source

Figure 4 | Reduction in C. parvum oocyst viability at 16.2 and 20 J by pulsed UV light at a distance of 8 cm from the light source (þ/� SD) as detected by cell culture RT-PCR.

209 M. Garvey et al. | Measurement of cellular ATP in PUV-irradiated C. parvum Water Science & Technology: Water Supply | 13.2 | 2013

244



which is consumed by many enzymes in a multitude of cel-

lular processes. A linear relationship was observed between

ATP (pmol) extracted by the method of excystation and soni-

cation and oocyst number over the range of 10,000,000–10

oocysts (Figure 2). These findings correspond to that of

Somiya et al. () where the ATP sonication procedure

used had a linear relationship to that of the DAPI/PI per-

meability assay for oocyst viability. Tables 1 and 2 show

the relationship between UV dose for PUV-treated samples

and associated reduction inactivation rates of treated

oocysts. As evident from Table 2 and Figure 5, a maximal

3.8 log inactivation rate was achieved using 34 μJ/cm2 at

20 J (Figure 5) whereas a maximal 3 log reduction in simi-

larly prepared samples was achieved using a UV dose of

25.92 μJ/cm2 at 16.2 J per pulse (Table 1). The general

trend emerged where the ATP assay significantly overesti-

mated survivors compared with using the combined in

vitro cell culture qPCR infectivity assay. In addition, it

took circa seven times more UV dose to register a 3 log

reduction in oocyst cell infectivity as detected using the

ATP assay compared with using the more sensitive cell cul-

ture-qPCR method.

Studies conducted previously by Somiya et al. ()

found that ATP assays also overestimated oocyst viability

compared with SCIDmouse infectivity models following dis-

infection with ozone. As with the findings of King et al.

(), the level of sensitivity for the detection of C. parvum

via measurement of ATP was found to be circa 500 oocysts.

The lower level of sensitivity for this test meant that the inac-

tivation data were grossly underestimated. This suggests that

the level of ATP degradation within UV treated oocyst does

not occur rapidly enough to be used as a viability endpoint

post UV treatment. The findings of King et al. () suggest

that measurement of ATP levels can allow for the assessment

of oocyst inactivation following heat treatment of C. parvum.

These studies reported a decline in oocyst infectivity of HCT-

8 cells with a corresponding decline in oocysts ATP levels.

King et al. () concluded that the quantification of

oocyst ATP levels could provide a simple and rapid method

for determining oocyst inactivation rates and suggests that

ATP is utilized by the parasite following changes in environ-

mental temperature and as a result is not available as an

energy source for excystation. However, the mechanisms of

heat inactivation are dissimilar to that of UV light where

the formation of DNA adducts by the latter prevents parasitic

replication. Therefore, the findings of this study suggest that

the measurement of ATP may not be a sufficient method to

determine oocyst inactivation following PUV-irradiation as

determined by comparative cell culture qPCR studies. The

inaccuracy of ATP measurement post UV exposure may be

related to the rate of degradation of ATP in UV-treated organ-

isms. At present there are limited data available on the

cellular activity of UV-treated oocysts, and the fate of such

essential cell components as ATP.

Figure 5 | Reduction in C. parvum oocyst viability 16.2 and 20 J by pulsed UV light at a distance of 8 cm from the light source (þ/� S.D.) as detected by measurement of ATP.
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Due to constant exposure to solar UV, microorgan-

isms have developed mechanisms to repair genetic

damage caused by the absorption of photons of UV

energy. Conventional UV treatment methods largely

affect DNA by means that are reversible under certain

conditions, due to exposure to UV light organisms such

as C. parvum have the ability to conduct DNA repair

(Oguma et al. ). Indeed after treatment with UV

light, C. parvum will have initiated those repair mechan-

ism. The role of ATP within cells is such that it is

essential for all cellular mechanisms. Therefore, the

measurement of ATP levels within PUV treated oocysts

indicates that damaged oocysts may still remain active

but incapable of performing cellular functions such as

invading human cells. Studies by Oei & Ziegler ()

reported that most situations requiring highly efficient

DNA repair are accompanied by a dramatic decrease of

the cellular ATP concentration. This corresponds with

the findings of this study and suggests that the reduction

in ATP levels following high doses of UV (Tables 1 and

2) are due to the energy requiring activity within the

organism such as photo repair as opposed to actual cell

death. Indeed as with the findings of King et al. (),

this may suggest that at higher PUV treatment levels the

ATP is no longer available as an energy source for excys-

tation due to the demand for photo-repair. The findings of

Waldstein et al. () concluded that ATP is required in

vivo for either the incision step of photo-repair or an

enzymatic reaction preceding it in UV treated E. coli.

Studies conducted by Farrell et al. () on the effect of

PUV on yeast concluded that pulsed irradiation inacti-

vates C. albicans through a multi-hit cellular process

that includes inflicting irreversible damage to DNA and

destabilizing the functionality and integrity of plasma

cell membranes. The decrease in available ATP suggests

a secondary method to that of the formation of DNA

adducts for the inactivation of C. parvum with UV light.

Without sufficient energy reserves at the moment of cellu-

lar infectivity sporozoites are unable to initiate infection

and/or reproduction within a host. To date there is no

data on the effect of high doses of pulsed light on the

membrane and internal structures of Cryptosporidium.

The ability to initiate and conduct repair caused to DNA

following UV disinfection is an important aspect to consider

when sterilizing drinking water. The comparative qPCR

assay used for this study show that at lower PUV doses

(<9.72 μJ/cm2) no cell infectivity occurred and that

C. parvum had lost its ability to be infective. The author

believes that the depletion of ATP following high UV

doses (34 μJ/cm2) in this study suggest that research is

needed to determine the potential of Cryptosporidium to

repair any UV-induced genetic damage and to regain infec-

tivity in host cells. These findings have significant

implications for PL-technology development, in particular

for surface and water decontamination applications.

CONCLUSIONS

• Using an ATP assay, it was possible to measure the intra-

cellular ATP content of viable oocysts where a linear

relationship between oocyst number and ATP content

was determined. However, the findings of this study

demonstrated that the measurement of intracellular

ATP is not suitable for the determination of PUV disinfec-

tion of C. parvum oocysts.

• The level of ATP reduction in PUV-treated oocysts did

not correspond to loss of oocyst infectivity as detected

by the in vitro cell culture q-PCR assay. Specifically, the

ATP assay overestimated oocysts numbers post treat-

ments compared with that determined by the cell

culture-qPCR approach.

• The measurement of cellular ATP did indicate that cellu-

lar activity was present after treatment and suggests that

further studies are required to determine the mechanistic

effects of oocyst damage inflicted by PUV irradiation.

Cryptosporidium species possess the ability to repair UV

induced DNA damage following treatment with conven-

tional low and MP light sources. Consequently this

suggests that studies focusing on the DNA repair mechan-

isms of C. parvum should be conducted following PUV

exposure to determine the potential and rate of photo-

repair and subsequent possibility of regaining infectivity.

• It has been shown that the cell culture approach has

equivalency with the gold standard in vivo mice model

for measuring loss of oocyst infectivity following UV

disinfection.
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• This study concludes thatATPmeasurement is not suitable

for assessing oocyst inactivation post PUV-irradiation.
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A B S T R A C T

Background: – Despite verbose amount of publications and having gained approval by Food and Drug
Administration (FDA) since 1996 for food-surface disinfection applications, pulsed light (PL) still has not been
used on a large scale by industry. Fresh produce remains a leading cause of foodborne illness outbreaks where
there is a pressing need for an effective post-harvest decontamination intervention such as PL that can replace or
supplement post-harvest washing.
Scope and approach: This review describes current status of PL for non-thermal food-surface treatments. It ad-
dresses rationale and efficacy of methods used to assess PL disinfection performance along with addressing inter-
related factors that are limiting PL development for these opportunities.
Key findings and conclusions: PL is a promising non-thermal technology for food-surface disinfection. Lack of
international harmonisation and consensus on what constitutes priority experimental methods and exposure
conditions is hampering commercial development of PL. Previously, many studies have reported on PL-food
treatments using a cumulative energy dose or range of UV doses above the FDA recommended 12 J cm−2.
Consensus on the choice and relevance of indirect cell and molecular methods to assess injury in PL-treated
microorganisms has yet to be reached. This review provides recommendations in reporting experimental data
and key parameters governing treatment that enables reporting of sufficient details to extent that other re-
searchers would be able to repeat, compare and evaluate data between studies. Converging developments in
adjacent industry sectors that may inform development of PL as a promising future food disruptive technology
are described.

1. Introduction

The food sector is the largest manufacturing sector in the EU with
€1,098 billion turnover employing 4.24 million people (cited Saguy,
Roos, & Cohen, 2018). As our global population continues to grow, so
too does the demand for the supply of more safe nutritious food
(Michelini, Principato, & Iasevoli, 2018; Richie et al., 2018). This global
population growth also brings added challenges including the need to
diversify our food supply chain to meet changing diets including
growing individualism, diet-related diseases, demand for personalised
food products, the rise of ‘flexitarianism’ (i.e., eating predominantly,
but not strictly, vegetarian), an increasing aging population, and
greater ethnic or cultural influences. These are projected to bring about
a 70% increase in demand for more food over the next 40 years (DBEI,
2018). There has been a commensurate rise in the growth of “Foo-
domics' to respond to these opportunities (Valdéz, Cifuentes, & León,
2017; Rychilk, Kanawati, & Schmitt-Kopplin, 2017) along with in-
creased digitisation of processes and markets. In addition, future

sustaining of our global food supply chain will experience added
pressure due to increasing uncertainties associated with impact of
global warming on crops, which includes more droughts and flooding.
Climate change will also continue to influence choice of innovation
with preference for developing less energy-intensive eco-friendly food
processes. The aforementioned highlights a trend towards increasing
complexity of our food supply chain that requires more international
collaboration and harmonisation of management efforts in order to
adequately deal with risks to consumers (Quested, Cook, Gorris, & Cole,
2010) including food safety (Richie et al., 2018).

Fresh-cut produce remains the leading cause of foodborne illness
outbreaks (Smith DeWall & Bhuiya, 2007; Callejón et al., 2015) sur-
passing that of meat, dairy and seafood (CDC, 2018). Moreover, fresh
food produces are frequently contaminated by a range of potentially
hazardous microorganisms including complex chlorine-resistant para-
sites (Centres for Disease Control and Prevention, 2018; Franssen et al.,
2019). Several researchers have previously reported on the open nature
of the fresh produce chain where contamination may be introduced at
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several points in the production, harvesting and processing, and then
passed on to consumers (Murray, Wu, Shi, Xue, & Warriner, 2017;
Nuesch-Inderbinen & Stephan, 2016). Best published evidence shows
that a critical post-harvest washing step conducted under commercial
conditions has limited decontamination efficacy and may potentially
lead to unwanted cross-contamination of produce (Gombas et al., 2017;
Murray et al., 2017). Although on-farm good agricultural practices
(GAP) can reduce contamination in the field and help minimise cross-
contamination during post-harvesting handing (Francis et al., 2012), a
more effective means to ensure the food safety of fresh produce is to
apply post-harvest decontamination interventions that may comple-
ment or replace post-harvest washing (Felizani, Lichter, Smilanick, &
Ippolito A, 2016; Meireles, Giaouris, & Simoes, 2016; Murray et al.,
2017). Worldwide, there is an increasing consumer demand for ready-
to-eat fresh-cut fruit and vegetables where this additional commercial
processing step presents additional to prevent microbial cross-con-
tamination and to main food safety (Yu, Neal, & Sirat, 2018).

Kramer, Wunderlich, and Muranyi (2017) also suggested several
beneficial reasons why PL should be developed as a possible non-
thermal technology for surface decontamination of produce including
(a) minimally processed foods are typically consumed without addi-
tional washing or heating and they mostly display use by dates of
several days allowing for growth potentially hazardous microorgan-
isms; (b) the cold chain may not always be properly maintained; (c)
plant tissue integrity may be impaired by cutting processes; (d) per-
ishable products such as raw poultry are frequently contaminated with
high numbers of pathogenic bacteria such as Campylobacter and Sal-
monella species; (e) many minimally processed fresh produce cannot be
harshly treated; (f) heating is not applicable for meat, fish or fresh
produce, and (g) alternative use of chemical biocides such as chlorine
may not be preferred due to potential formation of toxic byproducts like
trihalomethanes. Although physical technologies like pulsed electric
fields (PEF) and high hydrostatic pressure (HHP) are quite well ad-
vanced for commercial scale deployment, these treatments may not be
appropriate to meet the surface decontamination and packaging needs
of industrially-fabricated ready-to-eat fresh-cut produce. Murray et al.
(2017) reported that most approaches to address this food surface de-
contamination step for ready-to eat fresh-cut produce are typically still
at laboratory scale. Increasing research on the use of pulsed light (PL) is
a promising but is has yet to reach its’ market potential for large scale
industrial use despite gaining approval from the Food and Drug Ad-
ministration (FDA) in 1996 for food surface treatments (Schottroff
et al., 2018). PL seeks to achieve a balance between applying effective
nonthermal treatment yet maintaining fresh-like food properties as
detectable by means of changes in texture, colour, chemical composi-
tion or sensory attributes (Kramer et al., 2017; Van Impe, 2018). There
are also potential consequences for food safety including evidence of
the emergence of viable but not-culturable (VBNC) state microorgan-
isms post PL treatments that may lead to an underestimation of produce
microbial quality status (Rowan, Valdramidis, & Gomez-Lopez, 2015;
Schottroff et al., 2018; Zhao, Zhong, Wei, Lin, & Ding, 2017).

A related consideration for large scale development of PL tech-
nology is the apparent lack of quality of harmonised data surrounding
experimental methods and exposure conditions for food treatment
technologies that will enable other researchers to repeat, interpret and
evaluate data enabling large scale industrial deployment (Schottroff
et al., 2018). This appears at odds with the development of similar or
different physical treatment technologies in adjacent industries such as
the water (TrojanUV, 2016; Fitzhenry, Rowan, Val de Rio, Cremillieux,
& Clifford, 2019) or medical technology sectors where there is potential
for knowledge transfer. However, there is a trend towards cross-cutting
use of innovative technologies such as PL to meet complex food safety
challenges including recalcitrant foodborne parasites (Franssen et al.,
2019) and other emerging opportunities such as infant milk formulae
treatment (McFadden et al., 2017) and even extrusion-based 3-D
printing of proteins and fibre-rich materials (Lille, Nurmela, Nordlund,

Metsä-Kortelainen, & Sozer, 2018). Therefore, this review will address
challenges and opportunities influencing PL development for large scale
uptake by the food industry along with providing recommendations for
standardising reporting by researchers. Future potential for PL to cause
technology disruption is considered.

1.1. Pulsed light as example of emerging technology

Pulsed light (PL) is a nonthermal disinfection technology that has
attracted attention over the past 15 years as a promising minimal
process to improve the microbial safety or to extend the shelf life of
treated foods (Schottroff et al., 2018). PL has been described as a cost-
effective, nonthermal technology that does not generate unwanted re-
siduals on treated food surfaces (Hayes, Kirf, Garvey, & Rowan, 2013).
PL has also been referred to as high-intensity pulsed UV light (HIPL),
pulsed UV light (PUV), high-intensity broad-spectrum UV light (BSPL),
intense light pulsed (ILP) and pulsed white light (PWL) (Schottroff
et al., 2018). The number of published research on PL technology has
substantially increased as attested by 247 citations in Google Scholar in
respect of my initial study on use of this innovation for treating food-
borne microorganisms (Rowan et al., 1999). PL has been approved by
the FDA in the production, processing and handling of foods since 1996
up to cumulative UV dose or fluence of 12 J cm−2 where emission
spectra to be kept between 200 and 1100 nm and pulse duration at ≤
2ms (Food and Drug Administration, 2015). However, PL has been
developed for commercial scale food packaging with little evidence of
large scale food treatments. However, emerging applications include
ready-to-eat, freshly-cut, fruit and vegetables along with decontami-
nation of meat and fish products and associated packaging (Table 1).
The technological principle of pulsed light disinfection is based upon
the accumulation of high discharge voltage in a capacitor where the
stored energy is delivered in ultra-short pulses through a light source
filled with xenon gas. This xenon-light source emits a broad spectrum
light flash typically in the range of ca. 200–1100 nm with approxi-
mately 25% in the UV range (Kramer et al., 2017). It is considered that
PL disinfection efficiency is higher compared with continuous-wave
low-pressure UV irradiation (CW-UV) due to its high peak power along
with the ability to deliver its stored energy over short durations, typi-
cally 1 to 10 pulses per second. The main parameters governing effec-
tive PL operational for disinfection are the fluence [J cm−2] over ex-
posure time [s], number of pulsed applied [n], pulsed width [τ],
frequency [Hz], and the peak power [W] (Hayes, Laffey, McNeil, &
Rowan, 2012a; Hayes, Fogarty, Clifford, & Rowan, 2012b; Hayes,
Garvey, Fogarty, Clifford, & Rowan, 2012c; Rowan et al., 2015).

1.2. Development of PL technology for large scale commercial usage in food
and other areas

Given that the volume of data published on PL technology for dif-
ferent food surfaces and types is verbose, what are technological gaps or
trends in published information that maybe limiting PL development
for commercial uptake? A review of existing literature reveals that PL
lacks harmonisation and standardisation of data to inform technology
acceptance for the food sector for large scale uptake (Table 1). No single
PL study to date has holistically addressed reliable and repeatable op-
eration using a broad range of pathogenic and spoilage microorganisms,
which demonstrates significant methodological variance where cur-
rently there is non-cohesive or consensus for standardised development
of PL internationally. These observations also corroborate recent review
of Schottroff et al. (2018) who commented that published research
outcomes for PL treatments for different foods are incomparable as
basic information on parameters is lacking such as details of lamp
manufacture, geometry of target matrix and so forth. Table 1 highlights
significant variation in PL operational conditions on food quality
parameters and targeted microorganisms that generates an enormity of
data that is lacking harmonisation and varies in rigor. This particular
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table illustrates broad range of examples from published work on PL
treatments to emphasise a trend in metadata where the reader is re-
ferred to the comprehensive reviews of Kramer et al. (2017) for a more
complete set of findings. Table 1 shows that of the 141 food products
tested significant variation is found in log unit reductions that may
depend on inter alia PL-treated pathogens, level of applied fluence
(0.14–580 J cm−2), distance from light source (3 cm–18 cm), food sto-
rage temperature (range 3 °C to 28 °C), aerobic or atmospheric packa-
ging, use of combinational treatment technologies such as hydrogen
peroxide or preservatives. Review of published research available re-
veals that many do not include the FDA approved upper threshold
fluence value of 12 cm−2 in their PL-food treatment studies (Table 1).
Moreover, several PL-food treatments studies operated at either a single
or range of fluences well above this FDA recommended cumulative
energy dosage, yet no rationale for this appears obvious.

A recurring focus was the PL-treatment of artificially-seeded or
natural food products in plastic packaging in the format of trays or films
that is of commercial interest (Table 1). However, the value of latter
data arising of PL-treatment of plastic packing is of limited usefulness
given their negative impact on environment and commensurate drive to
replace plastics with sustainable alternatives such as with compostable
or recyclable material. Some studies report a max temperature rise of
5 °C after 9800 pulses over range 0–17.2 J cm−2 with no impact upon
seafood colour along with marginal ≤2.4 log unit reductions of L.
monocytogenes (Cheigh, Hwang, & Chung, 2013). Others describe tem-
perature increases up to 100 °C within 60 s of PL-treatment in raw
salmon fillets at 5.6 J cm−2 with only modest ca. 1 log CFU reductions
in E. coli O157:H7 and L. monocytogenes Scott A (Ozer & Demirci, 2006),
which is surprising given that PL is considered to be a non-thermal
process. There appears to be inter-parameter investigation of the con-
tributing role of each factor in terms of statistical significance of dis-
infection outcome. Evidence-based research from published literature
has demonstrated potential for PL to inactivate a range of pathogens on
different food types and surfaces along with limited treatments in
beverages (Table 1). However, consensus on standardised methods and
equipment used that would inform process validation is holding back
development of PL technology as there is lack of sufficient data for
garnering industrial confidence.

If one delves deeper into published studies many additional factors
are described that influence PL treatment of food products (Table 1).
Again, there is no one specific study that addresses a broad set of
parameters across representative microorganisms of food safety and
spoilage interest (Table 2). The focus of previous publications was to
apply varying levels of PL treatments to destroy pathogens and to re-
duce or eliminate spoilage microorganisms under conditions that have
minimal impact on nutritional or organoleptic properties for extended
shelf life. The overwhelming operational factor governing PL-mediated
disinfection is the measured UV dose or fluence (J cm−2) and all future
studies should report on findings using this parameter as a measure to
move towards international harmonisation. As only 25% of the broad
spectrum intense light pulses are in UV range that decreases in efficacy
with increased distance from light source to target surface, it is im-
portant to standardise and define distances used for food treatments.
Currently, distances over the range 3 cm–18 cm from light source to
target surface have been reporting in the literature (Table 1). Not-
withstanding variances in microbial species and strains reported post
PL-treatments, a trend has emerged exhibiting deceasing resistance to
PL irradiation roughly in the order fungal spores, bacterial en-
dospores > parasites > viruses> and>vegetative bacteria. Our
previous research has demonstrated that pigmentation protects fungal
spores against the action of PL as these pigments absorb light optimally
in the UV-C region that may be attributed to an evolutionary adaptive
trait (Anderson, Rowan, MacGregor, Fouracre, & Farish, 2000). Few
studies have focused on complex pathogens such as foodborne parasites
or viruses, due to the need for developing alternative and sophisticated
in vitro bioassays such as combined RT-qPCR with mammalian cellTa
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culture that also encompasses gold standard mice infectivity studies
(Garvey, Farrell, Cormican, & Rowan, 2010). Consequently, several
related studies have involved microorganisms such as bacterial en-
dospores as putative surrogates of similar or greater resistance kinetic
profiles for the aforementioned parasites that adds to complexity and
appropriateness of data (Hayes et al., 2012a, 2012b, 2012c; Garvey
et al., 2014a, 2014b). Table 1 further highlights the enormity of data to
be considered in terms of ready-to-eat and freshly cut fruit and vege-
tables (n=80), meat and fish products (n=24) and associated PL-
impact on quality determinants (n= 37). There appears no standar-
dised approach to investigating or comparing microbial reductions
using PL-technology with E. coli studied the most as represented by 32
of 141 samples (24.8%), followed by Listeria innocua (17/141, 12.2%)
as surrogate to the pathogen Listeria monocytogenes that was studied in 9
out of 141 food products (6.4%) (Table 2). There is also significant
variance in the choice or selection of test organism per food group that
makes comparisons between studies on microbial death rate and dis-
infection efficacy incomparable. This highlights that lack of consensus
on an agreed list of test species and strains (such as using a specific
ATCC, NCIMB or NCTC reference strain of E. coli along with potential
inclusion of a recalcitrant endospore as surrogate organism such as a
member of the Bacillus genus) among international scientific commu-
nity in order to compare efficacy and understand PL processing. Stan-
dardising method for fluence determination is also highly relevant
given reported variances from μJ to J cm−2, such as using recent do-
simetry method of Gómez-López and Bolton (2016) along with

developments in biodosimetry in water industry (TrojanUV, 2016).
Moreover, food processors progressing with industrial scale develop-
ment of PL must also consider 5 log-pathogen reduction performance
standard required by the HACCP regulation (Food and Drug
Administration, 2003). This 5-log reduction must be targeted to the
‘pertinent pathogen’, which is the most resistant microorganism of
public health concern that may occur in food. For example, the perti-
nent pathogen may vary with the type of treatment of product such as
typically Salmonella or Escherichia coli O157:H7 for juices. PL as de-
signated control measure can be considered for reduction in the perti-
nent microorganism by at least 5-log or can be used in combination of
control measures that have a cumulative effect of a 5-log reduction and
must be accomplished within a single production facility operating
under CGMP's. Currently, there appears to be a lack of consideration for
the 5-log pathogen reduction performance standard rule in published
domain which may relate in part to the inability of PL to achieve a
maximum viable count reduction beyond 4 log orders of artificially-
inoculated test microorganisms or native microflora on PL-treated food
surfaces using xenon light sources and existing equipment configura-
tions (Tables 1 and 2).

There has been an increasing interest in the development of PL
technology for surface decontamination of fresh produce given that this
as a leading source of foodborne illness (Centres for Disease Control and
Prevention, 2018) along with the commensurate worldwide interest in
developing an appropriate intervention that would enable effective
commercial food-surface decontamination post-harvest handling and
packaging (Table 1) including interest in extended shelf-life. It was
previously but incorrectly assumed that the post-harvest wash step was
sufficient to remove field-acquired contamination with much of the
research performed focussed on efficacy of sanitizers (Feliziani et al.,
2016; Murray et al., 2018). The impact of PL on the quality attributes of
treated fresh produce encompassing fruit and vegetables, meat and fish,
and beverages is variable and were typically determined by evaluating
changes in texture, colour, chemical composition or sensory attributes
(Kramer et al., 2017) (Table 1). Many studies previously reported that
increasing fluence intensities negatively influenced several quality
parameters in fresh fruit and vegetables including colour of salad
(Kramer, Wunderlich, & Muranyi, 2015a, 2015b) or sensory attributes
of cut apples (Ignat, Manzocco, Maifreni, Bartolomeoli, & Nicoli, 2014)
(Table 1). Kramer et al. (2017) recommended performing specific sto-
rage microbial trials under real conditions to include testing quality
parameters as significant deterioration is mostly not found immediately
post PL exposure, but during storage. PL treatment of plant based fresh
produce has also been attributed with formation of health-promoting
and nutritive compounds such as carotenoids, lycopene and total phe-
nolic compounds of PL-treated green tomatoes (Pataro et al., 2015) or
increased concentrations of phytochemicals in mangoes (Lopes et al.,
(2016) (Table 1). Kramer et al. (2017) reviewed quality changes in PL-
treated meat or fresh fish and noted occurrence of lipid oxidation along
with sensory deviations but cannot dismiss the influence of potential
overheating from intense PL treatments of the product surface (also
presented in Table 1). There have been fewer studies published on the
potential impact of PL-treatment on quality attributes of beverages
(Table 1). However, mainly changes in colour in PL-treated apple juice
or sensory deviations were observed particularly at higher fluence
(Kramer et al., 2017). However, pathogen reduction is highly variable
due to uneven food surfaces or cavities in surface microstructure that
can protect or harbour untreated microorganisms due to shading effects
(Murray et al., 2018). For example, pathogen inactivation on canta-
loupes and berries is typically restricted to 1 log CFU with fluence of
12 kJm−2 (Adhikari, Syamaladevi, Killinger, & Sablani, 2015) using
conventional UV-C light source.

Future sustainability surrounding the development of PL treatment
of fresh produce is likely to entail use of different light sources such as
LEDs (Kim, Kim, & Kang, 2017) along with using different configuration
in treatment chambers design that deliver pulsed light at multiple

Table 2
Variation in the number and types of microorganisms and approach used during
PL-treatments of natural and artificially-contaminated fruit and vegetables,
meat and fish and beverages.
* Source data, Kramer et al. (2017); -, not tested.

Microorganism or
Enumeration Method
Applied

Number of food products treated with PL where test
microorganism studied*

Fruit and
Vegetable
(n=80)

Meat and
Fish
Products
(n= 24)

Beverages
(n= 37)

Total Food
Products
(n= 141)

Aerobic Mesophilic
Count

19 (23.75%) 1 (4.2%) 2 (5.4%) 22 (15.7%)

E. coli O157:H7 6 (2.5%) 2 (8.3%) 1 (2.7%) 9 (6.4%)
E. coli (non VTEC) 9 (11.25%) 2 (8.3%) 12 (32.4%) 23 (16.4%)
Salmonella enterica 4 (5%) 4 (16.6%) 3 (8.1%) 11 (7.8%)
Microflora 2 (2.5%) – 1 (2.7%) 3 (2.1%)
Alicyclobacillus

acidoterrestris
– – 1 (2.7%) 1 (0.7%)

Listeria innocua 10 (12.5%) 1 (4.2%) 6 (16.2%) 17 (12.2%)
Listeria monocytogenes 2 (2.5%) 7 (29.1%) – 9 (6.4%)
Aerobic & Facultative

Anaerobic
Heterotrophs

– – 1 (2.7%) 1 (0.7%)

Saccharyomyces
cerevisiae

2 (2.5%) – 4 (10.8%) 6 (4.2%)

Penicillium expansum – – 1 (2.7%) 1 (0.7%)
Yeasts and Moulds 10 (12.5%) – – 10 (7%)
Bacillus cereus 1 (1.25%) 1 (4.2%) 1 (2.7%) 3 (2.1%)
Pseudomonas aeruginosa – – 1 (2.7%) 1 (0.7%)
Total Viable Count 3 (3.75%) 1 (4.2%) – 4 (2.8%)
Lactobacillus brevis 1 (1.25%) – – 1 (0.7%)
Salmonella Newport 4 (5%) – – 4 (2.8%)
Murine Norovirus

MNV1
2 (2.5%) – 1 (2.7%) 3 (2.1%)

Total Plate Count 5 (6.25%) – – 5 (3.6%)
Salmonella Typhimurium – 2 (8.3%) – 2 (1.4%
Campylobacter jejuni – 1 (4.2%) – 1 (0.7%)
Vibrio parahaemolyticus – 1 (4.2%) – 1 (0.7%)
Clostridium perfringens – – 1 (2.7%) 1 (0.7%)
Pseudomonas

fluorescence
– 1 (4.2%) – 1 (0.7%)

Cryptosporidium parvum – – – 1 (0.7%)
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Table 3
Factors affecting PL-disinfection performance.

PL- Operational parameters Microbial and Environmental Parameters Methods of microbial
enumeration, resuscitation and
PL-treatment evaluation

Cell and molecular mechanistic
factors governing PL-killing

Number of applied light pulses
(Elmnasser et al., 2007;
Kramer et al., 2017; Bhavya &
Umesh-Bebbar, 2017; Van
Impe, 2018)

Sequence from high to low-PL resistance. Fungi [Levy, Aubert,
Lacour, & Carlin, 2012; Huang et al., 2018]; bacterial spore (Levy
et al., 2012); yeasts (Farrell et al., 2011); protozoan parasites (Garvey
et al., 2010; Hayes et al., 2012a, 2012b, 2012c); viruses (Huang
et al., 2017; Vimont et al., 2015) and vegetative bacteria (Wang,
MacGregor, Anderson, & Woolsey, 2005)

Direct viable count (Rowan
et al., 2015)
Use of selective dyes (Pataro
et al., 2011), Antibiotics in lab
media (agar and broths) (Farrell,
Garvey, Cormican, Laffey, &
Rowan, 2010; Rowan et al.,
1999)
Enrichment and resuscitation
(Fitzhenry et al., 2018]
Most Probable Number and end-
point determinations (McFadden
et al., 2017)

Cell Wall Damage using
bioassays in C. albicans (Farrell
et al., 2011) TEM in L.
monocytogenes
Cheigh et al., 2013 and SEM in S.
aureus
Kristnamurthy, Tewari,
Irudayaraj, & Demirci, 2010

Applied discharge voltage (Hayes
et al., 2012a, 2012b, 2012c;
Kramer et al., 2015a, 2015b)

Variation in PL-resistance between microbial genus, species and
strains tested (Rowan et al., 2015) along with culture forms (Bradley,
Laffey, McNeil, & Rowan, 2012)

Gene expression post PL-
treatments using L. monocytognes
via Whole Genome DNA
Microarray Analysis (Uesagi
et al., 2016); Expression of Nox
genes in Trichophyton rubrum by
402 nm-PL (Huang et al., 2018)

Cell membrane damage and
rupture in E. coli, S. aureus, B.
subtilis, C. albicans (Farrell et al.,
2011; Garvey, Stocca, & Rowan,
2016; Nicorescu et al., 2013;
Takeshita et al., 2003; Xu & Wu,
2016).

Distance between target and flash
lamp (Rowan et al., 2015,
Schottroff et al., 2018)

Population present (homogenous, mixed) (Rowan, 2004) Flow cytometry to measure cell
membrane damage in L.
monocytogenes [Kramer &
Muranyi, 2014]

Lipid peroxidation in C. albicans
[Farrell et al., 2011]

Spectral range of light flashes –
efficacy at 270 nm (Wang
et al., 2005); 225–280 nm
(Levy et al., 2012); no effect in
visible or near infrared
(Ramos-Villarroel, Aron-
Maftei, Martin-Belloso, &
Soliva-Fortuny, 2012)

Environmental parameters such as temperature, osmotic stress
(Bradley et al., 2012; Kramer et al., 2017) and illumination
conditions bib_Lasagabaster_and_de_Maranon_2014(Lasagabaster and
de Maranon (2014)

Confocal and fluorescent
microscopy [Nicorescu et al.,
2013]

Loss of intracellular constituents
including proteins [Farrell et al.,
2011; [Cheigh, Park, Chung,
Shin, & Park, 2012; Garvey et al.,
2016a)

Number of light sources (Rowan
et al., 1999)

Presence of organic matter, particle size and turbidity (liquid)
negatively impacts upon efficacy (Garvey et al., 2014)

Photoreactivation and repair and
length of exposure to daylight or
darkness [MacLean et al., 2008;
Lasagabaster; de Maraῆứ;n
(2014); Fitzhenry et al., 2018)]

UVC- induced DNA damage
[Rastogi, Richa, Tyagi, & Sinha,
2010; Farrell et al., 2011]
Ramos-Villarroel et al. (2017))

Method of measuring fluence or
UV dose (J cm−2)
(Hsu et al., 2011; -López and
Bolton, 2016)

Older cultured of bacteria less PL-sensitive (Cudemos, Izquier,
Medina-Martines, & Gomez-Lopez, 2013; Farrell, Garvey, & Rowan,
2009)

Combined qPCR and cell culture
(for complex parasites and
viruses) [Garvey et al., 2010;
Garvey, Coughlan, Murphy, &
Rowan, 2016b]

Indirect damage to cellular
components such as proteins or
lipids by ROS using fluorescent
probes, RT-qPCR,
micromorphology and MTT
assay (Farrell et al., 2011; Huang
et al., 2018; Massier et al., 2013,
2012)

Agar (Aguirre et al., 2015) versus
food PL-treatments
Kramer et al. (2017)

Gram stain reaction (bacteria) (Rowan et al., 2004) Modelling of kinetic data such as
single, bi and tri-phasic plots
[Aguirre et al., 2015; Rowan
et al., 2015]
Modelling of pulsed light
penetration and matrix colour
(Aguirre, Herro, Fernandez, & de
Fernando, 2014]

Necrosis and apoptosis in C.
albicans [Farrell et al., 2011]

Statistical power of trials and runs
(Rowan et al., 2015)

Planktonic or biofilm (Garvey et al., 2015, ; Montgomery & Banerjee,
2015)

PL-exposed unculturable
bacteria expression of proteins in
S. enterica via synthesis of
plasmid-encoded GFP (Kramer
et al., 2017)

Loss of esterase activity in
Saccharomyces cerevisiae
(Ferrario et al., 2014)

Liquid treatments including
beverages and water
(Fitzhenry et al., 2018)

Exposure to prior stress, tempering, sublethal injury (Wutack et al.,
2003) generation of VBNC state bacteria (Rowan et al., 2015;
Schottroff et al., 2018)

Measurement of ATP [Garvey
et al., 2010]
Measurement of PL-induced
oxidative stress response via
proteomic studies (Massier et al.,
2012, 2013)

Pigmentation in P. aeruginosa
[Farrell et al., 2010].
Pigmentation in A. niger (Esbelin,
Mallea, Ram, & Carlin, 2013).
Lipid Peroxidation in C. albicans
(Farrell et al., 2011)

(continued on next page)

N.J. Rowan Trends in Food Science & Technology 88 (2019) 316–332

321
254



angles to overcome shaded areas (Chen, Loeb, & Kim, 2017). Murray
et al. (2018) suggested that additional advantages of using LEDs are the
potential to use a range of different wavelengths such as UV-C thereby
providing a possible synergistic antimicrobial actions. This approach
may be particularly applicable for inactivating complex foodborne
parasites where other wavelengths in the pulsed spectrum may also
contribute by destroying important cellular macromolecules and
structures (Garvey et al., 2010; Rowan et al., 2015). This alternative
approach to using Xenon light sources may also help alleviate a tailing’
effect that is often observed in PL-mediated microbial dose-response
curves due to sub-populations surviving treatment or those harbouring
in surface cavities due to protective shading effects, which infers that
inactivation is limited to a certain microbial log-reduction threshold
irrespective if increased fluence intensity is applied (Rowan et al.,
2015). Consideration must also be given to effectiveness of smart
packaging for PL food treatments, which was the subject of a recent
review by Heinrich et al. (2016) with some informative studies high-
lighted in Table 1. Effectiveness of existing packaging for food surface
decontamination using PL depends upon the type of polymer or com-
binations thereof employed where use of polypropylene or low-density
polyethylene appear suitable as a high proportions of UV-C are trans-
mitted (Kramer et al., 2017). However, data generated from current
research using PL should consider that future food packaging is likely to
comprise alternative biodegradable materials that are either recyclable
or compostable and will replace non-environmental friendly plastics.

Consensus on agreed methods will enable meaningful evaluation
between different reported PL-treatments possible and will provide
baseline-data suitable for actual and predictive modelling, such as de-
ployment of three-parameter Gaussian model to describe the spatial
distribution of total and UV fluence in air and also in liquid substrates
(Hsu & Moraru, 2011). Gaining consensus on how to analyse or model
metadata generated from emerging technologies such as PL will be
informed by advances in data analytics and machine learning (Moral,
Hinde, & Demétrio, 2017). Considerable future focus can then be given
to comprehensively investigating importance of kinetic inactivation
data plots and relevance of single, bi and/or tri-phasic survivor re-
sponses during treatments and relevance to food industry (Rowan et al.,
2015). Use of freely-available, open-access published data along with
exploiting advances in data science and statistics will lead to new ap-
proaches for analysing and interpreting large or big-data from new
processes that includes identifying key characteristics of observed
variables and experimental/sampling designs (Pertea, Kin, Pertea, Leek,
& Salzberg, 2016). This will allow for identification of new or extended
models and development of new algorithms for global harmonisation of
processes. This may inform future digitisation of appropriate metadata
for machine interface learning and automation of processes (Keighrey,
Flynn, Murray, & Murray, 2017). For example, there are several non-
linear inactivation kinetic models that do not consider non-standard
random effects that can also be addressed by using mathematics and
statistical modelling such as re-parameterising datasets along with use

of specific probability distributions. What is also lacking in published
domains is goodness-to-fit of the statistical models for fitting data. New
models will help researchers better understand the potential sig-
nificance of the occurrence of shoulder and tailing phases on kinetic
plots arising from PL treatments that considers factors that influence
efficacy of decontamination performance post-harvest of produce
(Moral et al., 2017). The power of harmonised inter-laboratory inter-
disciplinary modelling is exemplified by a Dutch research consortium
BaSyC that has recently taken on the challenge of building a synthetic
biological cell at a project cost of €25m (Dogertom, 2018). BaySyC
consortium recognises that ‘A fundamental understanding of life within
a cell will bring huge intellectual, scientific and technological rewards’,
and it is envisaged that gaining a holistic understanding of molecular
machinery in cells will inform efficacy of adjacent needs such as control
measures.

1.3. What lessons can be gleaned for PL studies conducted at the cell and
molecular response level?

In order to advance PL as a food treatment process, there has been a
concerted effort to gain an improved understanding of cellular and
molecular mechanistic responses in PL-treated foodborne microorgan-
isms, which has also contributed to the enormity of data generated
(Table 3). Growth in the number and variety of sophisticated culture
and enumeration methods used has been driven in part by observations
of significant variances between populations of PL-treated CFU survi-
vors enumerated on conventional laboratory based media and to that of
elevated number of test microorganisms exhibiting cellular vitality
(Rowan et al., 2015). These differences in microbial survivors become
more apparent when applying low or moderate fluence that represents
less severe surface processing conditions (Table 3), which has been
attributed to the occurrence of viable but non-culturable state (VBNC)
in PL treated bacteria. Less stressful operational conditions generally
promote photoreactivation effects in several PL-treated microorgan-
isms. The aforementioned has resulted in under-appreciation in the
levels of bacterial survivors by as much as 4 log orders in conventional
viable count or CFU enumerations (Kramer & Muranyi, 2014). This
variance leads to uncertainty in PL-treatment performance that presents
significant challenges to the food industry in terms of harmonisation of
processes internationally. But what value do complex mechanistic cell
and molecular studies offer and is there too much emphasis placed upon
these? The ultimate underpinning purpose of their pursuit is to define
reliable and repeatable PL-conditions that leads to irreversible de-
struction of targeted pathogens and reduction of spoilage microorgan-
isms balanced with retention of fresh-like qualities. There lies the
conundrum, when is irreversible destruction achieved in PL-treated
foods achieved when one considers typical contamination levels?
Table 3 highlights current published methods that measures cell and
molecular damage in a variety of food-borne and medical-related
micro-organisms that are very diverse in design and applicability. There

Table 3 (continued)

PL- Operational parameters Microbial and Environmental Parameters Methods of microbial
enumeration, resuscitation and
PL-treatment evaluation

Cell and molecular mechanistic
factors governing PL-killing

Applied frequency of pulses in the
range 1–5 Hz (Luksiene,
Gedelis, Buchovec, &
Raudeliuniene, 2007)

Combination treatments (thermosonication, PEF), PPGD and VBNC
phenomenon (Kramer et al., 2015a,b, 2017; Kramer & Muranyi,
2014)

Scanning Electron Microscopy
(Huang et al., 2018; Nicorescu
et al., 2013) and Transmission
Electron Microscopy [Cheigh
et al., 2012; Cheigh et al., 2013;
Ferrario et al., 2014; Huang
et al., 2018]

Possibly over-heating of
intracellular fluid (Xu & Wu,
2016)

*Abbreviations – Pulsed Electric Fields (PEF); Pulsed Plasma Gas Discharge (PPGD), Viable but Not Culturable State (VBNC); Green fluorescent Protein (GFP); Real-
time quantitative polymerase chain reaction (RT-qPCR); Transmission Electron Microscopy (TEM); Scanning Electron Microscopy (SEM); Reactive Oxygen Species
(ROS).
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has been no consensus internationally on what constitutes efficacy for
each measurement approach along with use of universal control for
validation.

Studies performed thus far to elucidate cellular response of bacteria
to PL demonstrates irreparable modifications of treated DNA molecules
as a main source for inactivation (Table 3). Kramer & Muranyi, 2014
reported a relationship between onset of PL-induced count reduction in
L. innocua and occurrence of DNA alterations. However, there is evi-
dence supporting other detrimental damage to macromolecules and
cellular structures such as cell membrane or cell wall that are ex-
acerbated with increasing fluence causing irreversible lethal effects
(Table 3). However, comparison of details underpinning methods re-
veals that findings are mostly incomparable due in part to lack of
harmonisation of applied fluences reported for various PL systems along
with limited information on geometry and configuration of equipment.
The rupture of microbial cells after PL treatments is mostly attributed to
a combination of photochemical and photophysical effects, resulting in
short overheating of microbial cells or the pulsing effect (Kramer et al.,
2017). Irreversible rupture of cell member by PL-treatments also brings
about loss of vital cellular constituents such as proteins as reported in C.
albicans (Farrell, Hayes, Laffey, & Rowan, 2011) and S. cerevisiae
(Ferrario, Guerrero, & Alzamora, 2014). Commensurate indirect cell
damage of cellular components such as proteins and lipids also occurs
due to formation of reactive oxygen species in PL-treated E. coli (Kramer
et al., 2015a, 2015b) and C. albicans (Farrell et al., 2011). However, a
concerted future study employing whole genome sequencing (WGS),
bioinformatics and real-time determinations of these cellular responses
(such as using flow cytometry combined with magnetic cell sorting)
may help elucidate time points associated with occurrence of single and
combined cellular effects underpinning sublethal and lethal injury in
PL-treated micro-organisms. Selection of markers will be critical to
inform automated flow cytometry studies and these panels can even-
tually be incorporated into MALDI-TOF for international standardisa-
tion of processes at cellular level (Fario, Tavanti, Barnini, Ghelardi, &
Lupetti, 2018). However, Uesugi, Hsu, Worobo, and Moraru (2016)
previously investigated the response of L. monocytogenes to PL on the
basis of a whole genome DNA microarray analysis, but did not find any
distinct differences in gene expression after exposure to PL. While the
authors concluded that microbial effects of PL mainly seem to be at-
tributable to UV content, there is increasing evidence to suggest that
other cellular damage occurs at higher fluence levels in various PL-
treated micro-organisms (Table 3). An understanding of cellular and
molecular damage may potentially demarcate occurrence of lethality in
PL-treated microorganisms and help unravel significance (if any) of
viable but not culturable state (VBNC) in bacteria (Rowan et al., 2015).
There has been no data available which shows that VBNC bacteria pose
a risk to human health (Kramer et al., 2015a, 2015b).

To date, there has been no published inter-laboratory study that
holistically investigated PL treatments in a broad range of foodborne
microorganisms that also encompasses a range of cellular responses
(Table 3). Farrell et al. (2011) determined occurrence of sequential and
combined cell and molecular damage in medically relevant yeast in a
single study. The authors reported that increasing fluence levels resulted
in PL-mediated lethality through a multi-hit cellular process that did
support emphasis on UV-C destruction of genetic material. However, it
also demonstrated step wise damage in other PL-treated macromolecules
and cellular structures that roughly coincided with the sequence lipid
hydroperoxidation of cell membrane, ROS generation, DNA damage,
onset of necrosis and apoptosis, rupture of the cell membrane with loss of
vital cell constitutes to the environment, and ultimately microbial death.
Occurrence of onset of late necrosis and early-phase apoptosis also co-
incided with total absence of growth in of PL-treated yeast in laboratory
media and may possibly constitute a future biomarker for informing real-
time indirect lethality in this organism (Table 3).

Future mechanistic cellular information underpinning efficacy of
PL-disinfection technology may be informed by whole genome

sequencing (WGS) and next-generation sequencing (NGS) that includes
high-throughput sequencing of mRNA (RNA-seq) of treated microbial
samples post PL-treatments (Mortazavi, Williams, McCue, Schaeffer, &
Wold, 2008). Such real-time investigations will benefit from re-
cognising the added value of exploiting shared data from open access
and source publishing, open methodology, open data management,
open education, open licensing (Angers-Loustau et al., 2018). RNA-seq
experiments generates very large, complex data sets that demand fast,
accurate and flexible software to reduce the raw data to comprehensive
results (Mortazavi et al., 2008). Pertea et al. (2016) describe use of free,
open-source software tools, namely HISAT (hierarchical indexing for
spiced alignment of transcripts), StringTie and Ballgown for compre-
hensive analysis of RNA-sequence experiments. This allows scientists to
align reads to a genome, assemble transcripts, including novel splice
variants, compute the abundance of these transcripts in each sample
and compare experiments to identify differently expressed genes and
transcripts. Pertea et al. (2016) describes protocol for all steps neces-
sary to process large set of raw sequencing reads and create lists of gene
transcripts, expression levels, and differently expressed genes and
transcripts that typically takes 45min of computer time. RNA-seq ex-
periments capture the total mRNA from a collection of treated cells and
then sequence that RNA in order to determine which genes were active,
or expressed, in those cells. Using high-throughput sequencing ma-
chines, a single experiment can capture the expression levels of thou-
sands of genes at once with high efficiency. There experiments generate
enormous numbers of raw sequence reads, typically number in the tens
of millions, even for a modest sized assay. The number of reads pro-
duced from each gene can be used to measure gene abundance that can
also easily detect genes and gene variants that are not included in
standard annotation, including noncoding RNA genes.

It is envisaged that exploiting whole and next generation sequencing
(Ronholm, 2018; Rosen, Friedrich, & Moran-Gilad, 2018) and bioin-
formatics (Marco-Ramell et al., 2018; Angers-Loustau et al., 2018) may
unravel relevance of suite of priority parameters governing PL perfor-
mance that includes main molecular drivers that are involved in
adaptive responses to PL exposure under lethal and sub-lethal condi-
tions. The development of adjacent innovation in automated flow-cy-
tometry (Brascli et al., 2018; Léonard, Bouarab Chibane, Ouled
Bouhedda, Degraeve, & Oulahal, 2016) and spectrophotometric ana-
lysis (such as high resolution mass spectrometric methods) will also
inform PL treatment efficacy under minimal processing conditions.
Thus, given advancement in ICT, simple adoption of this bioinformatics
protocol can be applied to inform and unravelling complex challenges
in microbiology, parasitology and virology from comforts of your own
home your personal notepad or computer. For example, cross-cutting
research between molecular biologist and ICT are conducted frequently
by researchers in our laboratories, which includes ease for remote data
analysis by researcher using portable personal computers. Yoon et al.
(2017) described how improvements in the quality of WGS for inter-
national sharing where bioinformatics tools can then be used to inform
processes. These authors introduce an integrated database, called Ez-
BioCloud (www.ezbiocloud.net/), that holds the taxonomic hierarch of
bacterial and Archaea, which is presented by quality-controlled 16S
rRNA gene and genome sequences. Hino et al. described benefits of 18S
rDNA Illumina sequencing for non-culturable species such as parasites
where state-of-the-art is predominantly relient upon microscopy and
staining technique in fields of ecology, evolutionary biology and epi-
demiology. Method is easy and quick compared to conventional
methods that can be applied to assess biodiversity of parasites in host
alimentary tract and allows use of NGS to perform assessment in high-
throughput manner. The aforementioned highlights the applicability of
new molecular tools for potentially informing PL-technology develop-
ment for high-throughput processing and validation.

Collectively, the aforementioned studies have produced an enormity
of complex ‘big data’ sets for evaluation and interpretation by food
technologies. But, how best to consider relevance, value and impact of
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this for commercial uptake of PL? Future-proofing of PL will benefit
inter-alia from international consensus on key operational parameters
that governs effectiveness including (a) full description of equipment
and dosimetry underpinning reporting of fluence; (b) agreement on
standardise list of test microorganisms for all PL studies to support
continuity and inter-study comparisons; (c) agreement on use of ap-
propriate kinetic model to assess efficacy of PL-disinfection perfor-
mance; and (d) freely-available open access data sources; and (e) spe-
cific engagements with industry to produce sufficient quality data to
validate process. A more comprehensive suite of recommendations for
future reporting of experimental data and exposure conditions for PL
treatments is presented in Table 5, which also considers parameters for
commercial food treatments. This guidance will enable reporting of
sufficient details to extent that other researchers would be able to re-
peat, compare and evaluate data between studies.

1.4. What lessons can be learned from adjacent medical device sector by
way of standardisation and harmonisation of data for commercial
deployment of PL technology/

PL and other non-thermal technologies achieve disinfection, which
is destruction of pathogens that also leads to reduction in numbers of
spoilage microorganisms. These minimal processing approaches apply
less severe stresses so as to consider retention of freshly properties with
minimal impact on food quality characteristics along with the need for
ensuring bioburden reduction for safety considerations (Rowan et al.,
2015). Minimal processing technologies are markedly different to
commercial sterilisation processes, such as use of gamma, x-ray and
electron beam irradiation, and ethylene oxide gas for medical tech-
nology (Medtech) industries where it is generally accepted that the
latter sterilisation methods are designed to over-process a specific
biological indicator (either Geobacillus stearothermophilus or Bacillus
atrophaceus) to ensure log 6 killing that provides sterility assurance to
the welfare of the patient (Sella, Vandenberghe, & Soccol, 2015). These
biological indicators (BIs) have been included in all terminal sterilisa-
tion processes for medical device as the inactivation of such highly-
resistant BIs are more resistant to commonly occurring healthcare-as-
sociated pathogens and this process follows agreed international ster-
ilisation standards where there is consensus on efficacy (Steris AST,
2018). This concept is in part similar to use of surrogate Bacillus en-
dospores (such as B. megaterium or B. subtilis) described earlier as means

of indirectly determining efficacy for PL-treatment of complex parasites
where latter is shown or reported to be of lesser resistance to easily
cultured endospores (Hayes et al., 2012a, 2012b, 2012c). It is estimated
that the Medtech sector demands a market of some $350-400Bn (DBEI,
2108), where sterilised devices have a long history of not contributing
to hospital acquired infections. There is also oversight from an Inter-
national Standards Organisation Technical Committee. It is appreciated
that processing technologies including PL for surface decontamination
do not need to achieve sterilisation efficacy, and lessons to be gleaned
from this adjacent sterilisation domain are of consensus on agreed
standards internationally with harmonisation of methods through rig-
orous validation system (Mendes, Brandăo, & Silva, 2007). Recent
published evidence suggests that there are emerging opportunities for
3-D printing of heat-sensitive food-derived biologics for adjacent
healthcare applicants that will necessitate reduced processing condi-
tions, which may be met by use of pulsed light (Lille et al., 2018).

1.5. Harmonisation and standardisation of data – regulatory and life cycle
assessment considerations for PL development

Castro et al. (2018) advocated that there should be governing bodies
to regulate and monitor the enforcement of food-processing regulations
and to avoid situations where it becomes challenging to interpret re-
levance of regulations that often only apply to countries belonging to
specific organisations. There is also an emerging trend to exploit ad-
vances in life cycle analysis (LCA) in order to ascertain impact of tra-
ditional and novel food treatment technologies that can extend to
highlight future assessment of PL in terms of energy consumption,
carbon footprint and environmental impact (Finnegan et al., 2018;
Fitzhenry, Rowan, Finnegan, Zhan, & Clifford, 2018; Pardo & Zufia,
2012). This LCA approach can be used to develop and assess more ef-
ficient and sustainable food products throughout their whole life cycle
including PL surface treatment provision. Future development and ex-
ploitation of PL for food surface decontamination should also consider
potential impact on the environment including carbon footprint and
energy consumption where this information is currently lacking. Ad-
ditional examples of exploiting LCA to elucidate environmental impact
on sustainable technologies include milk powder and butter manu-
facture (Finnegan, Goggins, Clifford, & Xinmin, 2017), wastewater
treatment (McNamara et al., 2016) and aquaculture that includes
pulsed light provisions (Tahar et al., 2018; Morefish, 2018). The

Table 4
PL used for different applications in various domains that potentially demonstrates second order technology disruption.

Application Description References

Cosmetic skin treatment PL used for hair removal, photo rejuvenation (such as treatment of skin
pigmentation, sun damage and thread veins) and acne

Barakat, Moftah, El Khayyat, and Abdelhakim
(2017)

Optometry and ophthalmology PL treatment of evaporative dry eye disease due to meibomain gland dysfunction.
PL-treatment of keratoconus. PL-treatment of rosacea-associated meibomain
gland.

Toyos, McGill, and Briscoe (2015)
Seo, Kang, Ha, Chin, and Jung (2018)

Sequelae of breast cancer treatment Chronic radiodermatitis is common sequelae of breast cancer – PL treated
telangiectasia after radiotherapy

Nymann, Hedelund, and Hӕdersdal (2009)

Treatment of skin cancer IPL used for photodynamic therapy in treatment of nonmelanoma skin cancer Piccolo and Kostaki (2018)
Tissue engineering, regenerative medicine,

additive manufacturing
Pulsed light for tissue engineered cartilage Ishihara, Sato, Ishihara, Mochida, & Kikachi,

2007; Ifkovits & Burdick, 2007
Electronics PL permits a scalable nanotechnology process for treatment of metal nanowire

(NW) fusion to increase network activity. PL-sintering of nanoparticles into thin
films used in transistors, switches, electronic devices. PL-sintering of
CH3NH3Pbl3 solar cells.

Kang, Sowade, & Baumann, 2014; Lavery et al.,
2016; Shankar, Salcedo, Berndt, & Choi, 2017;
Dexter, Gao, Bansal, Chang, and Malhotra
(2018).

Food packaging PL-treatment of food packaging materials Heinrich et al. (2016)
Food surfaces and beverages PL-surface treatment of fresh-cut and whole vegetables, soft fruits, meat and fish Kramer et al. (2017)
Wastewater treatment Treatment of wastewater including complex murine noroviruses Vimont et al. (2015)
Pollination Industry PL-treatment of pollen to remove complex parasites affecting bumblebees Naughton, Tiedeken, Garvey, Stout, and Rowan

(2017)
Dairy water reprocessing PL treatment of dairy wastewater for reprocessing Fitzhenry et al. (2018)
Algal toxins and potentially bloom PL-treatment and reduction in algal toxin okadiac acid to freshwater crustacean

Daphnia pulex
Murray et al. (2018)

Freshwater aquaculture PL-treatment of pond water for reduction of microbial and algal communities www.morefish.ie (accessed 14/11/2018)
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aforementioned also reflects growing awareness of carbon footprint
ranking of food encompassing need for reducing greenhouse gas emis-
sions, preserving the environmental and addressing global warming
(Food's Carbon Footprint, 2018). Therefore, future sustainable studies
should also consider residual energy after food treatments, including
when using and optimising PL for commercial applications.

1.6. Embracing increasing sustaining and disruptive technologies – where
does PL potentially reside?

There has been an increasing trend to elucidate innovation that will
lead to technology disruption for greater impact, competitiveness and
value to businesses (Lauer & D’Agostino, 2013; Yongfu et al., 2017;

Table 5
Recommended information to be reported in studies on microbial inactivation by PL for harmonisation of research and for scalable industry needs.

Microorganism, recovery and enumeration
method

Genus, species and strain of microorganism
*Provide appropriate culture collection reference number and/or include type strain for test microorganism(s) in studies
*Include Escherichia coli, Listeria innocua and Bacillus cereus endospore along with native microflora for food treatments
*Confirmation of identify of test microorganisms by biochemical, physiological, morphological, immunological and/or
molecular means (provide name of supplier for rapid test kits)
*Method of storing cultures (cryoprotectant) and frequency of sub-culturing (using fresh microbial slope every month kept at
4 °C)
Initial inoculum

• Description of procedures for microbial cultivation including name of supplier company for media• Growth medium composition, growth temperature, pH, incubation time, and growth phase (exponential or stationary)

• Growth achieved under static or orbital cultivation (rpm)• Confirm purity by identifying 3 randomly selected isolates
Recovery conditions and enumeration methods

• Composition of media used for recovery to include basal media or physiological saline as diluent• Time and storage conditions between treatment and microbiological analysis• Description of procedure for enumerating microorganisms
PL equipment For commercial: description of power unit used for generating pulses to include equipment name of the supplier company and

model
For prototype: adequate description of components including treatment chamber, electrical configurations and specifications

Auxiliary devices –
∗ Temperature probe
∗ Thermophile power detector and software for total broad-spectrum dose received by sample
∗ Transmissivity sensor to monitor %UV transmittance

PL process parameters How fluence (J cm−2) over exposure time (t) is calculated/measured

• Recommended use of dosimetry method by Gómez-López and Bolton (2016)
Number of pulses applied (n)
Applied voltage (V)
Frequency of pulsing (Hertz [Hz])
Pulsed width (τ)
Peak power (W)
Distance of target area from pulsed light source
Report absence of heating particularly operating at higher fluence that may contribute to microbial inactivation performance
Absorbed ‘UV dose’ should be lower than calculated power output
Specify if UV dose measured relates to full broad-spectrum energy or part thereof such as filtered at 230 nm
Description of microbiological indicators or biodosimetry for assessing fluence measurements
Consider photoreactivation affects especially when using low PL energy doses and wavelengths between 360 and 380 nm
Consider reflectance and roughness of target surfaces that may reduce microbial disinfection during PL
Consider influence of improved effectiveness of PL using photosentisers such as titanium dioxide

PL treatment medium properties and conditions Ensure microbial population density is≤ 7-log orders to mitigate against influence of protective shading effects
Include 5-log pathogen reduction performance standard - however maximum inactivation of ≤3 log for viable counts is
typically achieved where complete microbial inactivation is atypical for PL
Include description of media composition, pH, aw
Composition of menstruum used as diluent for treated samples
Sufficient number of treatment trials and replications to provide statistical confidence of findings at 95% level; description of
statistic test and version of software package (such as Minitab or SPSS)
Description of method used to generate Bacillus endospores (natural aged for 7 days or incorporation of manganese sulphate to
expedite conversion of vegetative cells to spores on agar surfaces)
Include native microflora along with artificially seeded test microorganisms due to variability in resistance profile to PL
Consider occurrence of cavities in plant surface microstructures that may protect microorganisms from incident light due to
shading
Consider occurrence of residual microorganisms on produce surface that may support outgrowth and affect shelf life

Food raw material Origins, variety, maturation and storage conditions of raw materials such as plant matrices
Plant matrices description to include variety, geographical origin, degree of ripeness, moisture content and storage conditions
(temperature, humidity and storage time)

Food quality changes measured post PL
treatment

Colour loss or change
Lipid peroxidation
Total antioxidant activity
Sensory attributes such as flavour, aroma and organoleptic properties
pH, density, viscosity, moisture, ash and vitamins
Enzyme browning or loss of activity such as alkaline phosphatase
Choice of single or multilayer films are suitable for PL treatment in package foods (some material permits transmittance of UV-
C)
Perform specific microbial storage trials under real conditions

For beverage or drink treatments including
water

Static or continuous (flow rate)
UV transmittance of test material
Light source positioned over beverage/water with distance to target (cm) or submerged
UV intensity field (light source output and absence of fouling)
Composition of inorganic, organic and total suspended solids in beverages and water to include particle size
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Geels, 2018; Li, Porter, & Suominen, 2018; Sousa & Rocha, 2018). This
also aligns with the ambitions of many developed countries to sustain
growth through innovation for their industries such as Ireland's Food
Wise, 2025 Strategy that seeks to achieve 85% increase in food exports
to €19 billion, 70% increase in value added to €13 billion, 65% increase
in primary production to €10 billion and the creation of 23,000 addi-
tional jobs all along the supply chain from producer level to high end
value added product development (Food Wise, 2025). Bower and
Christensen (1995) initially defined disruptive technologies (DTs),
which essentially addressed commercial disruptions in an existing
marketplace, where a new product or service (a technology) is in-
troduced into that market. DTs were subsequently redefined by these
authors (Christensen, Anthony, & Roth, 2004) and expanded by others
(Govindarajan & Kopalle, 2006) to include both high-end and low-end
disruptions (Schuelke-Leech, 2018). DT can be referred to as earth-
quake, game breaking, whirlwind, emergent technologies and are ty-
pically those that cause upheaval in the existing market structured and
dominant firms by being cheaper, simpler, more convenient and ef-
fective than the existing technology (Christensen, 1997; Christensen &
Bower, 1996; Schuelke-Leech, 2018).

At the opposite end of the continuum are technologies classified as
sustaining technologies (ST) that offer incremental improvements over
technologies already in existence. A major distinction between the two
forms of technology is that as one moves along the continuum from a
sustaining to a disruptive classification. However, few technologies are
ever classified as disruptive; as most newly introduced technologies are
of sustaining (Garrison, 2009; Schuelke-Leech, 2018). Research de-
monstrates that disruptive technologies have different key success fac-
tors that ST, therefore issues will arise in senior management in terms of
variability and uncertainty in their evaluation and adoption of these
technologies based on their prior level of familiarity, openness and
experience in assessing merits of technologies. Downfall of organisa-
tions could be tracked back to poor decision-making with respect to-
wards DT adoption. DTs will have a transformative impact on the way
we consider food science and technology and indeed in the future. New
innovations and applications arise supporting the delivery and ex-
ploitation of new technology-based solutions (Osiyevskyy & Dwwald,
2015). DT are by their nature nascent and only can be revealed as being
disruptive in hindsight and therefore provide major problem for tech-
nological forecaster or road-mapper as require a degree of insight not
required for sustaining technology (albeit still high tech) that follow the
established technology product paradigm in a given industry. DT con-
fers regime changes such as new product platform, which is far different
from what the market would have experienced with ‘only’ incremental
innovation. Definitions of DT focus on firm-based product technology
factors; industry wide-product technology factors and gap between
substitutable technological learning curves on cost and performance
basis. combination of these. Customers have accepted products and
services that have been enable by DT. Schuelke-Leech (2018) described
that many of these have been smaller products (may require advances
in micro and nanotechnologies), lighter products (advances in material
technologies); cheaper products (advances in component technologies
and associated manufacturing processes), more flexibility and con-
venient products (advanced in human factors research, ergonomics, AI),
higher unit performance products (advances in chemistry, physics,
materials, design, micro and nano-technology manufacturing pro-
cesses), operationally simple products (may require advances in AI,
robotics, and design).

Developing increasing sustaining and disruptive technologies in the
agri-food domain are core to underpinning ambitious innovation-driven
economies as these create value, problem solve and increase quality of
life in dynamically changing global environments. Schuelke-Leech
(2018) postulated a conceptual model for understanding the orders of
magnitude of disruptive technologies (DT) that are potentially dis-
ruptive to business, government and to society. The author looked at
these DT at two different levels. The first order disruption is a localised

change within a market or industry, which accepts Christensen's con-
ceptualisation or DT, but is not limited by it. An example of first order
DT would be use of RT-qPCR for detecting complex parasites and viral
pathogens in food produce (Franssen et al., 2018) or use of gas chro-
matography for detecting low-level chemical contaminants (Tiedeken,
Tahar, McHugh, & Rowan, 2017). A first-order DT can come from a
start-up, new-entrant to a market, or an existing industry. A second
order disruption has much larger and broader influences, affecting
many institutions and substantially changing societal norms and in-
stitutions (Schuelke-Leech, 2018). Previous definitions of disruptive
technologies have focused on disruptions to commercial markets and
existing firms, which Schuelke-Leech (2018) stated are on the first
order of disruption (Adner, 2002; Christensen, 1997; Danneels, 2004;
Dedhayir, Okelainen, & Saju, 2014; King & Baatartogtokh, 2015).
Schuelke-Leech (2018) stated that second order disruptions are tech-
nological disruptions, where the impacts permeate through society.
Understanding and modelling potential disruptions is merited and will
require taking a holistic perspective of the socio-technical innovation
ecosystems. Future trends in the interpretation of big data from con-
vergence of cross-cutting domains will prove important as to compre-
hensively evaluate impact of big data from arising from emerging in-
novations will be challenging. Schuelke-Leech (2018) acknowledged
that new innovations that progress to DT designation based upon his-
torical evaluation of individual technologies and how these interacted
with other technologies and with other technologies and socio-eco-
nomic and political factors to produce disruptions. Arguably, many now
established innovations would not have been viewed initially as dis-
ruptive, such as discoveries in ICT, and it only once the larger societal
impacts of a technological disruption is actually known will these be
proven. Thus, development of ICT and commensurate modelling of big
data will be important for evaluation of DT impact that includes
achieving a holistic cross-system understanding of value that embraces
convergence of expertise across diversified fields of research and en-
terprise. Published studies have revealed that there is a trend for de-
velopment of pulsed light for different applications in food and drink,
healthcare, electronics, freshwater aquaculture, pollination and eco-
system services management, and environmental decontamination
(such as potential mitigation of algal bloom) that would infer potential
for second order technology disruption (Table 4). However, this po-
tential for technology disruption will only be apparent in time with
feedback from consumers and other stakeholders post large scale up-
take by industry that may also exploit different business models.

1.7. Development of pulsed light for novel applications in pollination
industry as an example of possible technology disruption for tackling
complex diseases in managed bees

Animal pollinators such as honey bees, bumble bees and solitary
bees pollinate our crops and wildflowers, and thus are essential for
human wellbeing (Ollerton, Winfree, & Tarrant, 2011). Eighty-seven
out of the main 124 crops used directly for human consumption require
or benefit from animal pollination: annually, pollinator services con-
tribute €153 billion and €54 million to the global and Irish economies
respectively (Gallai, Salles, Settele, & Vaissiere, 2009). However, in
Europe, and around the globe, bees face many threats and are often in
decline as a result (European Commission Pollinators Initiative, 2018).
This is a multi-factorial challenge as bees are predominantly impacted
by stresses associated loss of habitat, starvation and diseases (European
Commission Pollinators Initiative, 2018) that is a global problem.
Parasites and pathogens are not new to wild pollinators as they are
naturally exposed to native parasites and pathogens, but strong ex-
posure to non-native species in combination with other pressures like
poor nutrition, pesticides and other pollutants can make them more
susceptible to this threat. PoshBee (2018) is an example of a pan-Eur-
opean H2020 platform to assess exposure hazard of chemicals, their
mixtures, and co-occurrence with pathogens and nutritional stress for
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solitary, bumble, and honey bees across two major cropping systems.
However, what is underappreciated to the layperson is the complexity
presented parasites (including mites), fungi and viruses that affect bees
where there is still is no effective intervention or mitigation strategy to
address this decline or spread of diseases (Vanbergen and Insect
Pollinators Initiative, 2013; Goulson & Hughes, 2015). While such
projects will yield important baseline ecological information along with
intimating potential add-on complications exacerbated by climate
change, these studies have yet to identify a suite of appropriate and
affordable solutions to address these problems. The host range, natural
geographic range and virulence in different bee hosts are poorly un-
derstood for bee parasites that reflects in part the absence of effective
mitigation strategies to address this significant problem. It is also of
considerable concern that the anthropogenic movement of managed
bees for crop pollination purposes has led to the accidental introduction
of bee parasites to countries and continents where they do not naturally
occur, exposing native bees to parasites which may have little re-
sistance (Goulson & Hughes, 2015). Parasites can move between man-
aged or commercial colonies, and can even spill over into conspecific
wild bee populations that is a serious concern. Such disease associations
have already occurred between managed ad wild bees, both in the UK
(Fürst, McMahon, Osborne, Paxton, & Brown, 2014; Graystock,
Goulson, & Hughes, 2014) and Ireland (Murray, Coffey, Kehoe, &
Horgan, 2013). Moreover, 73.5% of screened commercial bumble bee
colonies imported to Ireland were infected with a least on harmful
parasite (Murray et al., 2013). Mitigation measures that reduce parasite
loads among managed bees must therefore be developed and im-
plemented in order to protect wild bee populations.

Currently, a critical hazard analysis critical control point (HACCP)
approach to identifying key pressure points has revealed potential entry
points for new diagnostic, therapeutic and disease mitigation measures
for pollinators (Fig. 1). For example, is appreciated that routine parasite
screening of commercial, managed and wild bees can help inform ex-
tent and scope of challenge for mitigation (Goulson & Hughes, 2015).
Co-occurrences of stresses associated with agrochemicals on nutrition
and disease in bees can be accurately evaluated, which will include
from exploiting advances in whole genome sequencing, bioinformatics
and molecular techniques (RT-qPCR) along with flow cytometry
(Braschi et al., 2018) will lead to new biomarkers for informing health

of bees post exposures. Moreover, although some parasites can be
screened using microscopy (Murray et al., 2013), molecular screening
via RT-qPCR is the only way to reliably detect all bee parasites at all
stages of infection (Goulson & Hughes, 2015). Reliable detection of
parasites can only be carried out via destructive screening of bees and it
is appreciated that individual steps to alleviate this problem, such as
disinfection or sterilize of equipment and honey bee pollen are there-
fore essential in slowing parasite spread via managed bees (Naughton
et al., 2018). Given that there is no current effective cure for any bee
parasites (Goulson & Hughes, 2015), the next best option is to employ
disinfection technologies to limit disease spread yet it is a sophisticated
issue to assess as there is also no in vitro bioassay to pilot studies for
mitigation. However, Naughton et al. (2018) conducted pilot studies
that showed pulsed light effectively destroys the trypanosome parasite
Crithidia bombi that affects bumble bees. Use of combined RT-qPCR and
cell culture for assessing fluence levels the surrogate enteroparasite
Cryptosporidium parvum was deployed to inform putative fluence level
for the traposome parasite C. bombi. Microscopy studies revealed for the
first time that PL successfully inactivated C. bombi compared to un-
treated controls, where bumble bees were fed PL-treated samples pre
and post-PL treatment. It was also revealed the death in PL-treated C.
bombi is not always instantaneous due to observations that some sam-
ples retained motility, which may be attributed to the possible multi-hit
biocidal effect of broad spectrum pulsed light on both parasite DNA and
cellular structures. An entry level strategy for PL usage would be non-
thermal treatment of pollen that is used for feeding farmed bumble bees
(Fig. 1). Recent studies with the use of gamma irradiation for pollen
also shows promise in terms of killing complex honey and bumble bee
pathogens, namely fungal pathogen Ascosphaera apis, the micro-
sporidian Nosema ceranae and three honey bee viruses (Deformed wing
virus [DWV], Black queen cell virus [BQCV], and Chronic bee paralysis
virus [CBPV]) (Simone-Finstrom, Aronstein, Goblirsch, Rinkevich, & de
Guzmann, 2018). However, the impact of gamma irradiation on nu-
tritional composition is not yet known. Also PL may also be considered
as biocide-free contact surface approach for environmental deconta-
mination. Fig. 1 also highlights other trends in innovation possibly at-
tributed to immunomodulation of bees through fortification of feed and
coating of equipment with antimicrobial bioactives that can be subject
to non-thermal processes to reduce or eliminate bioburden, such as

Fig. 1. Putative disease mitigation strategies and activities for promoting bee health and wellbeing that includes use of pulsed UV (PL) for nonthermal pollen
treatment and contact surface disinfection.
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using PL treatments. Other potential HACCP for mitigation problem
may be PL treatment of wax comb that harbours parasites and viruses
and is reused from year to year and transferred across beekeeping op-
erations. Few, if any, universal treatments exist for latter control point.

1.8. Potential cross-cutting developments gleaned from the water and waste
water industry where PL may lead to technology disruption

There is a commercial niche to consider development of PL as a bolt-
on treatment technology for recycled water including dairy rainwater
reharvesting applications (Fitzhenry et al., 2018). However, submerged
flow-through PL-treatment of water presents challenges due in part to
(a) relatively modest UV (25%) efficiency in PL-pulsed spectrum and
(b) negative impact on other environmental factors such as presence of
inorganic, organic and total suspended solids that influences UV
transmittance on PL-performance (Fitzhenry et al., 2019). Conventional
low-pressure emits continuously UV with 70% energy efficiency of
conversion and has a long history of established success when per-
forming at 40mJ cm−2 that most regulatory bodies specify as required
UV dose (TrojanUV, 2016). The potential of PL for water applications
can be advanced by knowledge transfer from industry that has a history
of testing and developing conventional low-pressure UV systems that
includes reactor design, flow rate, UV transmittance of water, UV in-
tensity field within reactor (light source output and fouling) and mi-
crobial inactivation for standardised validated processes (TrojanUV,
2016). PL offers additional advantages to the water industry as it pro-
duces broad-spectrum biocidal pulse that is effective against chlorine-
resistant waterborne enteroparsites Cryptosporidium parvum (Garvey
et al., 2010) or Giardia lamblia (Garvey et al., 2014). Therefore, there is
merit in considering standalone or co-deployment of both PL and LPUV
for drinking water decontamination (Garvey & Rowan, 2015). There are
also other future potential PL applications that includes bespoke bolt-on
treatment of contaminated seafood in depuration tanks (Vimont, Fliss,
& Jean, 2015). Other contributory factors including extreme weather
events (drought and flooding) associated with climate change will also
support development of PL as a sustainable technology for water
treatments. However, PL process requires validation before water and
other industries consider large scale deploying of the technology and
there are potential technical issues to be addressed in terms of re-con-
figuring PL for optimised submerged water treatments (Fitzhenry et al.,
2019).

Lessons can be gleaned from meeting challenges of detecting,
monitoring and mitigating against occurrence of priority and emerging
micropollutants or contaminants of concern in receiving waters in
terms of embracing innovation, technology validation and commensu-
rate need to balance or negated negative impact on environment, health
and wellbeing. This also needs to an enormity of data, notwithstanding
additional drivers including need to consider ecotoxicology and un-
certainties of climate change. For example, in the Republic of Ireland
alone there are ca 1500 waste and drinking water treatment facilities
along with several hundred private water supplies that vary in efficacy
of innovations for treatments, where use of low pressure UV for end-of-
pipe solutions is a preferred treatment option (Tiedeken et al., 2017).
What can be gleaned from the water industry for PL –technology de-
velopment is the trend towards future de-risking and development of
risk assessment models to simulate and predict appropriateness of in-
novation from evidence-based big data analysis given technological and
financial constraints. There is a trend for corrective action through
exploiting international cooperation of stakeholders including pro-
moting and funding inter-laboratory testing and validation of new ap-
proaches based upon review of all data sets that also informs consensus.
Such trends can be seen by development of semi-quantitative risk as-
sessment models that considers main factors governing efficacy for
mitigating pollutants in water that may also help with understanding
and interpretation of enormous data sets generated from PL and other
non-thermal technology studies (Tahar, Tiedeken, Cummins, Clifford, &

Rowan, 2017). This also helps in simplifying complex issues and for
conveying main impactful findings to industry and for policy makers for
decision making. Akin to the medical technology domain, the Irish
water industry require validation of new innovation before deployment
that explains in part why this industry will continue to deploy validated
process such as continuous-wave low-pressure UV that has been reliable
for the industry. However, PL technology has potential for next-gen-
eration UV disinfection technology but requires a platform for in-
dependent validation. The latter is attested by growing interest in the
use of PL for rainwater harvesting and recirculation in the dairy in-
dustry (Fitzhenry et al., 2018) and for aquaculture applications where
there is a pressing need for disease mitigation using environmentally-
friendly innovation that can be deployed in pond, flow-through and
recirculation aquaculture systems (RAS) (cited in Tahar, Kennedy,
Fitzgerald, Clifford, & Rowan, 2018a). There is an increasing trend to
develop risk assessment models in order to evaluate sustainable tech-
nologies for addressing environmental treats for the drinking and
wastewater industry where pulsed light can be considered as a candi-
date control measure post validation (Tahar et al., 2017, 2018b).

2. Conclusions

This review reflects upon some of the key technological develop-
ments underpinning PL technology where the food industry is con-
stantly innovating and seeking more rapid, cheaper, efficient and ef-
fective outcomes. It specifically focused on the factors influencing the
development of PL for the decontamination of fresh produce post-har-
vest handling. It also provided a set of recommendations for reporting
PL studies that will facilitate standardisation and harmonisation of
experimental data and exposure conditions that will enable the re-
searcher to repeat and evaluate studies with a commercial orientation.
Despite approval from the Food and Drug Administration (FDA) since
1996, there is little evidence that PL technology has not been taken up
for large scale commercial treatment of foods. There has been a con-
siderable volume of exciting published information on PL development
for food and beverage applications, but there has been a marked lack of
collaborative research to yield harmonised data internationally that
infers PL technologies currently lead to incomparable findings. Lack of
international consensus and harmonisation of data and methods will
retard development of PL technology. This infers a pressing need for
international networking of academics, industry, regulators and other
NGOs, standards bodies such as through EU Cost Action or similar in-
terdisciplinary inter-laboratory platform approach for testing and va-
lidating PL internationally. Such collaborative undertakings should
exploit freely-available open access sources and the international re-
search community must reach consensus on priority parameters for
reliable and repeatable development of PL that recognises FDA re-
commendations (FDA, 2015). Decisive parameters for describing PL
treatment of fresh produce to standardise future research reporting is
provided that also considers the importance of including native mi-
croflora along with artificially seeded microbial test strains for specific
shelf life testing at fluence levels below FDA recommended 12 J cm−2.
There is verbose data available on PL treatment conditions from various
food produce studies, typically operating at sub-lethal level that elim-
inates pathogens but retains a population of spoilage microorganisms to
reflect co-retention of fresh-like nutritional and organoleptic properties.
However, as use of current Xenon-based light sources in current treat-
ment configurations produce a maximum viable count reduction of 3
log orders on food surfaces, there is a pressing need to consider new
light sources such as LEDs and different reactor designs to augment
effectiveness of fluence to achieve the 5 log reduction standard. Ad-
vances in whole genome sequencing, bioinformatics, flow cytometry
and spectrometry will help elucidate cell and molecular mechanisms
underpinning PL disinfection efficacy that may bring our researcher
community closer to understanding dynamic relationship between
culturable and VBNC state microorganisms. This may help to inform
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effective irreversible PL-decontamination processes for food produce
and possible enable extension of shelf life. Agreement upon and ad-
vancing microbial inactivation (or kinetic) modelling along with de-
veloping possible risk assessment models will also inform efficacy of
operational PL parameters and enable comparisons on effectiveness
between studies. There is convergence of knowledge and innovation
from other adjacent sectors (including medical technologies, waste-
water and manufacturing industries) that will facilitate development of
PL for food and related disinfection applications. However, there is an
increasing trend where such sectors (such as medtech) are also in-
vestigating reduction in over-processing conditions associated with
terminal sterilisation in order to embrace emerging opportunities for
additive manufacturing such as 3-D printing of heat sensitive polymers
and treatment of complex medical devices in situ in healthcare that
responds to growth in personal medicine (Garmulewicz, Holweg,
Veldhuis, & Yang, 2018). PL offers exiting opportunities for food and
drink including potential for technology disruption in many other areas
including freshwater aquaculture, waste reduction and management
(rainwater recycling), pollination as putative innovation for tackling
disease in bees and treatment of algal bloom. However, such potential
will not be realised until agreement has been reached on harmonised
methods so as to enable the research to sufficiently compare and vali-
date data. This review also presented an opportunity to consider how
PL can be used as a testbed platform for important training, education
and evaluation. For example, adjacent advances in artificial in-
telligence, immersive augmented and virtual reality may transform how
workforce training is provided and assessed including development of
PL through machine interface learning (Keighrey et al., 2017).
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N . J . R O W A N , S . J . M A C G R E G OR , J .G . A N D E R S ON , R .A . F OU R A C RE A N D O . F A R IS H. 2000. The

physical effects of high-intensity pulsed electric ®elds (PEF) on the inactivation of

diarrhoeagenic Bacillus cereus cells suspended in 0�1% peptone water were examined by

transmission electron microscopy (TEM). The levels of PEF-induced microbial cell death

were determined by enumeration on tryptone soy yeast extract agar and Bacillus cereus-

selective agar plates. Following exposure to lethal levels of PEF, TEM investigation

revealed irreversible cell membrane rupture at a number of locations, with the apparent

leakage of intracellular contents. This study provides a clearer understanding of the

mechanism of PEF-induced cellular damage, information that is essential for the further

optimization of this emerging food-processing technology.

INTRODUCTION

The increasing incidence of reported food-borne illnesses

associated with microbial enteropathogens continues to be

an increasing problem (Slutsker et al. 1998; Rowan 1999).

These events have raised major concerns over food safety

problems and their impact on public health. Consequently,

the control of microbial contamination of foodstuffs has

been given the highest priority in these countries. Also,

there is growing consumer preference for minimally pro-

cessed, fresh food produce, and this has increased interest

in non-thermal techniques for food safety and food preser-

vation (Gould 1996; Barbosa-CaÂnovas 1997).

The potential use of high-intensity, pulsed-power tech-

niques, such as pulsed electric ®eld (PEF) treatment, for

food processing applications is currently receiving consid-

erable attention since inactivation of micro-organisms takes

place under reduced temperature conditions (Gould 1996;

Qin et al. 1996; Wouters et al. 1999). The advantages of

such an electrotechnology include the potential retention of

fresh food characteristics and organoleptic qualities such as

¯avour, aroma and texture (Castro et al. 1993). Preliminary

studies suggest that such treatment represents a promising

non-thermal technique that may supplement or replace

conventional pasteurization methods (Castro et al. 1993;

Qin et al. 1995, 1996; Liu et al. 1997; Wouters et al. 1999).

PEF treatment involves the application of pulsed electric

®elds, with a magnitude usually greater than 20 kV cmÿ1,

for short durations (500 ns to 4 ms), to liquid foods or to

appropriate solid foods that can be pumped. A number of

recent studies have shown that a range of spoilage and

pathogenic micro-organisms are susceptible to PEF, with

reductions of r106 organisms mlÿ1 being reported in both

laboratory-based culture media and in certain liquid food-

stuffs (Castro et al. 1993; Qin et al. 1996; Wouters et al.

1999).

Although this treatment method has signi®cant potential,

the underlying mechanisms of microbial inactivation have

still to be fully elucidated (Gould 1996; Schoenbach 1997;

Wouters et al. 1999). The most commonly suggested the-

ory is that of severe electroporation (i.e. the formation of

pores in cell membranes by the action of high voltage elec-

tric ®elds), where local instabilities in the membranes of

treated micro-organisms are formed by electromechanical

compression and electrical ®eld-induced tension (Wouters

et al. 1999). PEF inactivation via electroporation is believed

to be associated with the migration and accumulation of

charge across the cell membrane under the action of an

applied electric ®eld. It is generally considered that the cri-

tical membrane potential, induced by the electric ®eld, that

causes microbial inactivation is about 1 V (Sitzmann 1996).

At this level it is thought that the permeability of the mem-

brane increases such that cell death occurs (Schoenbach

1997). The breakdown of biological membranes has been

extensively studied with such model systems as liposomes,

planar bilayers and phospholipid vesicles (Qin et al. 1996).

There are a number of theories relating to electroporation,
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including dielectric breakdown, transmembrane potential-

induced compression of the bilayer or cell membrane,

induced changes in the viscoelastic properties of the cell

membrane, rearrangement of the ¯uid mosaic arrangements

of the lipids and membranes in the cell membrane; struc-

tural defects in the membranes, and colloidal osmotic swel-

ling (Qin et al. 1996). The objective of the present study

was to assess, by means of transmission electron micro-

scopy, the nature and extent of cellular damage caused by

the application of lethal levels of high-intensity pulsed-

electric ®elds, to determine whether PEF treatment results

in the formation of irreparable pores in the cell membrane

of Bacillus cereus.

MATERIALS AND METHODS

Bacterial strains and growth media

The diarrhoeagenic strain of Bacillus cereus (NCTC 11145,

National Collection of Type Cultures, Colindale, UK) was

used in this study. Cells were initially grown in 50-ml tryp-

tone soy broth supplemented with 0�6% (w/v) yeast extract

(TSYEB) for 24 h at 30 �C with agitation (125 rev minÿ1).

A 1-ml sample of a 10ÿ5 dilution was transferred to fresh

50-ml TSYEB (giving a starting cell population of 0103

cells mlÿ1), and incubated at 125 rev minÿ1 for 6 h at 30 �C
to obtain vegetative cells in the mid-exponential growing

phase. Cells were pelleted by centrifugation (3000 g for 10

min at 4 �C), washed twice in phosphate-buffered saline

(PBS) and resuspended in 0�1% (w/v) peptone water to a

cell density of 0108 cells mlÿ1 before transfer to the PEF

treatment chamber. The absence of bacterial endospores

was con®rmed by spore staining of triplicate samples and

by heating at 80 �C for 15 min prior to enumeration on

TSYEA plates. Stored bacteria were kept at ÿ70 �C in

PBS with 20% glycerol (v/v) until used.

Pulsed electric field (PEF) treatment of Bacillus

cereus

The test cells, suspended in 0�1% peptone water, were

subjected to high intensity pulsed electric ®elds. A 100-kV

Glassman high voltage DC generator was used to charge a

coaxial cable Blumlein pulse generator through a charging

resistance of 10 MO. The coaxial cable generator was con-

structed from 100 m of URM67, 40-kV cable. The high

voltage output pulse from the generator was 500 ns in dura-

tion, and the generator had an output impedance of 100O,

a switching impedance of 50O, and an open circuit gain of

2. The generator was wound inductively on a 30-cm dia-

meter former in order to minimize secondary transmission

line losses. The electrical circuit layout is shown schemati-

cally in Fig. 1 and the charging circuit was arranged to

ensure that the generator charging currents did not ¯ow

through the test cells.

The pulse generator was charged from one end of the

cable, and was ®red by switching the inner conductor to

ground at the opposite end. Although both sides of the test

chamber were earthed, the output from the cable generator,

which was connected to one side of the test chamber, was

transiently decoupled from earth during application of the

voltage pulse. The Blumlein generator was ®red by a trig-

gered corona stabilized switch. For the present study, the

pulse repetition frequency was limited to a maximum value

of 5±10 pulses per second in order to ensure that there

were no thermal inactivation effects associated with the

energy dissipation in the test chamber. The output pulse

from the generator was monitored throughout the experi-

ments with a 1000 : 1, Tektronix high voltage probe. The

voltage pulse pro®le used for PEF treatment, measured

across the test cell, is shown in Fig. 2.

Test samples of Bacillus cereus were subjected to a pulsed

electric ®eld at a level of 030 kV cmÿ1 in a uniform-®eld

static test cell. The volume of the test cell was 30 ml and

samples of a predetermined cell number were subjected to

a range of pulses from 500 to 6000 pulses. A forced air

cooling system was used to maintain the test chamber tem-

perature between 25 and 30 �C. A thermocouple was

employed throughout the studies in order to verify the

temperature of the treated liquid. The levels of microbial

inactivation and cell integrity (examined by transmission

electron microscopy) were assessed post PEF-treatment.

Surviving organisms were enumerated with both the pour

and spiral plating techniques on TSYEA and on Bacillus
cereus-selective agar (BCSA, Oxoid) plates.

Transmission electron microscopy

Bacillus cereus cells treated by PEF were washed twice with

PBS and resuspended in sterile-distilled water before appli-

cation to formvar-coated grids. After the grid was dried,

one drop of a solution containing 3% (v/v) tungstopho-

Fig. 1 The electrical circuit layout for PEF treatment

111P E F - I N A C T I V A T I O N O F B . C E R E U S B Y E L E C T R O P O R A T I O N

= 2000 The Society for Applied Microbiology, Letters in Applied Microbiology, 31, 110ÿ114

 1472765x, 2000, 2, D
ow

nloaded from
 https://am

i-journals.onlinelibrary.w
iley.com

/doi/10.1046/j.1365-2672.2000.00772.x by H
ealth R

esearch B
oard, W

iley O
nline L

ibrary on [31/01/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

267



sphoric acid and 0�3% (v/v) sucrose (pH 6�8±7�4) was

added. The solution was removed after 30±60 s, and the

grid was dried and examined on a Zeiss 902 transmission

electron microscope.

Statistical analysis

All of the experiments in this study were performed in tri-

plicate and results are reported as averages. Signi®cant dif-

ferences in the PEF treatment results were calculated at

the 95% con®dence interval using analysis of variance (one

way) with Minitab software Release 11 (Mintab Inc., State

College, PA, USA).

RESULTS AND DISCUSSION

The results described in Table 1 show the effect of apply-

ing up to 6000 pulses to populations of B. cereus with cell

survivors enumerated on TSYEA and BCSA plates. A 5�5±
6 log order reduction was achieved following the maximum

treatment of 6000 pulses. In both sets of cell survivor data,

the inactivation was similar and the population reduction

increased with the greater the number of pulses applied.

The BCSA enumerated data is also observed to be consis-

tently lower than that of the TSYEA data for treatments of

1000 pulses and more. This difference in recovery is possi-

bly due to the added stress of dyes and antibiotics in the

selective plating medium (Rowan and Anderson 1998;

Rowan 1999).

Transmission electron microscopy (TEM) of untreated

(Fig. 3a) and PEF-treated (Fig. 3b) B. cereus cells was car-

ried out after 6000 pulses at 30 kV cmÿ1. TEM results

from PEF-treated cells revealed that there was rupture of

the cell wall (CW) with irreversible electroporation of the

cell membrane with leakage of the intracellular contents or

cellular debris (CD) (Fig. 3b). It is signi®cant that PEF-

induced pore formation (PF) in the cell envelope was

observed at several locations along the length of this rod-

shaped bacterium, as well as occurring at the extremities of

the rod. In addition to the loss of cytoplasmic and nuclear

material by disintegration of the cell envelope (indicated in

Fig. 3b as CD). This shrinkage pattern (indicated by 4 in

Fig. 3b) suggests leakage of cytoplasmic and nuclear mate-

rial from the cell. It is clear that not all PEF-treated bac-

teria have had their cell wall ruptured, as evident by the

presence of an intact B. cereus (IBC) cell in this ®gure,

although this should not be interpreted as indicating a

viable cell. This observation is in general agreement with

Fig. 2 Measured output pulse waveform applied to the test cell for PEF treatment

Table 1 Survival data for PEF-treated Bacillus cereus cells

enumerated on TSYEA and BCSA plates

Number of

PEF pulses
Number of cell survivors* Signi®cance

P< 0�050
TSYEA{ BCSA{

0 8�69 (� 0�2) 8�55 (� 0�2) No

500 7�15 (� 0�2) 6�91 (� 0�3) No

1000 6�21 (� 0�3) 5�75 (� 0�2) Yes

3000 5�61 (� 0�3) 4�89 (� 0�3) Yes

6000 3�25 (� 0�3) 2�44 (� 0�4) Yes

*Measured as log10 cfu mlÿ1, where counts were averages of three

replicate trials.

{Numbers in parenthesis refer to variation about the mean.
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the survival data for PEF-treated B. cereus shown in Table

1.

The TEM results did reveal some relatively minor

shrinkage of the cytoplasmic membrane away from the

outer membrane in the treated bacterial cells. There was

no visual evidence of any partial or complete disintegration

of the cell envelope in these PEF treated organisms. Cells

of Escherichia coli (ATCC) and Staphylococcus aureus
(ATCC 6538) suspended in simulated milk ultra®ltrate

(SMUF), were observed with scanning (SEM) and trans-

mission (TEM) electron microscopy following electric ®eld

treatment at 60 kV cmÿ1. However, the SEM technique

did not indicate any signi®cant differences between PEF-

treated and untreated E. coli and Staph. aureus cells (cited

in Barbosa-CaÂnovas 1997). The TEM results presented

here with B. cereus are in agreement with the ®ndings of

Harrison (1997), who showed that PEF inactivation of the

food spoilage yeast Saccharomyces cerevisiae (ATCC 16664)

occurs by cell envelope rupture and loss of intracellular

contents.

In conclusion, studies have been carried out with a sim-

ple buffered system that have permitted an assessment to

be made on the in¯uence of PEF on the integrity of bacter-

ial cells by TEM. PEF inactivation of diarrhoeagenic B.
cereus occurs through irreversible electroporation, and

causes cell death. The TEM results showed that PEF-

induced pore formation occurred randomly in these rod-

shaped bacterial cells, resulting in a large-scale leakage of

cytoplasmic and nuclear material. This study has provided

a clear understanding of the mechanism of PEF-induced

lethality in micro-organisms, information that is required

in order to allow optimization of this electrotechnology and

to help satisfy the regulatory requirements associated with

the introduction of such a novel food-processing technol-

ogy.
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ABSTRACT

S. YAQUB, J .G. ANDERSON, S.J . MACGREGOR AND N.J . ROWAN. 2004.

Aims: To apply scanning electron microscopy, image analysis and a fluorescent viability stain to assess lethal and

sublethal in food-borne bacteria exposed to high-intensity pulsed electric fields (PEF).

Methods and Results: A rapid cellular staining method using the fluorescent redox probes 5-cyano-2,3-ditolyl

tetrazolium chloride (CTC) and 4¢,6-diamidino-2-phylindole was used for enumerating actively respiring cells of

Listeria mononcytogenes, Bacillus cereus and Escherichia coli. This respiratory staining (RS) approach provided good

agreement with the conventional plate count agar method for enumerating untreated and high-intensity PEF-

treated bacteria suspended in 0.1% (w/v) peptone water. However, test organisms subjected to similar levels of

lethality by heating at 56�C resulted in ca 3-log-unit difference in surviving cell numbers ml)1 when enumerated by

these different viability indicators. PEF-treated bacteria were markedly altered at the cellular level when examined

by scanning electron microscopy.

Conclusions: While PEF-treatment did not produce sublethally injured cells (P < 0.05), substantial subpopula-

tions of test bacteria rendered incapable of forming colonies by heating may remain metabolically active.

Significance and Impact of the Study: The fluorescent staining method offers interesting perspectives on

assessing established and novel microbial inactivation methods. Use of this approach may also provide a better

understanding of the mechanisms involved in microbial inactivation induced by PEF.

Keywords: fluorescent metabolic probes, microbial inactivation, pulsed electric fields, scanning electron

microscopy, sublethal injury.

INTRODUCTION

The potential to utilize high intensity, pulsed electric field

(PEF) technology for food processing applications is

currently receiving considerable attention as this electro-

technology may significantly improve the quality of certain

liquid food products (Heinz et al. 2001; Wouters et al.
2001). As an emerging nonthermal food preservation

method, PEF pasteurization is of interest to the food

industry as this treatment technology has the potential to

retain the organoleptic and nutritive properties that are

characteristic of fresh food products. PEF treatment

involves the application of PEF with a magnitude usually

greater than 20 kV cm)1, for very short durations (500 ns

to 4 ls), to liquid foods (MacGregor et al. 2000; Heinz

et al. 2001). Numerous research groups have demonstrated

the biocidal potential of PEF, having shown that a wide

range of food spoilage and pathogenic micro-organisms can

be inactivated in test liquids and in various food products

(MacGregor et al. 2000; Heinz et al. 2001; Wouters et al.
2001). Whilst the mechanism(s) underlying the inactivation
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of micro-organisms by PEF remains to be fully elucidated,

the most commonly suggested theory is that of severe

electroporation (i.e. the formation of pores in cell mem-

branes by the action of high voltage electric-fields)

(Wouters et al. 2001). Despite intensive scientific and

developmental interests in PEF-technology, very little

research has been directed towards gaining a better

understanding of the recovery processes associated with

sublethally injured micro-organisms after PEF treatment:

previous studies have relied heavily on enumerating

microbial survivors using conventional plate count agar

techniques.

In this study, image analysis and the novel fluorescent

redox probe 5-cyano-2,3-ditolyl tetrazolium chloride (CTC)

were used to investigate respiratory activity in Listeria
monocytogenes, Bacillus cereus and Escherichia coli cells that

were exposed to separate PEF and heat treatments. In

particular, enumeration of PEF and heat-injured cells by

respiratory staining was compared with similarly treated

samples that were enumerated by the conventional plate

count agar method. Here, we report that the former

epifluorescence approach offers a rapid and quantitative

assay for determining the extent of sublethal cellular injury

in heat and PEF-treated food-borne bacteria.

MATERIALS AND METHODS

Bacterial strains used

Listeria monocytogenes (NCTC 11994), the diarrhoeagenic

strain of B. cereus (NCTC 11145), and E. coli (NCTC

9001) used in this study were obtained from the National

Collection of Type Cultures (Public Health Laboratory

Service, Colindale, UK). Cells were initially grown in

50-ml typtone soya broth supplemented with 0Æ6%
yeast extract (TSYEB) for 24 h at 37�C with agitation

(125 rev min)1). Following this, a 1-ml sample of the 10)5

dilution was transferred to fresh 50-ml TSYEB (giving a

starting cell population of ca 103 cells ml)1), and was

incubated at 125 rev min)1 for 6 h at 37�C to obtain

vegetative cells in the mid-exponential growing phase. Cells

were pelleted by centrifugation (3000 g for 10 min at 4�C),
and were washed three times and resuspended in 0Æ1%
(w/v) peptone water to yield a suspension of 107 CFU of

test organisms ml)1 (determined spectrophotometrically at

540 nm, model UV-120-02 instrument; Shimadzu Corp.,

Kyoto, Japan) before transfer to the PEF treatment

chamber. The absence of bacterial endospores was con-

firmed by spore-staining of triplicate samples of B. cereus
and by heating at 80�C for 15 min prior to enumeration on

TSYEA plates. Stored bacteria were kept at )70�C in

phosphate-buffered saline (PBS) with 20% glycerol (v/v)

until used.

PEF treatment of test bacteria

Test bacteria were suspended in 30 ml of 0Æ1% (w/v)

peptone water and were subjected to high voltage, PEF (ca
30 kV cm)1) in a circulated, closed-loop system. This

comprised a holding reservoir, treatment chamber, inter-

connections, and peristaltic pump as described previously,

with modifications (MacGregor et al. 2000). The flow rate of

the system was 200 ml min)1, the volume of the system was

ca 100 ml, and the test or treatment chamber volume was

30 ml. The test chamber consisted of a disk of 10 mm

Perspex (SamTech Ltd, Glasgow, UK), with a central hole

cut through it to hold the 30 ml volume of sample. Two

separate channels were drilled from the outer edge of the

Perspex to the central hole, thus allowing for syringe

injection and removal of samples. Flat brass plates were

fitted on both sides of the central hole, which formed the

electrodes of the test chamber. Predetermined cell popula-

tions were treated with 7000–8000 pulses at 25�C (in order

to achieve ca 5 log reduction in CFU of test bacteria ml)1 as

determined by the conventional plate count method), at a

pulse repetition frequency that was limited to 5 pulses per

second in order to ensure that there were no thermal

inactivation effects associated with the energy dissipation in

the test chamber. It should be noted, the PEF system was

not optimized for inactivation of test bacteria. The test

chamber was immersed in a circulating constant temperature

water bath (model HE30; Grant Instruments Ltd, Cam-

bridge, UK) equipped with a thermoregulator capable of

maintaining temperature to within ±0Æ05�C (model TE-8A;

Techne Ltd, Cambridge, UK) to maintain the desired

treatment temperatures at 25�C. A thermocouple was also

employed throughout the studies in order to verify the

temperature of the treated liquid. A 100-kV high voltage DC

generator (Glassman EH50R02; Glassmann Europe Ltd,

Hampshire, UK) was used to charge a co-axial cable

Blumlein pulse generator (Type TLG B-01, Samtech Ltd,

Glasgow, UK) through a charging resistance of 10 MMX. The
co-axial cable generator was constructed from 100 m of

URM67, 40 kV cable (Samtech).

The high voltage output pulse from the generator was

500 ns in duration, and the generator had an output

impedance of 100 X, a switching impedance of 50 X, and
an open circuit gain of two. The generator was wound

inductively on a 30-cm diameter former in order to

minimize secondary transmission line losses. The electrical

and charging circuits were arranged to ensure that the

generator charging currents did not flow through the test

cells. The pulse generator was charged from one end of the

cable, and was fired by switching the inner conductor to

ground at the opposite end. Although both sides of the test

chamber were earthed, the output from the cable generator,

which was connected to one side of the test chamber, was
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transiently de-coupled from earth during application of the

voltage pulse. The Blumlein generator was fired using a

triggered corona stabilized switch. The output pulse from

the generator was monitored throughout the experiments

using a 1000 : 1, Tektronix high voltage probe (Tektronix

P6015A; Imex Ltd, Coatbridge, UK). The voltage pulse

profile used for PEF treatment, measured across the test

cell, is shown in Fig. 1. Recovery of surviving populations

(log CFU of test bacteria ml)1), was determined for

experimental and control suspensions and dilutions thereof

by spread and spiral plating samples (model B; Sprial

Systems Inc., Shipley, UK) onto TSYEA agar (Oxoid)

plates; these were incubated for 48 h at 37�C before

enumeration.

The test bacteria, L. monocytogenes, B. cereus and E. coli
were also subjected to heating at 56�C in order to achieve a

similar level of inactivation (ca 5-log units in CFU ml)1) to

that obtained by PEF treatment, according to methods

described previously (Rowan and Anderson 1998). Test

bacteria were suspended in 1Æ9 ml of preheated 0Æ1% (w/v)

peptone water to a density of ca 107 CFU ml)1 in 3-ml

shrimp cap glass vials (Phase Separations Ltd, Watford,

Hertfordshire, UK). The vials were sealed and kept below

the level of a circulating constant temperature water bath

(model HE30; Grant Instruments Ltd) equipped with a

thermoregulator capable of maintaining temperature to

within ±0Æ05�C (model TE-8A; Techne Ltd). The vials

were sealed and kept 4 cm below the level in the water bath

for the treatment period. Recovery and enumeration of

surviving populations of the test bacteria were performed as

mentioned above.

Use of image analysis, fluorescent redox probes
and conventional plating counting method to
enumerate cell numbers after heating and PEF
treatment

Image analysis and the fluorescent redox probes CTC and

4¢,6-diamidino-2-phylindole (DAPI) were used to investi-

gate cellular activity in the test bacteria according to

previously described procedures, with modifications

(Rodriguez et al. 1992; Gavin et al. 2000). One-millilitre

cell suspensions were harvested by centrifugation (4�C for

10 min at 3000 g) and washed three times with 0Æ1 MM

phosphate-buffered saline (PBS). Experimental (i.e. PEF

and heat-treated samples) and control preparations, and

dilutions thereof, were resuspended in 300 ll of 5 mMM CTC

(Polysciences, Inc, St Louis, MO, USA) and were incubated

for 1 h in the dark at 20�C with agitation (200 rev min)1).

CTC is readily reduced to insoluble, highly fluorescent and

intracellularly accumulated CTC-formazon, through bac-

terial respiration. After incubation, experimental and control

preparations, and dilutions thereof, were counterstained for

8 min at 20�C with 5 lg of DAPI ml)1 (Sigma, St Louis,

MO, USA) and were enumerated using methods described

previously with modifications (Besnard et al. 2000; Gavin

et al. 2000). Counterstaining with the DNA-binding DAPI

allowed concurrent determinations of total (i.e. viable plus

nonviable) bacteria and viable (i.e. only cells exhibiting red

CTC-formazan fluorescence) bacteria. Epifluorescence

observations of CTC-treated preparations were microscop-

ically examined (Nikon Optiphot microscope, Tokyo, Japan)

using a blue 420–480-nm excitation filter (combined with a

580-nm dichroic mirror and a 590-nm barrier filter), where

eight to 10 fields were counted at a magnification of ·1,000
(expressed in terms of log10 number of corresponding

bacteria ml)1 of sample). CTC- and DAPI-strained bacteria

in the same preparation were also viewed and counted

simultaneously with a 365-nm-excitation filter, and emission

filter and a 400-nm cutoff filter. Stained cells were

distinguished from nonspecific reactions by overlaying the

fluorescence and phase-contrast images. The image analysis

system comprised a Sony charge-coupled device camera and

a Seescan Solitaire image analyser (both Seescan Ltd,

Cambridge, UK) with archiving to hard disk. Direct

microscopic counts of bacterial suspensions were also carried

out by using bright-field microscopy and Thoma counting

chamber preparations (Gunasekera et al. 2002).

Assessment of PEF-treated bacteria for cellular
damage by using scanning electron microscopy

PEF-treated samples were examined visually for cellular

damage by using scanning electron microscopy where test

bacteria were resuspended for 1 h in 0Æ1 MM phosphate buffer

containing 2Æ5% gluteraldehyde. Fixed cells were subjected

to three 5-min washes in 0Æ1 MM phosphate buffer containing

2% (w/v) glucose and were stained for 1 h using 1%

osmium tetroxide. Samples were rinsed three times in sterile

distilled water and were then treated in the dark for 1 h with

0Æ5% aqueous uranyl acetate. Samples were then placed on

0Æ2 lm polycarbonate filters and dehydrated using 10-min
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Fig. 1 Measured output pulse waveform applied to the test chamber

for PEF treatment
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immersions in an increasing series of acetone (30, 50, 70 and

90%, and absolute). Samples were left submerged in dried

absolute acetone overnight before transfer to critical point

dryer for 1Æ5 h where the liquid CO2 was changed every

15 min. Samples were then mounted on carbon double side

tape and gold coated using a scanning electron microscopy

coating system (Polaran SC515; Quorum Technologies,

Newhaven, UK). Samples were viewed using a Philips 500

scanning electron microscope (Eindhoven, the Netherlands).

Statistical analysis

All of the experiments in this study were performed in

triplicate, and results are reported as averages. Significant

differences in the experimental (heating and PEF treatment)

and untreated control results were calculated at the 95%

confidence interval using analysis of variance (oneway) with

Minitab software Release 11 (Minitab Inc., State College,

PA, USA).

RESULTS AND DISCUSSION

Thermal treatment or holding times required to achieve

5 log reductions in cell populations for L. monocytogenes,
B. cereus and E. coli at 56�C were 44, 38 and 42 min,

respectively. This corresponded to D56�C values (decimal

reduction time: the time required to kill a 1-log unit

concentration of bacteria) of 8Æ8, 7Æ6 and 8Æ4 min, respect-

ively (data not shown). Good agreement was obtained

between the CTC-fluorescence or respiratory staining (RS)

method and the conventional plate count agar (PC) method

for enumerating untreated cell populations of test bacteria

(P < 0Æ05) (Table 1). The PC method demonstrated that

heat-treated samples of L. monocytogenes, B. cereus and

E. coli were reduced by 5Æ2, 5Æ3 and 5Æ3 log CFU ml)1,

respectively: this markedly contrasted with reductions of

2Æ6, 3Æ0 and 2Æ2 log cell numbers of actively respiring

bacteria ml)1 as determined by the rapid RS (P < 0Æ05)
(Table 1). However, no significant difference was observed

between conventional PC and rapid RS methods after

enumerating PEF-treated L. monocytogenes, B. cereus and

E. coli cell populations (P < 0Æ05) (Table 1). Results showed

that the 4Æ2, 5Æ1, and 3Æ7 log unit reductions recorded by the

PC method for the respective PEF-treated bacteria were

similar to that of the respective 3Æ9, 4Æ6, and 3Æ2 log unit

reductions determined by the rapid RS approach (P < 0Æ05)
(Table 1). While L. monocytogenes and E. coli appeared

equally heat and PEF tolerant, the larger B. cereus cells were
more susceptible to the lethal action of both PEF treatment.

The latter finding is in agreement with other researchers,

where larger microbial cells such as yeast are more

susceptible to irreversible electroporation (Heinz et al.
2001; Wouters et al. 2001). Use of image analysis and

respiratory staining showed that the PC method did not

significantly underestimate the numbers of cell survivors

after PEF treatment, which markedly contrasted with the ca
3-log unit difference in surviving cell populations that had

been heated. The latter results agree with the recent findings

of Gunasekera et al. (2002), where these researchers used

de novo expression of a gfp reporter gene and membrane

integrity based on propidium iodide exclusion as viability

indicators to show that a substantial portion of E. coli and
Pseudomonas putida cells in heat-treated milk are metabol-

ically active but are incapable of forming colonies.

Use of fluorescent redox probes for direct visualization of

actively respiring bacteria is gaining in popularity amongst

research groups investigating the viable but not culturable

(VBNC) phenomenon (i.e. stress-injured bacteria which are

not capable of the cellular division required for growth in

the usual culture media, but, yet remain physically active for

several metabolic functions) in food and water-borne

bacteria (Besnard et al. 2000; Caruso et al. 2003). There is

increasing evidence for the existence of a VBNC state in

microbes, particularly in the stressed environment presented

by modern foods with their varied pretreatment and

packaging strategies (Rowan 1999). In particular, use has

been made of CTC as a metabolic staining technique for

reporting the possible existence of VBNC states in Micro-
coccus luteus (Kaprelyants and Kell 1993), L. monocytogenes
(Besnard et al. 2000) and in E. coli (Caruso et al. 2003):
CTC reduction reflects the presence of a functional electron

transport (i.e. respiratory) system in the microbial cell

Table 1 Enumeration of Listeria monocytogenes, Bacillus cereus and Escherichia coli cell numbers by respiratory staining (RS) and CFU by

conventional plate counting (PC) after heating or PEF treatment

Test bacteria

Log CFU or cell numbers ml)1

Untreated (PC) Untreated (RS) Heat (PC) Heat (RS) PEF (PC) PEF (RS)

L. monocytogenes 7Æ3 (±0Æ2)A 7Æ5 (±0Æ3)A 2Æ1 (±0Æ3)D 4Æ9 (±0Æ3)B 3Æ1 (±0Æ5)C 3Æ6 (±0Æ4)C

B. cereus 7Æ1 (±0Æ2)A 7Æ0 (±0Æ1)A 1Æ9 (±0Æ4)D 4Æ8 (±0Æ4)B 2Æ0 (±0Æ5)D 2Æ4 (±0Æ3)D

E. coli 6Æ8 (±0Æ3)A 7Æ3 (±0Æ3)A 1Æ4 (±0Æ6)D 3Æ5 (±0Æ3)C 1Æ7 (±0Æ3)D 2Æ1 (±0Æ5)D

Values followed by the same upper case letter in separate columns do not significantly differ at the 95% confidence intervals (P < 0Æ05).
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membrane where insoluble fluorescent CTC-formazan

crystals accumulate in metabolically active bacteria in a

time-dependent manner. This present study has provided

evidence that a significant portion of L. monocytogenes,
B. cereus and E. coli cells that are rendered incapable of

forming colonies by heat or PEF treatments are metabol-

ically active. These results demonstrate the possible exist-

ence of a viable but nonculturable (VBNC) state in

vegetative cells of B. cereus that has not been reported

previously. There is compelling evidence that bacteria in a

VBNC state may, in suitable conditions, regain the ability to

grow and/or produce toxins that can be pathological to

those consuming the food (Booth 1998; Rowan 1999).

Results presented previously suggest that this seemingly

anomalous situation may result from damage caused by

exposure of stress-damaged bacteria to the nutrient-rich

conditions in conventional media where this artificial

nutritious environment may lead to a decoupling of

microbial catabolic and anabolic processes (i.e. some

stressed-injured bacterial cells are unable to cope metabol-

ically with nutritious growth media and die through

oxidative suicide) (Booth 1998; Rowan 1999). Alternatively,

it has been reported that the VBNC state may be a survival

mechanism adopted by bacteria when exposed to adverse

environmental conditions (Jones et al. 1991).
Although there has been considerable research on the

design and operation of PEF systems, much less is known

about the different types of sublethal damage that PEF

exerts on microbial cells (Heinz et al. 2001). Whilst the

mechanisms underlying the inactivation of micro-organisms

by PEF has yet to be fully elucidated, it is generally

considered that the formation of irreversible pores in the cell

membrane by strong electric fields (i.e. electropermeabili-

zation) contributes significantly to cell death (Rowan et al.
2000; Heinz et al. 2001). Findings from scanning electron

microscopy studies revealed that a significant proportion of

PEF-treated bacteria were altered at the cellular level

(Fig. 2), where arrows indicate areas of significant cellular

damage. While the scanning electron micrographs revealed

cellular change as a consequence of exposure to a high

intensity electric field (Fig. 2), these images alone do not

provide conclusively that irreversible damage occurred.

However, when the latter findings are considered in

conjunction with the fluorescent CTC-staining data, it is

the likely that a single lethal injury (such as electroperme-

abilization), rather than multiple injuries (associated with

thermal inactivation), was responsible for cell death in PEF-

treated bacteria. Future use of additional vitality indicator

stains such as propidium iodide (Caruso et al. 2003), which
assesses microbial membrane integrity, may further enhance

the accuracy and reliability of metabolic stains in determin-

ing the viability status of problematic bacteria in different

environments.

In conclusion, results from the present study demonstrate

the usefulness of CTC for rapid detection and quantification

of actively respiring bacteria that have been subjected to

biocidal treatments. The fluorescent staining method offers

interesting perspectives on assessing established and novel

microbial inactivation methods, particularly when the dif-

ferentiation between dead and living cells is required for a

more precise assessment of treatment or processing effi-

ciency and bacteriological quality. Use of this approach may

Fig. 2 Scanning electron micrographs of untreated (a) and PEF-treated (b) Escherichia coli cells, where arrows indicate points at which significant

cellular damage may have occurred. Magnification ·12 000
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also provide a better understanding of the mechanisms

involved in microbial inactivation induced by PEF, as well

as determining the critical factors influencing inactivation,

developing better PEF equipment, and defining the condi-

tions to inactivate micro-organisms in food without over-

processing the product.
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In recent years, a number of new applications have emerged
where pulsed power is being used in the treatment of waste and
effluent, foodstuffs and beverages. One of these emerging applica-
tions is pulsed electric field (PEF) inactivation of microorganisms
in liquid media. This involves the generation of electric fields of the
order of 30 kV/cm across liquids contaminated with microorgan-
isms. This induces a relatively large transmembrane potential that
can lead to irreversible electroporation and consequently cell lysis.
The nature of the PEF pulse profile is the subject of extensive study,
and it has been reported that bipolar square waves provide superior
inactivation when compared to monopolar pulses. A previous study,
however, has challenged this view, and results will be presented
demonstrating that more effective inactivation of bacteria can be
achieved using the monopolar pulse. Results will also be given on
the effect of monopolar pulse PEF applied to alcoholic beverages
containing known spoilage microorganisms. This will highlight an
apparent synergistic inactivation effect when microorganisms in al-
coholic beverages are exposed to PEF.

Keywords—Electronic sterilization, microbial inactivation,
pulse profile, pulsed electric field (PEF)

.

I. INTRODUCTION

The application of pulsed electric field (PEF) treatment
as a food technology, although not fully understood, ap-
pears to have great potential. PEF treatment inactivates
microorganisms in liquid media and is achieved by the
generation of electric fields of the order of 30 kV/cm across
the liquid. Depending on the type of food or beverage
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involved, these microorganisms can be pathogens such as
Escherichia coli, Salmonella, and Listeria monocytogenes
or spoilage microorganisms such as Zygosaccharomyces
bailii, Obesumbacterium proteus, and Lactobacillus brevis.
The application of PEF induces a relatively large trans-
membrane potential that can lead to electroporation. The
theoretical model widely considered to most accurately
describe the process of electroporation is the “transient
aqueous pore model.” In this model, the edge energy of
hydrophilic and hydrophobic pores is considered. Transition
from hydrophilic to hydrophobic pores occurs because the
latter is an energetically favorable state when the radius of
the pore exceeds a critical value. This leads to expansion of
the pore and consequently to cell lysis [1].

One of the main advantages of this alternative processing
technology is that the organoleptic and nutritional quality of
foodstuffs will sustain little or no degradation as a result of
treatment [2]. Another potential benefit is increased energy
efficiency in food treatment [3]. Finally, PEF may also allow
the targeting of specific microorganisms that are resistant to
other methods of food treatment.

PEF can be applied using several different waveforms
including oscillatory, double exponential, and square wave
pulses. Of these, the square wave pulse has been shown
in numerous studies to be the most efficient form of PEF
delivery [4]. It has also been reported that the bipolar square
wave pulse provides superior inactivation when compared
to the monopolar pulse [5], [6]. However, other results have
shown that this is not the case, with monopolar PEF being at
least as effective in bacterial inactivation [7].

The first part of this paper reports on further work that has
been undertaken to compare the effectiveness of bipolar and
monopolar PEF inactivation. Following the identification of
the most effective pulse profile, the paper reports on the po-
tential for the use of PEF in the alcoholic beverage industry.
Alcoholic beverages tend to be more resistant to spoilage mi-
croorganisms due to their high alcohol content and acidity,
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Fig. 1. Diagram of pulse generator system.

but there are still problems associated with spoilage. Cur-
rent treatment for beer involves thermal pasteurization, but
problems do exist at filling and with heat-resistant microor-
ganisms. Wine is currently treated by either heat or the ad-
dition of sulphur dioxide, but the former affects taste and
many people are sensitive to the latter. One aim of the present
study was to explore potential synergistic inactivation effects
associated with the application of PEF to the treatment of
alcoholic beverages.

II. EXPERIMENTAL SETUP

A. Pulse Generator
The pulse generator used in the study is shown schemat-

ically in Fig. 1 and consists of a transmission line based
pulse-forming network (PFN). This generator has the facility
to be configured to produce single or bipolar pulse wave-
forms of duration of 2 or 3 s and with a rise time of approx-
imately 200 ns. The bipolar pulse, for a total pulse length
of 2 s, has a negative polarity for 1 s with a rapid re-
versal to positive polarity for 1 s. Samples of the monopolar
and bipolar pulses produced by the generator can be seen in
Figs. 2 and 3, respectively. The PFN was charged to 29 kV for
this series of experiments, and was triggered using a triggered
corona-stabilized switch (Samtech Ltd., Glasgow, U.K.) at a
repetition rate of 2 or 3 Hz.

B. The Test Chamber System
The test chamber is constructed of aluminum in a parallel

plane arrangement with a 1-cm gap spacing and a treatment
volume of 5.9 ml. It has a continuous flow design and is fed
by a fully controllable peristaltic pump (0–3 ml/s). The test
cell system is designed with the following important features.

• Bacteria in the test liquid are exposed to an entirely
uniform field within the test chamber. There are, there-
fore, no dead zones (areas where the field intensity is
reduced).

• The test chamber is temperature controlled by pumping
cooling water into the electrodes, which have built-in
heat sinks, using a flow-rate controllable diaphragm
pump.

• The flow regime in the test cell is turbulent to ensure
continuous agitation, encouraging temperature unifor-
mity.

• The temperature is monitored at the inlet and outlet of
the treatment region.

• Any bubbles occurring in the test fluid are evacuated
effectively.

• For a given frequency, variation of the flow rate con-
trols the number of pulses applied to the bacteria.

A schematic diagram of the test chamber setup is shown
in Fig. 4.

C. Instrumentation
Voltage monitoring is achieved using a Tektronix P6015A

1000 : 1 high voltage probe connected to a Tektronix TDS
3022 oscilloscope (bandwidth of 300 MHz and peak sample
rate of 1.25 GS/s). Fluid temperature is monitored by
K-type thermocouples at the inlet and outlet of the treat-
ment chamber. Cooling bath temperature is also monitored
throughout.

III. EXPERIMENTAL PROCEDURE

The microorganisms used in the study were Z. bailii
(MUCL 27 812), a spoilage yeast found in wine, beer,
and fruit juices; L. brevis (LMG 16 322), a gram-positive,
nonmotile rod-shaped bacterium (0.5–1.2 1.0–10.0 m)
which is a recognized beer spoilage microorganism that
can also affect wine; and O. proteus (LMG 3045), a gram-
negative pleomorphic rod (0.8–2.0 1.5–10.0 m), an
important beer spoilage organism that grows alongside
pitching yeast and competes for nutrients, resulting in
slower fermentation rates. The microorganisms were ob-
tained from Mycotheque de L’Universite Catholique de
Louvain (MUCL, Louvain-la-Neuve, Belgium) and Labo-
ratorium voor Microbiologie (LMG, University of Ghent,
Ghent, Belgium).

For treatment in beer, wine, and peptone, the microor-
ganisms were grown as follows: O. proteus (LMG 3045)
was grown to a cell population of 10 colony forming units
(CFU)/ml in nutrient broth (Oxoid, Basingstoke, U.K.) for
24 h at 30 C; Z. bailii (MUCL 27812) was grown to a pop-
ulation of 10 CFU/ml in malt extract broth (Oxoid) for 24 h
at 30 C. L. brevis (LMG 16322) was grown to a population
of 10 CFU/ml in Man, Rogosa, and Sharpe (MRS) broth
(Oxoid) for 24 h at 30 C.

After growth, the cultures were centrifuged for 15 min
at 1710 g without refrigeration. The supernatants were dis-
carded and the pellets resuspended in beer, wine, or 1.3%
bacteriological peptone.

Prior to testing, the PEF system was cleaned by flushing
through 2% hypochloride and then rinsed thoroughly with
sterile distilled water. The PEF system was filled with the
suspension fluid (without microbes) and primed to the exit
of the funnel reservoir. This procedure ensured that all of
the contaminated fluid that passed through the chamber had
been treated, thereby minimizing cross contamination be-
tween treated and untreated media. This also ensured that
there was time for the system to reach thermal equilibrium
before the bacteria entered the treatment chamber. Sets of
exposure times were always run from highest exposure to
lowest exposure to make certain that the treated liquid was
always progressing from a lower to a higher population, thus
ensuring that the microbial count was due to the PEF treat-
ment and not influenced by residual bacteria.

Duplicate samples were taken for each individual data
point in a set (three individual data points are produced
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Fig. 2. Two-microsecond monopolar pulse.

Fig. 3. Two-microsecond bipolar pulse.

Fig. 4. Schematic diagram of test chamber setup.

for a single data set), and these were plated in triplicate
to ascertain the relative levels of inactivation. Treated

samples were serially diluted and enumerated by either
spiral plating (Model B, Spiral Systems Inc., Cincinnati,
OH) or pour plating onto growth media appropriate for
the microorganism type and incubated at 30 C for 48 h.
Different dilutions were used depending upon the level of
expected population and the method of enumeration. Malt
extract agar (MEA) (Oxoid) plates were used for enumer-
ation of Z. bailii. MRS agar (Oxoid) plates were used for
enumeration of L. brevis, and nutrient agar (NA) (Oxoid)
plates were used for enumeration of O. proteus. The plated
colonies were counted and surviving populations expressed
as CFU/ml.

An untreated “zero pulse sample” was taken from each
microbial suspension at the start of every test and enumer-
ated to determine the starting population. A number of repre-
sentative tests were undertaken to ensure that microbial cells
did not adhere to the internal surfaces of the testing system
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Table 1
Treatment Parameters

whereby they could affect the accuracy of microorganism
recovery. In addition, tests were undertaken to ensure that
during the treatment time, the microorganisms did not un-
dergo any significant replication.

A. Treatment Details

The first series of experiments involved a comparison of
the effectiveness of bacterial inactivation of O. proteus sus-
pended in 1.3% bacteriological peptone using bipolar and
monopolar pulses with pulse durations of 2 and 3 s. The
experimental parameters are shown in Table 1.

Because the flow rate is varied to achieve the different
pulse numbers, there is a margin of change in the temper-
ature at the chamber outlet; fluid resident in the chamber for
a shorter duration is heated less. This is detailed in Table 1
as a temperature range where, for example, outlet fluid tem-
perature was 27 C for all 30-pulse exposures and 37 C
for all 130-pulse exposures. Therefore, on a given graph,
corresponding pulse numbers have corresponding temper-
atures at outlet; the implication is that any differences be-
tween monopolar and bipolar in inactivation are independent
of temperature. The fluid temperature at the inlet was mea-
sured as 23 C for all tests in experiments 1 and 2.

The second series of experiments involved a comparison
of the effectiveness of PEF inactivation of L. brevis and Z.
bailii suspended in three menstrua: Bacteriological peptone
at 1.3%, which is a suspension fluid with no growth-in-
hibiting elements and no alcohol; Guinness stout with 4.1%
alcohol content; and Sauvignon Blanc at the higher alcohol
concentration of 12.5%. Beer and wine are slightly more
conductive than the peptone solution used and as indicated
in Table 1; lower fields were developed in these suspensions.
For this second series of experiments, the 3- monopolar
pulse was used throughout.

Fig. 5. Two-microsecond pulse bi/monopolar inactivation of O.
proteus.

Fig. 6. Three-microsecond pulse bi/monopolar inactivation of
O. proteus.

IV. RESULTS

The results of the first series of experiments comparing
bipolar and monopolar pulses can be seen in Figs. 5 and 6.
These show the inactivation of O. proteus by bipolar and
monopolar pulses using total pulse durations of 2 and 3 s,
respectively. The graphs show the relative inactivation on the
basis of the number of pulses applied, and it can be seen
that monopolar pulsing causes greater inactivation. For ex-
ample, with the 2- s pulse, there was a 6.1 log reduction with
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Fig. 7. Two-microsecond pulse bi/monopolar inactivation of O.
proteus plotting survivors against energy delivered.

Fig. 8. Three-microsecond pulse bi/monopolar inactivation of O.
proteus plotting survivors against energy delivered.

monopolar compared to a 4.2 log reduction with bipolar at
130 pulses. Also for the 3- s pulse, there was a 5.9 log reduc-
tion using monopolar compared to a 3.4 log reduction using
bipolar.

It can be seen in Table 1 that the energy delivered in the
2- s bipolar pulse was approximately 80% of that delivered
in the 2- s monopolar pulse, and 90% for 3- s pulses. This is
due to increased losses from the polarity reversal during the
bipolar pulse. Figs. 7 and 8 show the inactivation as a func-
tion of energy for the two pulse profiles. These graphs, there-
fore, take into account the difference between a monopolar
and a bipolar pulse in terms of the energy delivered and
demonstrate that, even when using energy as the criterion for
comparison, the use of monopolar pulses results in greater
inactivation. PEF-induced inactivation results are normally
quoted as a normalized reduction in units of joules/cubic cen-
timeters/log reduction. An analysis of the normalized reduc-
tion that takes into account the commutation of the polarity
during the bipolar pulse still shows that monopolar is supe-
rior to bipolar PEF inactivation. The mean normalized re-
duction calculated over the three data points of each set is
71 J/cm /log reduction for 2- s monopolar and 95 J/cm /log
reduction for 2- s bipolar. Similarly, there is a mean normal-
ized reduction of 70 J/cm /log reduction for 3- s monopolar
and 93 J/cm /log reduction for 3- s bipolar.

The results from the second series of experiments are
shown in Figs. 9 and 10. These compare the inactivation
characteristics of L. brevis and Z. bailii when suspended in
various menstrua and subjected to PEF treatment. It can be
seen that L. brevis is more resistant to PEF treatment when

Fig. 9. Inactivation of L. brevis in various menstrua using 3-�s
monopolar pulses.

Fig. 10. Inactivation of Z. bailii in various menstrua using 3-�s
monopolar pulses.

suspended in peptone, yielding only a 1.9 log reduction for
200 pulses. Complete inactivation occurs at 200 pulses in the
Guinness and at 90 pulses in the Sauvignon Blanc. Overall,
Z. bailii was found to be more susceptible than L. brevis
to the PEF treatment. This microorganism was reduced by
about 6 CFU/ml in both peptone and Guinness after
60 pulses, and was completely inactivated in Sauvignon
Blanc at 30 pulses.

V. DISCUSSION

In the first series of experiments, the comparison of pulse
profiles showed that the monopolar pulse was certainly as
effective and apparently superior to the bipolar pulse. The
temperature data in Table 1 show the total variation over the
experiment. An important point to note is that this temper-
ature is measured at the outlet. Fluid enters the test cell at a
temperature of 23 C, and so the recorded temperature (at the
exit) is the maximum achieved. The bacteria are, therefore,
exposed to an increasing temperature. The results appear to
indicate that the monopolar pulse profile provides more ef-
fective delivery of energy in terms of inactivation. Assuming
that irreversible electroporation is the mechanism of bacterial
inactivation, the difference in inactivation may be due to the
longer period available in the monopolar pulse to cause ir-
reversible electroporation. In addition, the second half of the
pulse may need to neutralize the charge across the membrane
of the previous half pulse, before it can charge the membrane
to the opposite polarity and contribute to electroporation.
This would further reduce the time available for irreversible
electroporation. Although outside the scope of this study, it
has been reported by Kotnik et al. [8] that with aluminum
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electrodes there is reduced electrolytic contamination of the
suspension fluid when the bipolar profile is used in prefer-
ence to the monopolar. The possibility that this might have
an effect on microbial inactivation requires further study.

In general, the two spoilage microorganisms studied in the
second series of experiments show increased susceptibility to
PEF when suspended in the wine and beer. A possible expla-
nation is that the alcoholic beverages could be inducing extra
stress on the microbial cell membrane due to the presence of
both alcohol and a lower pH. The increased susceptibility to
PEF is particularly clear in the case of L. brevis where only
a 1.9 log reduction was achieved at 200 pulses for peptone
but complete inactivation at 200 pulses for Guinness and 60
pulses for wine. The presence or influence of the products
of electrolysis is not known, and it is possible that this may
have an effect in the synergistic inactivation that the results
indicate. As with the first experiment, the exit temperature
was maintained within the intended range, so that the points
compared on each graph were not affected by temperature.

VI. SUMMARY

In the first series of experiments a comparison of bipolar
and monopolar pulses, at both 2- and 3- s total pulse
duration, indicated that the monopolar profile is the more
efficient method of delivery of energy as far as inactivation
is concerned. These experiments were conducted such that
good control of fluid temperature was achieved so that
temperature could be discounted as a factor influencing the
pulse profile comparison. The second series of experiments
in this study investigated the use of PEF for the inactivation
of spoilage microorganisms in the alcoholic beverages
Guinness and Sauvignon Blanc. Increased susceptibility of
both L. brevis and Z. bailii when suspended in alcoholic
beverages and subjected to PEF treatment has been demon-
strated.
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The influence of treatment temperature and pulsed electric fields (PEF) on the viability of Mycobacterium
paratuberculosis cells suspended in 0.1% (wt/vol) peptone water and in sterilized cow’s milk was assessed by
direct viable counts and by transmission electron microscopy (TEM). PEF treatment at 50°C (2,500 pulses at
30 kV/cm) reduced the level of viable M. paratuberculosis cells by approximately 5.3 and 5.9 log10 CFU/ml in
0.1% peptone water and in cow’s milk, respectively, while PEF treatment of M. paratuberculosis at lower
temperatures resulted in less lethality. Heating alone at 50°C for 25 min or at 72°C for 25 s (extended
high-temperature, short-time pasteurization) resulted in reductions of M. paratuberculosis of approximately
0.01 and 2.4 log10 CFU/ml, respectively. TEM studies revealed that exposure to PEF treatment resulted in
substantial damage at the cellular level to M. paratuberculosis.

Mycobacterium paratuberculosis is a chronic enteric pathogen
that causes paratuberculosis, commonly known as Johne’s dis-
ease, in many different species of animals, including primates
(3). It has been suggested that the etiological agent in Crohn’s
disease, a severe inflammatory enteritis in humans that bears
extensive clinical, pathological, and systemic similarity to
Johne’s disease, may be mycobacterial and could be M. para-
tuberculosis (2), but this remains to be proven. Interest in the
possible relationship between Crohn’s disease and M. paratu-
berculosis has been recently stimulated by the detection of M.
paratuberculosis DNA in pasteurized cow’s milk samples from
retail markets in England and Wales (9). Little is known about
the levels of M. paratuberculosis that may be present in infected
milk from cattle suffering from Johne’s disease. However, in-
dependent research from the United States (14), Northern
Ireland (5), and Australia (6) has reported that this pathogen
may be capable of surviving commercial high-temperature,
short-time (HTST) pasteurization and thus may be present in
retail milk supplies. It is presently estimated that between 20
and 40% of U.S. dairy herds are infected with bovine Johne’s
disease, which may have significant health implications when it
is considered that an estimated one-third of U.S. cheese is
produced from unpasteurized milk (15).

The potential use of pulsed-power techniques, such as treat-
ment with high-intensity pulsed electric fields (PEF), for food
processing is currently receiving considerable attention, since
inactivation of problematic microorganisms can take place un-
der reduced-temperature conditions (7, 10). The advantages of
such an electrotechnology include the potential retention of
fresh-food characteristics and organoleptic qualities such as
flavor, aroma, and texture (1). Previous research suggests that
the application of PEF (with a magnitude usually greater than

20 kV cm21 for short durations, such as 500 ns to 4 ms) to
liquids can inactivate susceptible microorganisms through ir-
reversible electroporation of the cell membrane (7, 10, 12).
The present studies were conducted to determine whether the
application of PEF at different treatment temperatures (5, 20,
and 50°C) effectively kills M. paratuberculosis cells in 0.1%
(wt/vol) peptone water. Listeria monocytogenes cells and Bacil-
lus cereus endospores were also treated under similar condi-
tions, as these organisms also occasionally occur in milk and
milk products and are of lesser and greater thermal tolerance,
respectively, than M. paratuberculosis (4, 11). An assessment
was made of PEF treatment at 50°C on M. paratuberculosis
cells in sterilized cow’s milk. Susceptibility of M. paratubercu-
losis to the lethal effects of PEF treatment and/or temperature
was determined by direct viable counts and by transmission
electron microscopy (TEM).

The following two strains of M. paratuberculosis were utilized
in the PEF studies: strain ATCC 19698 (American Type Cul-
ture Collection, Manassas, Va.) and strain Linda (ATCC
43015). Strain 19698 is a laboratory strain of M. paratubercu-
losis originally isolated from ileal tissue of a cow with clinical
Johne’s disease. Strain Linda (ATCC 43015) was isolated from
ileum tissue biopsy from a 15-year-old girl with Crohn’s dis-
ease. A standard suspension of M. paratuberculosis cells was
prepared by washing growth from slopes of Middlebrook 7H10
agar medium (containing 10% [vol/vol] Middlebrook OADC
[oleic acid, dextrose, and catalase; Becton Dickinson Ltd., Ox-
ford, United Kingdom] and 0.0002% [wt/vol] mycobactin J
[Allied Monitor Inc., Fayette, Mo.] per liter) with 0.1% (wt/
vol) peptone water. Washed Middlebrook 7H10 agar slopes
were centrifuged at 2,500 3 g for 20 min, and the pellet was
resuspended in 0.1% (wt/vol) peptone water to yield a suspen-
sion containing approximately 106 CFU of M. paratuberculosis
per ml (determined spectrophotometrically at 540 nm [model
UV-120-02 instrument; Shimadzu Corp., Kyoto, Japan]). Sim-
ilar cell densities of M. paratuberculosis were also suspended in
commercially pasteurized cow’s milk that had been sterilized to

* Corresponding author. Mailing address: Department of Bio-
science and Biotechnology, University of Strathclyde, Royal College,
204 George St., Glasgow G1 1XW, Scotland. Phone: 44 (0)141 548
2531. Fax: 44 (0)141 553 4124. E-mail: n.j.rowan@strath.ac.uk.
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sterility (i.e., three consecutive days of steaming for 30 min).
Sterility was confirmed by the absence of microbial growth on
plates of tryptone soy agar supplemented with 0.6% (wt/vol)
yeast extract that were incubated for 48 h at 37°C prior to cell
enumeration. Suspended bacteria were sonicated to disperse
clumps prior to PEF or heat treatments, which resulted in
more accurate quantification of CFU of bacteria on enumer-
ation media.

M. paratuberculosis cells were suspended in 1.9 ml of 0.1%
peptone water or cow’s milk and were subjected to high-volt-
age PEF (;30 kV/cm) in a uniform-field static test chamber.
The electrical circuit layout and experimental arrangement for
PEF treatment were as described previously (7, 12). The test
chamber consisted of a disk of 10 mm Perspex, with a central
hole cut through it to hold a 1.9-ml volume of sample. Two
separate channels were drilled from the outer edge of the
Perspex to the central hole, thus allowing for syringe injection
and removal of samples. Flat brass plates were fitted on both
sides of the central hole, which formed the electrodes of the
test chamber. Predetermined cell populations were treated
with 2,500 pulses at 5, 20, and 50°C at a pulse repetition
frequency that was limited to 5 pulses per s (5 Hz at 50°C) in
order to ensure that there were no thermal inactivation effects
associated with the energy dissipation in the test chamber. The
test chamber was immersed in a circulating constant-temper-
ature water bath (model HE30; Grant Instruments Ltd., Cam-
bridge, United Kingdom) equipped with a thermoregulator
capable of maintaining temperature to within 60.05°C (model
TE-8A; Techne Ltd., Cambridge, United Kingdom) to main-
tain the desired treatment temperatures at 5, 20, and 50°C. A
thermocouple was also employed throughout the studies in
order to verify the temperature of the treated liquid. A 100-kV
high-voltage DC generator (model EH50R02; Glassmann Eu-
rope Ltd., Hampshire, United Kingdom) was used to charge a
coaxial-cable Blumlein pulse generator (type TLG B-01;
Samtech Ltd., Glasgow, United Kingdom) through a charging
resistance of 10 MV. The coaxial-cable generator was con-
structed from 100 m of URM67 40-kV cable (Samtech). The
high-voltage output pulse from the generator was 500 ns in
duration, and the generator had an output impedance of 100
V, a switching impedance of 50 V, and an open circuit gain of
2. The generator was wound inductively on a 30-cm-diameter
former in order to minimize secondary transmission line losses.
The pulse generator was charged from one end of the cable
and was fired by switching the inner conductor to ground at the

opposite end. Although both sides of the test chamber were
grounded, the output from the cable generator, which was
connected to one side of the test chamber, was transiently
decoupled from ground during application of the voltage
pulse. The Blumlein generator was fired using a triggered co-
rona stabilized switch. The output pulse from the generator
was monitored throughout the experiments using a 1,000:1
Tektronix P6015A high-voltage probe (Imex Ltd., Coatbridge,
United Kingdom). Levels of microbial inactivation and cell
integrity (examined with a Zeiss 902 TEM) were assessed after
PEF treatment as described previously (12). Recovery of sur-
viving populations (log10 CFU of M. paratuberculosis per mil-
liliter) was determined for PEF-treated suspensions and dilu-
tions thereof by spread and spiral plating samples (model B;
Spiral Systems Inc., Shipley, United Kingdom) onto Middle-
brook 7H10 agar plates; these were incubated for 2 months at
37°C before enumeration.

The effect of treatment temperature on the viability of M.
paratuberculosis cells suspended in 0.1% (wt/vol) peptone wa-
ter or in tyndallized cow’s milk was also determined in the
static test chamber. Predetermined cell populations of M. para-
tuberculosis were transferred to the test chamber, which was
immersed in a circulating constant-temperature water bath at
5, 20, or 50°C for 20 min as described above; the duration of
temperature exposure was similar to that for PEF treatment.
Recovery of surviving populations of M. paratuberculosis from
the test chamber was determined as described earlier. To val-
idate our methods, predetermined populations of L. monocy-
togenes cells (strain 11994; obtained from the National Collec-
tion of Type Cultures, Public Health Laboratory Service,
Colindale, United Kingdom, and originally isolated from a
patient with meningitis) and B. cereus endospores (diarrhea-
genic strain 11145, which was obtained from the National Col-
lection of Type Cultures) were subjected to a regimen of heat-
ing and PEF treatment similar to that mentioned above. L.
monocytogenes was grown in 100 ml of tryptone soy broth
supplemented with 0.6% (wt/vol) yeast extract at 37°C for 20 h
with shaking (150 rpm). Listeria cells were harvested by cen-
trifugation at 3,000 3 g at 4°C, washed twice, and resuspended
in peptone water to a cell density of approximately 106 CFU/ml
as described above. B. cereus endospores were obtained by
growth of the bacterium on sporulation medium (nutrient agar
supplemented with 0.5 mg of MnSO4 z H2O per liter) for 2
weeks at 37°C. The absence of B. cereus vegetative cells was
confirmed by heating at 85°C for 15 min as described previ-

TABLE 1. Influence of PEF and/or temperature on the inactivation of food-borne bacterial pathogens
suspended in 0.1% (wt/vol) peptone water

Bacterial strain

Reduction in viable cell or spore no. (log10 CFU/ml) under the following conditionsa:

5°C,
25 min

5°C 1 PEFb,
25 min

20°C,
25 min

20°C 1 PEF,
25 min 50°C, 25 min 50°C 1 PEF,

25 min 72°C, 25s

M. paratuberculosis ATCC 19698 0 a 1.5 6 0.2 f 0 a 3.1 6 0.2 h 0.01 6 0.01 b 5.1 6 0.3 j 2.4 6 0.3 g
M. paratuberculosis Linda

(ATCC 43015)
0 a 1.7 6 0.4 f 0 a 3.3 6 0.3 h 0.02 6 0.005 b 5.3 6 0.5 j 2.8 6 0.2 g

L. monocytogenes 11994 0 a 1.1 6 0.1 e 0 a 2.6 6 0.1 g 0.16 6 0.05 d 4.1 6 0.3 i 7.1 6 0.2c k
B. cereus 11145 (endospores) 0 a 0.16 6 0.02 d 0 a 0.14 6 0.03 d 0 a 0.17 6 0.04 d 0.06 6 0.02 c

a Values followed by the same lowercase letter do not differ at the 95% confidence interval (P , 0.05). Results are means and standard deviations.
b Treatment of suspended bacterial cells with 2,500 pulses at 30 k V/cm.
c Reduction of starting population of 7.1 6 0.2 log10 CFU/ml to a nondetectable level when assessed after 15 s at 72°C.

2834 ROWAN ET AL. APPL. ENVIRON. MICROBIOL.

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/a

em
 o

n 
09

 O
ct

ob
er

 2
02

2 
by

 8
5.

13
4.

23
8.

15
1.

285



ously (13). B. cereus endospores were washed twice and resus-
pended in 0.1% (wt/vol) peptone water to a spore density of
approximately 106 CFU/ml. After heating and PEF treatment,
enumeration of surviving populations of L. monocytogenes cells
and of B. cereus endospores was done after 48 h at 37°C on
tryptone soy–0.6% (wt/vol) yeast extract agar and on nutrient
agar, respectively.

The thermal resistance of M. paratuberculosis strains ATCC
19698 and Linda (ATCC 43105), L. monocytogenes (strain
11994), and B. cereus endospores (strain 11145) was also de-
termined at 72°C for 25 s (HTST pasteurization), according to
methods described previously (4, 11). To further validate the
present study, L. monocytogenes cells were also subjected to
63°C for 30 min. D values (decimal reduction time; the time
required to kill a 1-log-unit concentration of bacteria) were
calculated from the slope of the best-fit line graphically deter-
mined by plotting the log10 CFU survivors per milliliter versus
time of heat exposure at 63 and 72°C. Test bacteria were
suspended in 1.9 ml of preheated 0.1% peptone water to a
density of approximately 106 CFU/ml in 3-ml crimp cap glass
vials (Phase Separations Ltd., Watford, Hertfordshire, United
Kingdom). The vials were sealed and kept 4 cm below the level
in the water bath for the treatment period. Recovery and
enumeration of surviving populations of the test bacteria were
done as mentioned above. All of the experiments in this study
were performed in triplicate, and results are reported as aver-
ages. Significant differences in levels of viable test bacteria
recovered after PEF treatment and heating were reported at
the 95% confidence interval (P , 0.05) using analysis of vari-
ance (balanced model) with Minitab software release 11
(Minitab Inc., State College. Pa.).

Results from PEF treatment and heating of M. paratubercu-
losis ATCC 19698 cells suspended in 0.1% peptone water re-
vealed a greater level of cell reduction with increased treat-
ment temperature (Table 1). M. paratuberculosis ATCC 19698
cells were reduced by ;5.4 log10 CFU/ml at 50°C after 2,500
pulses at 30 kV/cm. Strain Linda was similarly affected (P ,
0.05) by PEF treatment at 50°C (Table 1). PEF treatment of M.
paratuberculosis cells at 5°C resulted in a reduction of ;1.6
log10 CFU/ml, which was the lowest level of cell inactivation
achieved using this electrotechnology. The composition and
structure of the cell membrane of M. paratuberculosis indicate
that it may be more rigid at low temperatures, and this may
protect the microorganism from membrane rupture by PEF
(8). TEM studies of PEF-treated M. paratuberculosis cells re-
vealed substantial structural damage at the cellular level (Fig.
1b). Control TEM studies showed that the structural integrity
of untreated (Fig. 1a) or heat-treated M. paratuberculosis cells
remained intact. TEMs of untreated and heat-treated M. para-
tuberculosis cells were similar (data not shown).

Results from comparative studies with other bacteria re-
vealed that L. monocytogenes 11194 cells and B. cereus 11145
endospores were reduced by 4.07 6 0.3 and 0.17 6 0.04 log10

CFU/ml, respectively, after PEF treatment at 50°C (Table 1).
This finding suggests that M. paratuberculosis cells are more
sensitive to the lethal action of PEF than are L. monocytogenes
cells and B. cereus endospores. Thermal studies revealed that
M. paratuberculosis strains ATCC 19689 and Linda (ATCC
43105) were similarly affected by heating (both strains were
reduced by approximately 2.6 log10 CFU/ml at 72°C), which

corroborated the findings of other researchers. Thermal stud-
ies showed that L. monocytogenes 11994 was effectively killed
when examined after 15 s at 72°C (Table 1). The D value of L.
monocytogenes 11994 at 63°C was also determined. The ther-
mal death time curves were linear, and the D63°C of 52.7 s was
similar to the D62.7°C of 54 s for L. monocytogenes Scott A
reported by Donnelly et al. (4). Thus, it can be concluded that
the method of thermal death rate or D value determination
used in the present study is consistent with those used in other
studies.

Results from B. cereus 11145 endospore heating experiments
showed that the dormant spores of this diarrheagenic food-
borne enteropathogen were far more heat tolerant than M.

FIG. 1. TEMs of untreated (a) and PEF-treated (b) M. paratuber-
culosis ATCC 19698 cells (magnification, 325,000).
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paratuberculosis cells; these organisms were reduced by aver-
ages of 0.06 6 0.04 and 2.6 6 0.3 log10 CFU/ml, respectively.
This present study demonstrates that the thermal inactivation
of M. paratuberculosis cells and B. cereus endospores are not
similar (P , 0.001). Results from PEF treatment of M. para-
tuberculosis ATCC 19698 and Linda (ATCC 43105) cells sus-
pended in tyndallized cow’s milk at 50°C revealed reductions of
5.6 6 0.3 and 5.9 6 0.4 log10 CFU/ml, respectively (data not
shown). PEF treatment of M. paratuberculosis cells in cow’s
milk at 50°C produced a slightly greater level of inactivation
than similar treatment in peptone water (P , 0.05). This im-
proved PEF-induced killing of M. paratuberculosis may be due,
in part, to milk having a greater conductivity.

Stimulated by the possible association between Crohn’s dis-
ease and M. paratuberculosis, a number of independent studies
from different countries have reported that this thermotolerant
bacterium has the potential to survive commercial HTST pas-
teurization (72°C for 15 s) when suspended in cow’s milk (5, 6,
14). Research by Grant et al. (5) showed that M. paratubercu-
losis may survive HTST pasteurization if present in milk at
levels of 102 to 103 CFU/ml prior to heat treatment but will be
completely inactivated by HTST pasteurization when low lev-
els (10 CFU/ml) are present. As a consequence of these and
other findings, and due to the detection of M. paratuberculosis
DNA from cow’s milk in retail outlets, the United Kingdom
dairy industry has responded by extending the pasteurization
holding period to 25 s. While the efficacy of this precautionary
action has yet to be fully evaluated, it may be worth considering
the inclusion of PEF as a complementary treatment to HTST
pasteurization. Although the number of pulses applied during
the present series of experiments was 2,500, it must be pointed
out that no attempt has been made by the investigators to
optimize PEF treatment of M. paratuberculosis cells. Based on
PEF treatment of other organisms (7, 12), it can be expected
that if the correct field intensity and PEF pulse frequency
content are identified, the number of pulses required could be
orders of magnitude lower.

Results from the present study indicate that the application
of high-intensity PEF kills M. paratuberculosis in a test liquid
and in milk and that this treatment is particularly effective

when carried out at moderately elevated temperatures. This
study has also shown that PEF treatment causes substantial
structural damage at the cellular level to M. paratuberculosis
cells.

We thank Andrew Dick and David Currie for their excellent tech-
nical assistance in conducting these experiments.
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ABSTRACT

A pulsed-plasma gas-discharge (PPGD) system was developed for the novel decontamination of chilled poultry wash
water. Treatment of poultry wash water in the plasma generation chamber for up to 24 s at 4�C reduced Escherichia coli
NCTC 9001, Campylobacter jejuniATCC 33560, Campylobacter coliATCC 33559, Listeria monocytogenesNCTC 9863,
Salmonella entericaserovar Enteritidis ATCC 4931, and S. enterica serovarTyphimurium ATCC 14028 populations to non-
detectable levels (�8 log CFU/ml). Although similar PPGD treatments at 4�C also produced significant reductions (�3 log
CFU/ml) in recalcitrant B. cereusNCTC 11145 endospore numbers within 30 s, the level of endospore reduction was dependent
on the nature of the sparged gas used in the plasma treatments. Scanning electron microscopy revealed that significant damage
occurred at the cellular level in PPGD-treated test organisms. This electrotechnology delivers energy in intense ultrashort
bursts, generating products such as ozone, UV light, acoustic and shock waves, and pulsed electric fields that have multiple
bactericidal properties. This technology offers an exciting complementary or alternative approach for treating raw poultry
wash water and for preventing cross-contamination in processing environments.

Salmonella and Campylobacterspecies are leading
bacterial causes of human foodborne illness (14, 23).The
U.S. Department of Agriculture estimates the costs associ-
ated with foodborne illness to be approximately $22 billion
per year. Outbreaks of enteritis associated with these path-
ogens have been associated with consumption of contami-
nated meat, particularly poultry products (11). Because of
the relatively high frequency of contamination of poultry
with these pathogens, raw poultry products are perceived
to be responsible for a significant amount of human illness.
Enteric pathogens frequently contaminate chicken skin and
exposed surfaces during slaughter operation, and an effec-
tive process for their reduction or elimination on the surface
of poultry is necessary (23). Contamination rates of Cam-
pylobacter spp. on poultry purchased at retail establish-
ments in the United States and the United Kingdom range
from 68 to 83% (7).

Although various processes have been proposed as al-
ternatives to eliminate or substantially decrease bacterial
populations on poultry carcasses (12), most of these ap-
proaches have not been completely acceptable because of
chemical residues, discoloration of chicken carcasses, and/
or high cost associated with limited effectiveness. Chlorine
rinses generally are used during processing of poultry for
pathogen reduction (23). However use of chlorine by the
food industry is coming under increasing scrutiny by reg-
ulators because of toxicity issues and disinfection by-prod-
ucts. Recent surface water rules promulgated by the U.S.
Environmental Protection Agency relating to chlorine and

* Author for correspondence. Tel: 00353906471838; Fax:
00353906486135; E-mail: nrowan@ait.ie.

chlorine-derived disinfection by-products will undoubtedly
stimulate operators to seek technologies that will assure dis-
charge compliance (9). The poultry industry also is a large-
volume consumer of water, and the potential for reuse or
recycling of poultry processing water represents an attrac-
tive economic benefit to the industry.

Pulsed electric field technology has been investigated
as an important alternative approach to the destruction of
microbial pathogens on contaminated surfaces (18), in food
and drink (13, 17, 18, 21),and in potable and waste water
(1, 2, 6) and the degradation of pollutants (3). Electrical
discharge treatment of pumpable liquids can be highly ef-
fective in terms of microbial reduction and cost. The ap-
plication of high-voltage pulses to gas-injected test liquids
results in the formation of a plasma, which causes the gen-
eration of free radicals, free electrons, UV light, acoustic
and shock waves, and electric fields at levels of 10 to 40
kV/cm (1, 2, 4).The application of high-voltage pulses to
gas-sparged test liquids results in partial discharge activity
and ionization of the gas, which leads to complete break-
down of the gas in the liquid medium. Through this ioni-
zation process, substantial levels of ozone (up to 5,400
ppm) and other physical bactericidal properties are formed
in test liquids, which subsequently revert back to water
posttreatment (4). This technology has been used previous-
ly by other researchers for the treatment of potable water
artificially contaminated with Escherichia coli (1).Al-
though ozone has been successfully used to treat liquids,
particularly water, for commercial and industrial applica-
tions since the beginning of the last century (9), it is very
difficult to achieve high ozone transfer rates and high re-
sidual dissolved ozone levels in water using conventional288
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ozone generators because of the properties of ozone and its
inherent ability to decompose into its constituent oxygen
(20, 22). However, as a highly reactive oxidant, ozone also
may lead to the formation of unwanted by-products in the
presence of certain organic and mineral compounds (8).

Despite advances made in the development of pulsed
power technologies, plasma and plasmochemical processes
accompanying electric discharge in water and industrial ef-
fluents have received very limited study to date. The aim
of this study was to develop an efficient method of decon-
taminating poultry wash water containing a range of rele-
vant microbial pathogens using a high-voltage pulsed-plas-
ma gas-discharge (PPGD) system. The application of high-
voltage pulses to gas-sparged test liquids could result in
substantial inactivation of test organisms via several kinds
of antimicrobial activity produced during this process.

MATERIALS AND METHODS

Bacterial strains. Single strains of E. coli NCTC 9001,
Campylobacter jejuniATCC 33560, Campylobacter coliATCC
33559, Listeria monocytogenesNCTC 9863, Salmonella enterica
serovar Enteritidis ATCC 4931, S. entericaserovar Typhimurium
ATCC 14028, and Bacillus cereusNCTC 11145 were used in this
study. E. coli NCTC 9001 is a nonpathogenic strain and was used
in this research for comparative control studies. All test strains
were maintained in Microbank storage vials (Cruinn Diagnostic,
Dublin, Ireland) at �70�C. Each Campylobacterstrain was grown
to single colonies on modified charcoal-cefoperazone-deoxycho-
late agar (CCDA) plates (Unipath, Bedford, UK) at 42�C for 48
h in a microaerophilic environment generated by CampyPak gas
generators (Unipath) generating 5% O2, 10% CO2, and 85% N2.
Strains of E. coli, L. monocytogenes,and Salmonellawere grown
separately to single colonies on MacConkey agar (MCA; Oxoid,
Basingstoke, UK), Listeria selective agar (LSA; Oxoid), and xy-
lose lysine desoxycholate agar (XLD; Oxoid), respectively, at
37�C for 48 h aerobically. B. cereuswas grown at 37�C for 5 days
on B. cereusselective agar (BCSA, Oxoid) supplemented with 0.5
mg/liter MnSO4·H2O, which stimulates endospore formation.
Confirmation of Salmonellaserovars was accomplished with bio-
chemical tests, including triple sugar iron agar slants (Difco, Bec-
ton Dickinson, Sparks, Md.) and API 20 E strips (bioMérieux,
Inc., Marcy l’Etoile, France), characteristic colony growth on
XLD, and subsequent serological reactions with somatic (O) and
flagellar (H) antigens (Difco, Becton Dickinson). E. coli was con-
firmed by characteristic colony growth on MCA and use of API
20 E strips. Campylobacterstrains were confirmed by character-
istic colony growth on CCDA and use of an immunolatex assay
(Dryspot CampylobacterTest, Oxoid). B. cereuswas confirmed
by characteristic colony appearance on BCSA and endospore pro-
duction under aerobic growth conditions and with API 50CHB
and API 20E biochemical strips. L. monocytogeneswas confirmed
by characteristic growth on LSA at 4�C, tumbling motility at
25�C, the Christie-Atkins-Munch-Peterson test reaction, and its
API Listeria (bioMérieux) profile.

Preparation of inocula. Bacteria were harvested from re-
spective agar plates, washed three times in 0.1 M phosphate-buff-
ered saline (PBS) pH 7.2, and sedimented by centrifugation at
4,000 � g for 20 min at 4�C. Campylobactercolonies were re-
suspended in 10 ml of PBS, transferred to a 1.5-liter fermentation
vessel containing 500 ml of Brucella broth (Difco, Becton Dick-
inson), and grown in a Bioflow 3000 bioreactor (New Brunswick
Scientific, St. Albans, UK) for 24 h at 42�C under the following

batch culture settings: agitation at 125 rpm; sparged gas compo-
sition of 5% O2, 10% CO2, and 85% N2; and pH 6.8 maintained
with 0.1 M NaOH and 0.1 M H2SO4. After 24 h of growth (early
stationary phase), bacteria were resuspended in 10 ml of sterile
distilled water that had been refrigerated overnight at 4�C, and the
optical density was adjusted at 540 nm to 2.0 (ca. 109 CFU/ml)
with a spectrophotometer (model UV-120-02, Shimadzu Corp.,
Kyoto, Japan). Inocula for the other test bacteria were prepared
similarly with the following modifications: cultures were grown
at 37�C in Trypticase soy broth supplemented with 3% (wt/vol)
yeast extract (Difco, Becton Dickinson) with agitation (250 rpm)
using sparged atmospheric air. The presence and degree of en-
dospore formation was confirmed by heat-treating the PBS sus-
pension of B. cereusfor 15 min at 85�C in a circulating constant
temperature waterbath (model HE30, Grant Instruments Ltd.,
Cambridge, UK) equipped with a thermoregulator capable of
maintaining the temperature to within �0.05�C (model TE-8A,
Techne Ltd., Cambridge, UK) and by subsequent enumeration of
treated samples on BCSA plates after 48 h at 37�C.

Determination of appropriate sparged gas for subsequent
PPGD treatments. Aliquots (10 ml) of OD540-adjusted B. cereus
endospore suspensions were added to 247 ml of sterile distilled
water that had been refrigerated overnight at 4�C before transfer
to the coaxial treatment chamber (total volume of 257 ml). The
treatment chamber was constructed from 1-in. (2.54-cm)-diameter
stainless steel pipe forming the outer grounded electrode, with a
1-mm copper wire forming the coaxial high-voltage electrode. The
test chamber was also immersed in a chilled water bath to main-
tain the temperature at �4�C, as monitored with a thermocouple.
Once the pulse power system had been activated, the treatment
gas was injected into the treatment chamber with a venturi gas
injector. Four different treatment gases were investigated sepa-
rately: nitrogen, carbon dioxide, oxygen, and air. In addition to
the four gases used, a control experimental test also was con-
ducted with no gas added to the test liquid, which results in pulsed
electric field generation. Plasma discharge activity was achieved
in the test liquids using high-voltage pulses that were applied to
the coaxial treatment chamber with a pulse-forming line (PFL)
circuit, consisting of eight lengths of 12.62-m coaxial cable as
described previously with modifications (5) (Fig. 1). The PFL was
charged with a high-voltage 40-kV DC capacitor charging power
supply connected via a resistance-diode protection circuit (RLIM).
Using an SF6/air pressurized triggered spark gap switch (Samtech
CSS-01, Samtech TG-01(B), the PFL output was connected to the
treatment chamber via a further 2-m 50-� transmission line. The
electrical operating parameters used were a pulse energy of 3.7 J,
a PFL charging voltage of 23.5 kV, a pulse rate of 124 pps, and
a gas flow rate 10 liters/min. The gas flow rate was controlled
with a mass flow controller (model 5851S, Brooks Instruments,
Emerson Process Management, Hatfield, Pa.), allowing continual
adjustment to compensate for pressure and temperature variances.
When the spark gap switch was triggered, a voltage pulse was
launched along the transmission line feed cable to the treatment
chamber. Upon reaching the treatment chamber, the pulse was ap-
plied to suitably contoured electrodes, resulting in ionization of
the surrounding gas bubbles in the liquid and leading to ozone
formation (depending on gas type used). Samples were taken in
triplicate at designated intervals, and after 30 s of treatment time
had elapsed, the pulsed power system was shut off and the gas
supply was disconnected. The dissolved ozone was measured with
a BMT 963AQ ozone-in-water sensor UV photometer (BMT
Messtechnik GmbH, Berlin, Germany) as per methods described
previously (4). Although the peak ozone level may decay slightly289
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FIGURE 1. Schematic of pulsed-plasma
gas-discharge system for test liquids.

FIGURE 2. Relationship between sparged-gas composition and
the inactivation ofB. cereus endospores in pulsed-plasma gas-
discharge system containing distilled water at 4�C.

before measurement, much of the residual ozone remains in so-
lution, allowing the effect of the tested parameters on microbial
reduction to be evaluated. Conductivity, pH, and temperature were
measured with a WT-50 water test meter (Hanna Instruments, RS
Components, Corby, UK), which had the following range and ac-
curacy: temperature, 0 to 60.0�C � 1�C; pH, 0 to 14.0 �0.2;
conductivity, 0 to 1,999 �S/cm, �2% full scale.

Chicken wings. Fresh chicken wings were purchased from
a local retail store. Representative samples (two chicken wings)
selected randomly from the same bag were assayed before inoc-
ulation with the bacterial test strains.

PPGD treatments of distilled water and poultry wash wa-
ter containing test organisms. Three chicken wings (each ca. 8
cm long, 4.5 cm wide, and 45 to 50 g) were submerged in a
stomacher bag containing 300 ml of distilled water seeded with a
test organism at ca. 108 CFU/ml (as confirmed spectrophotomet-
rically). Inoculum for each test strain was prepared as described.
The seeded chicken wing suspension was then stomached for 15
s, and a 30-ml sample was added to 270 ml of sterile distilled
water that had been refrigerated overnight at 4�C. The mean pH
of the poultry wash water containing test bacteria was 6.74 �
0.18, and the pH of untreated sterile distilled water was 6.03 �
0.21. A count of total aerobic mesophilic bacteria (enumerates
both microbial flora from chicken the seeded test organism) was
then performed for duplicate 5-ml samples as described previously
(23) in addition to enumeration of pretreatment levels of each test
organism on appropriate selective agar. A 257-ml sample was then
transferred to the plasma chamber for treatment at 4�C. Samples
were removed after predetermined exposure times, and bacteria
were enumerated. Each test organism was also suspended sepa-
rately in sterile distilled water only at 4�C to a population of ca.
107 CFU/ml and then subjected to plasma treatment and com-
mensurate enumeration. This distilled water experiment was car-
ried out as a control to determine the impact of poultry wash on
microbial inactivation. Typical colonies of each test strain were
randomly selected from respective selective agar plates after 24
and 48 h at 37�C (42�C for Campylobacter) with the highest di-
lution and were confirmed by use of appropriate physiological and
biochemical tests.

Plate count. Treated and control samples were diluted as
appropriate in PBS and spiral plated onto appropriate agar using
a spiral system (model B, Spiral Systems Inc., Cincinnati, Ohio).
Undiluted samples were plated with the pour-plate technique. Pop-
ulations of surviving bacterial cells and cells in untreated controls
were expressed in terms of CFU per milliliter, and corresponding
death rate kinetic curves were generated.

Scanning electron microscopy. Test samples were centri-
fuged (10 min, 10,000 � g, 4�C), and the supernatants were dis-
carded. The pellets were washed with PBS twice and fixed with
2.5% gluteraldehyde (Sigma-Aldrich, St. Louis, Mo.). Cells were
then filtered onto 0.2-�m-pore-size Isopore GTTP membrane fil-
ters (Millipore, Bedford, Mass.). The cells were dehydrated once
in 50, 70, 80, and 90% ethanol and twice in 10% ethanol, treated
with 100% isoamyl acetate, critical point dried, and then sputter
coated with 150-nm gold particles. Preparations were viewed with
a model JSM-T200 scanning electron microscope (JEOL, Tokyo,
Japan).

Statistical analysis. An analysis of variance balanced model
(Minitab. release 14, Minitab Inc., State College, Pa.) was used
to compare the effects of PPGD treatments on microbial inacti-
vation. Experiments were replicated three times with duplicate
treatments in each replication, and results are reported as means
� standard deviations (SD). Significant differences were reported
at the 95% level (P � 0.05) and confidence interval.

RESULTS AND DISCUSSION

Effect of sparged-gas composition on pulsed-plas-
ma–induced inactivation of B. cereus endospores. The
results showed that the presence of oxygen in the sparged
gas composition significantly affected the level of reduction
of B. cereusendospores (P � 0.05) achieved in the plasma
treatment chamber (Fig. 2). Use of oxygen alone produced
the highest level of endospore reduction (3.4 log CFU/ml)
after 30 s at 4�C, which may be attributed in part to the
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FIGURE 3. Influence of pulsed-plasma
gas-discharge treatment on the inactiva-
tion of test bacteria suspended in distilled
water at 4�C.

larger amounts of residual ozone (250 ppm) produced in
test liquids sparged with oxygen alone. The significant in-
crease in dissolved ozone from sparged oxygen probably
results from the higher number of oxygen molecules present
in the treatment gas mix, thus allowing much greater ozone
production and hence higher dissolved ozone levels in the
test liquid. The higher the number of oxygen molecules
present in the treatment chamber, the greater the production
and dissolution of ozone. Use of pulsed electric fields alone
had no influence on B. cereusspore numbers (Fig. 2), a
finding that corroborates those of previous studies (19).

In addition to the generation of multiple bactericidal
properties such as high-intensity UV light, acoustic and
shock waves, pulsed electric fields, and free radicals as re-
ported previously (1, 2, 4),production of plasma discharges
in sparged water containing B. cereusendospores had a
notable effect on pH, which was not investigated previously
(1, 2, 4). The pH of the B. cereusspore suspension de-
creased during plasma treatment at 4�C: the pH measured
after 30 s was 3.6, 3.8, 3.9, and 4.4 using sparged N2, air,
O2, and CO2, respectively. The pH of untreated sterile dis-
tilled water for all gaseous studies was 6.03. The reason
why N2 produced the lowest pH as a result of plasma treat-
ment is not presently known but may be attributed to the
availability of oxygen molecules from the breakdown of
water during plasma treatment. Under such conditions, N2-
based compounds such as nitrate could be formed during
plasma treatment, which would subsequently dissolve into
the treated test liquid and produce an acidic solution (e.g.,
nitric acid) that would promote a rapid reduction in pH. A
3-log reduction in B. cereusspores per milliliter also was
achieved using sparged CO2 or air (Fig. 2). Commensurate
increases in liquid conductivity occurred during plasma
treatment, with 65 �s/cm obtained with CO2 after 30 s at
4�C. Use of oxygen during plasma treatment resulted in a
small but constant increase in conductivity, to 5.8 �s/cm.
Water is a very suitable dielectric medium for plasma treat-
ment because of its high permittivity (	 
 8.01), which
allows for a high-voltage electric field to be generated
across the injected gas bubbles of low permittivity (	 � 1

for most gases) (4). Water also have low conductivity (2
and 40 �s/cm for distilled and tap water, respectively),
which minimizes energy loss and temperature rise occur-
ring during resistive heating (1). Because oxygen alone pro-
duced the highest level of endospore reduction in the plas-
ma chamber, this gas was used for the subsequent treat-
ments of other test organisms during this study.

Effect of plasma discharge treatment on the viabil-
ity of test organisms suspended separately in distilled
water and in poultry wash water. Plasma discharge treat-
ment of all vegetative test bacteria suspended separately in
sterile distilled water at 4�C resulted in rapid reductions in
microbial numbers (by �8 log CFU/ml) within 30 s of
exposure to nondetectable levels (Fig. 3). The order of in-
creasing sensitivity to pulsed-plasma treatment was B. ce-
reus endospores, L. monocytogenes, S. entericaTyphimu-
rium, S. entericaEnteritidis, E. coli, C. jejuni,and C. coli.
Reductions in Campylobacternumbers (by �8 log CFU/
ml) were achieved in just 9 s at 4�C, which may be attrib-
utable in part to the particular sensitivity of these entero-
pathogens to highly oxygenated environments (15). Sus-
pending untreated (control) test bacteria in sterile distilled
water at 4�C for 30 s did not significantly affect population
numbers (data not shown). In general, gram-negative test
bacteria were more susceptible to the lethal action of PPGD
treatment (P � 0.05). This reaction may be due to the com-
plexity of the gram-negative bacterial cell envelope, which
is targeted by ozone and other oxygenated free radicals
(16). This hypothesis is supported by scanning electron mi-
crographs (Fig. 4b) of PPGD-treated Campylobacter,which
reveal significant changes to the outer cell envelope at the
cellular level (arrows indicate areas of injury). L. monocy-
togeneswas more resistant to the lethal action of PPGD
than were other vegetative test bacteria (P � 0.05), which
corroborates previous findings of the resilience and adapt-
ability of this problematic bacterium to a wide range of
applied lethal stresses (10, 16). However, the pH of the
bacterial suspension in distilled water decreased rapidly
from 6.03 (untreated control) to 3.9 during plasma treat-291
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FIGURE 4. Scanning electron micrographs of PPGD-treated (a)
and untreated (b)C. jejuni cells (magnification�12,000; white
arrows indicate cellular damage).

FIGURE 5. Influence of pulsed-plasma
gas-discharge treatment on the inactiva-
tion of test bacteria suspended in poultry
wash water at 4�C.

ment, which may have contributed in part to microbial in-
activation. C. jejuni has been reported to be sensitive to
extremes in pH, especially acidic conditions (23).Zhao and
Doyle (23) recently exploited this sensitivity by experi-
menting with a combination of calcium sulfate and lactic
acid (pH 2.1); this treatment was used for the decontami-
nation of C. jejuni on artificially contaminated poultry sur-
faces.

Studies were carried out to investigate the presence of
a limited range of toxic by-products in distilled water after
treatment with electric discharges as per methods described
previously (1, 4). The quality of the plasma-treated water
met the standards of the European Union (Council direc-
tives on the quality of water intended for human consump-
tion 80/778/EEC and the drinking water directive 98/83/
EEC), with levels of ammonium (24 �g/liter), Cu (36 �g/
liter), Mn (�50 �g/liter), Zn (�20 �g/liter), Pb (�2 �g/
liter), Cr (�50 �g/liter), and Fe (�300 �g/liter) within the
upper limits for drinking water. The results for Cu and Fe
were particularly important because the electrodes in this
study were manufactured from stainless steel and copper.
These findings corroborate those of Anpilov et al. (1), who
found that water samples contained satisfactory levels of
ammonium, Fe, Pb, Cr, fluoride, chloride, nitrate, and sul-
fate after treatment with electric discharges.

However, the present study was not focused on the pos-
sibility that application of electric discharges to poultry
wash water may generate unwanted by-products such as
bromate, which is a recognized carcinogen derived from
bromide (8). Therefore, future studies should be conducted
to investigate the relationship between the application of
PPGD and the formation of bromate and other potential
carcinogens in treated poultry wash water.

The plasma discharge treatment of all vegetative test
bacteria suspended in poultry wash water at 4�C also re-
sulted in rapid reductions in microbial numbers (by �8 log
CFU/ml) to nondetectable levels within 30 s of exposure
(Fig. 5). Although similar inactivation kinetic data were ob-
tained for vegetative test organisms in distilled water (Fig.
3) and in poultry wash water (Fig. 5), in general a more
rapid reduction of test bacteria cell numbers was evident
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during treatment in the poultry wash water (P � 0.05). This
finding may be attributed in part to the conversion of oils,
fatty acids, and proteins released during poultry washing
into associated nitric and carbonic acids during plasma
treatment. The multidrug-resistant S. entericaTyphimurium
strain appeared to be more tolerant to the lethal effects of
pulsed-plasma treatment than were the other poultry-related
Campylobacterand Salmonellapathogens tested. The av-
erage (�SD) total aerobic mesophilic bacterial count for
untreated poultry wash water was 4.3 (�1.1) log CFU/ml,
which was reduced to a nondetectable level after 30 s of
plasma treatment at 4�C. Similar levels of B. cereusendo-
spore reduction (by ca. 3 log CFU/ml) were achieved dur-
ing plasma treatments in chilled distilled water (Fig. 3) and
in poultry wash water (Fig. 5).

Our laboratory-based studies indicate that the use of
PPGD was very effective for reducing populations of bac-
terial enteropathogens in poultry wash water at 4�C within
30s and could act as a critical control point in a hazard
analysis critical control point system by preventing cross-
contamination of processing environments by killing Cam-
pylobacterand Salmonellain the treated liquids. The po-
tential for poultry wash water to be recycled using this
pulsed-plasma approach appears high, particularly because
this technology reduces microbial organisms treated to non-
detectable levels in a very short time. However, further
studies are needed in poultry-processing facilities to vali-
date the efficacy of this plasma treatment under actual use
conditions and to confirm that no harmful by-products are
produced by this process.
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We report for the first time on the comparative use of pulsed-plasma gas-discharge (PPGD) and pulsed UV light
(PUV) for the novel destruction of the waterborne enteroparasite Cryptosporidium parvum. It also describes the
first cyto-, geno- and ecotoxicological assays undertaken to assess the safety of water decontaminated using
PPGD and PUV. During PPGD treatments, the application of high voltage pulses (16 kV, 10 pps) to gas-injected
water (N2 orO2,flow rate 2.5 L/min) resulted in the formation of a plasma that generated free radicals, ultraviolet
light, acoustic shock waves and electric fields that killed ca. 4 log C. parvum oocysts in 32 min exposure. Findings
showed that PPGD-treated water produced significant cytotoxic properties (as determined by MTT and neutral
red assays), genotoxic properties (as determined by comet and Ames assays), and ecotoxic properties (as deter-
minedbyMicrotox™, Thamnotox™ andDaphnotox™ assays) that are representative of different trophic levels in
aquatic environment (p b 0.05). Depending in part on the type of injected gas used, PPGD-treatedwater became
either alkaline (pH ≤ 8.58, usingO2) or acidic (pH ≥ 3.21, using N2) and contained varying levels of reactive free
radicals such as ozone (0.8 mg/L) and/or dissociated nitric and nitrous acid that contributed to the observed dis-
infection and toxicity. Chemical analysis of PPGD-treated water revealed increasing levels of electrode metals
that were present at ≤30 times the tolerated respective values for EU drinking water. PUV-treated water did
not exhibit any toxicity and was shown to be far superior to that of PPGD for killing C. parvum oocysts taking
only 90 s of pulsing [UV dose of 6.29 μJ/cm2] to produce a 4-log reduction compared to a similar reduction
level achieved after 32 min PPGD treatment as determined by combined in vitro CaCo-2 cell culture-qPCR.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

There has been growing international concern about the release
of unwanted pharmaceutically-active compounds into the aquatic
environment as these are not effectively removed or eliminated at
waste water treatment plant level (Sharpe, 2001; EPA, 2005;
Fernandez et al., 2007; Rowan, in press). Consumption of water con-
taining endocrine disrupting chemicals (EDC) may cause reproduc-
tive disorders in humans (Fernandez et al., 2007). EDCs have been
detected worldwide in processed wastewater from domestic treat-
ment plants (WWTPs) at the ng/L level that may cause abnormalities
to aquatic organisms (Ternes et al., 1999; Lishman et al., 2006).
Previous work conducted by this research group has demonstrated
that fish habituating downstream of WWTPs in the Midlands region
in Ireland exhibited delayed spermatogenesis compared with fish

upstream and intersex (feminization) was discovered in roach
(Fogarty and McGee, 2007). Therefore, it is essential that such com-
pounds be efficiently and effectively removed from processed
water discharged from WWTPs.

Cryptosporidium parvum is an enteric coccidian parasite that is
recognised as a frequent cause of water-borne disease in humans
(Hunter and Syed, 2001). The occurrence of the environmentally
thick-walled oocyst stage of this parasite has become a world-wide
concern due to its resistance to chlorine at concentrations typically
applied in drinking water treatment plants (2 to 6 mg/L) (Rowan,
2011). Development of alternative methods of Cryptosporidium
disinfection for water applications (such as ozone and/or UV) has
been hindered in part by the uncertainty surrounding efficacy of
using in vitro surrogate viability tests due to their over estimation
of oocyst survivors post treatments and lack of critical data on the
preferred use of in vitro cell culture and/or in vivo animal-based in-
fectivity assays to determine inter-related factors governing repeat-
able disinfection of oocysts suspended in water (Garvey et al., 2010).

Development of pulsed UV light has recently received attention as a
potential novel strategy for decontaminating water as it offers many
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benefits including rapid microbial reductions and efficiency of en-
ergy usage due to high peak-power dissipations (Elmnasser et al.,
2007; Rowan et al., 2008a, 2008b; Rowan, in press). Laboratory-
based investigations have revealed that critical inter-related fac-
tors governing the effective operational use of PUV for disinfecting
water include pulse repetition frequency, pulsed duration, applied
voltage, distance from the light source, presence of suspended
solids, and type and concentration of microbial species present
(Garvey et al., 2010; Rowan, 2011; Hayes et al., 2012). Recent stud-
ies also reported that PUV inflicts irreversible damage in yeast by a
multi-targeted molecular and cellular process (Farrell et al., 2011).
There is a dearth of published information on the efficacy of PUV for
treating C. parvum oocysts in water with particular relevance to
lethality of treatment and safety of process.

An alternative or complementary approach to the treatment of
drinking andwastewater includes the application of high voltage pulses
to gas-injected test liquids (or PPGD),which results in the formation of a
plasma that causes free radicals such as dissolved ozone and hydrogen
peroxide, free electrons, ultraviolet light (UV), acoustic shock waves
and electric fields at levels between 10 and 50 kV to be generated in
the test liquids (Rowan et al., 2008a, 2008b). Pulsed electric discharge
or PPGD has been shown to be effective for the oxidative destruction
of structurally-related organic compounds such as dyes, phenol and an-
iline in aqueous solutions (Willberg et al., 1996; Bubnov et al., 2004; Liu
and Xuan Zhen Jian, 2005; Hao et al., 2007; Amin et al., 2007). However,
there is also a dearth of information surrounding the ability of PPGD to
kill waterborne coccidian parasites.

This constitutes the first study to report on the cyto-, geno- and eco-
toxicological quality of PPGD and PUV treated water post inactivating
C. parvum oocysts.

2. Methods

2.1. Pulsed-plasma gas-discharge system and analytical evaluation of treated
test liquids

The pulsed-plasma gas-discharge (PPGD) system (Samtech Ltd,
Glasgow, UK) consisted of a prototype HV pulse generator and treat-
ment chamber for low-temperature liquid decontamination which
was described previously by Rowan et al. (2008a, 2008b) with mod-
ifications. The main components (Fig. 1a) were the high voltage
power supply, a set of charging resistors, a trigger generator linked
to a corona stabilised switch (CSS) and the pulse generator. This
PPGD system produced multiple short-lived biocidal properties in
the treatment chamber that includes ozone, acoustic shock waves,
UV light and pulsed electric fields as described previously (Rowan
et al., 2008a, 2008b). The PPGD test liquid was prepared by combin-
ing 95 mL of dH2O combined with 5 mL of 0.1 M Phosphate Buffered
Saline (PBS). The provided high permittivity (ε = 80.1) and low
conductivity (1000 μs/cm) supported discharge stability and re-
duced osmotic stress towards test organisms. The volume of the
treatment test liquid was set at 100 mL as this yielded at discharge
gap of 5 mm between the electrodes and the surface of the sample
for producing a strong and consistent HV discharge. Within the

Fig. 1. Schematic of electrical circuitry for pulsed-plasma gas-discharge system (a) and physical appearance of streamer type corona discharge observed during treatment (16 kV, 10 pps,
O2 flow rate at 2.5 L/min).
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treatment chamber the PPGD was generated via a multiple needle
electrode configuration that was found to produce a positive
streamer type corona discharge (Fig. 1b). The electrodes were
made of twomaterials: the upper HV electrode and needle arrangements
comprising stainless steel BS316S11 (predominately iron (Fe) with
16–18.5% chromium (Cr), 11–14% nickel, 2–5% molybdenum and a
mixture of 2% manganese (Mn), 1% silicon, 0.045% phosphorous, 0.03%
sulphur, and 0.03% carbon) with the lower earth electrode comprising
aluminium alloy 6082 (predominantly aluminium (Al) with 0.7–1.3%
silicon, 0.4–1% Mn, 0.6–1.2% magnesium, a mixture of 0.5% Fe, 0.25% Cr,
0.2% zinc, 0.1% copper and 0.1% titanium).

The possible presence of electrical metal contaminate (namely
aluminium, chromium, iron and manganese) released from the
treatment fluid during HV operation was determined by an independent
laboratory (City Analyst Ltd, Dublin, Ireland). Pure N2 or O2 gases (BOC,
Ireland) were streamed separately through this electrode gap at a flow
rate of 2.5 L/min using a Rate-Master® flowmeter (Dwyer Instruments
Inc. UK). The pulsed forming network (PFN) charging voltage and
pulse frequency were mainly kept at 16 kV and 10 pps respectively
for ≤90 min during this study to avoid internal arcing on the CSS
caused by molecular breakdown of sulphur hexafluoride (SF6)
insulation gas that occurred during increased charging voltage and
pulse repetitions. The pulse waveform was monitored using a digital
oscilloscope (Tektronix TDS 3022). The 100 mL test liquid with and
without C. parvum was aseptically transferred into the PPGD
treatment chamber. Temperature and pH were monitored by using
a Eutech® CyberScan pH 510 pH/mV meter with automated tempera-
ture control adjustment (Thermo Fischer Scientific, UK). The dissolved
ozone (O3) concentration of gas-discharge treated water was analysed
via the dipropyl-p-phenylenediamine (DPD) colorimetric method
(Spectroquant® 1.00607,Merck Chemicals, VWR, Ireland), which detects
dissolved O3 within the concentration range 0.01–4.00 mg/L. Ion ex-
change chromatography (IEC) was used to determine the presence of
nitric acid (HNO3) and nitrous acid (HNO2) in the gas-discharged
water. This chromatographic system was composed of a 761 Compact
IC (Metrohm, Ireland) including a conductometric detector and suppres-
sor with peristaltic pump. The utilised mobile phase consisted of a 1 mM
sodium bicarbonate (NaHCO3) and 3.5 mM sodium carbonate (Na2CO3)
in aqueous solution, with ion separation performed in isocratic mode at
a 1.2 mL/min flow rate and ambient temperature on a Transgenomic®
IC Sep AN2 analytical column. All injections were performed in duplicate
with an injection volume of 20 μL and a total run time of 15 min.

2.2. Pulsed ultraviolet light system

The pulsed-UV system used was the PUV-01 (SAMTECH Ltd., Glas-
gow) and consists of two main components; a treatment chamber and
a driver circuit as described previously byHayes et al. (2012). 20 mL sam-
ples were aseptically transferred to a sterile Petri dish and treated in the
PUV treatment chamber at a distance of 8 cm from the light source. The
number of pulses of light used ranged from 0 (untreated control) to
90 pulses using a lamp discharge energy of 16.2 J that was shown previ-
ously to inactivate test C. parvum populations by ca. 4 log10 CFU/mL over
this treatment regime (Hayes et al., 2012). Measurement of UV fluence
rate (μJ/cm2) was determined using chemical actinometry as described
by Hayes et al. (2012) as the non-continuous emitted spectrum did not
facilitate use of a calibrated radiometer. Results for both PUV and PPGD
were expressed in terms of log10 CFU/mL for reduction in C. parvum
numbers. Statistical analyses were performed using Minitab Series 15
and reported at 95% confidence intervals, unless otherwise stated.

2.3. Combined cell culture-quantitative PCR (CC qPCR) assay for
enumerating viable C. parvum post PPGD and PUV treatments

The combined cell-culture-qPCR assay as described recently
by Garvey et al. (2010) was used for enumerating viability of

C. parvum oocysts post treatments. C. parvum oocysts (Iowa isolate
derived from a bovine calf) were purchased from Waterborne Inc.
USA. Fresh oocysts (b24 h after excretion) were stored in sterile
PBS with 100 U of penicillin/mL, 100 μg of streptomycin/mL and
100 μg of gentamicin/mL and stored at 4 °C until they were used
for treatment studies. The excystation rate was determined for each
batch of oocysts by microscopic observation following sequential
incubation at 37 °C in acidified Hanks balanced salt solution for 1 h
and in 0.8% trypsin—0.75% sodium taurocholate for 1 h, followed by
incubation at room temperature for 30 min. Identification of C. parvum
oocystswas confirmed by PCR targeting of a 620 bppolymorphic region
of the β-tubulin gene. For negative infection studies, oocysts were
inactivated by heating at 70 °C for 30 min. All experimentswere carried
using oocysts with greater than 80% viability, as determined by in vitro
excystation as per Garvey et al. (2010). Cell culture qPCRwas conducted
as per described byGarvey et al. (2010) using CaCo-2 cellmonolayers as
host cells for parasitic infectivity followed by real time PCR.Methods for
the growth andmaintenance of CaCo-2 uninfected and infected cells are
therefore not described herein. Real-time, Taqman-quantitative PCR
(qPCR) was performed using primers (TIB MOLBIOL, Berlin, Germany)
specific for the 18S region of Cryptosporidium on a LightCycler® device
(Model 1.5, Roche Diagnostics, West Sussex, England) following the
method of Garvey et al. (2010). Aliquots of oocysts at different densities
were then stimulated to infect the CaCo-2 cell line thatwere seeded into
24 well plates (Sarstedt) at a concentration of ca. 1 × 104 cells/mL at
90% confluency. 1 mL aliquots of each concentration range of excysted
oocysts were re-suspended in RPMI cell culture growth media and
added to 1 well of the 24 well plate. Following 48 h incubation at
37 °C in a humidified atmosphere of 5% (v/v) CO2, the cell culture
mediawith non-adherent or internalized C. parvumwas removed by as-
piration and discarded. Mammalian cell was then washed with sterile
PBS and trypsinized using 200 μL of 0.25% (v/v) trypsin/EDTA (Sigma)
and left for 15 min at 37 °C until complete detachment of themonolay-
er had occurred. Cells were then centrifuged at 70.7 ×g for 10 min and
re-suspended in 200 μL sterile PBS, thereafter themammalian cells and
C. parvum sporozoite cell membranes were lysed using PCR template
preparation kit (Roche Diagnostics, West Sussex, England) in order to
produce DNA (template) and standard curve. The aforementioned pro-
cedure was then repeated to determine infectivity of oocysts subjected
to varying PPGD and PUV parameters or heating at 70 °C for 30 min
(negative control) as per method of Garvey et al. (2010). Log inactiva-
tion of oocysts (L) is defined by L = log10[Nd / No], where No is the
initial concentration of oocysts and Nd is the concentration of viable
infectious oocysts post disinfection treatments as detected by combined
cell culture-qPCR assay as per method of Garvey et al. (2010).

2.4. Cell culture and treatment of PUV and PPGD test liquids

The hepatoma HepG2 cell line (ATCC, Manassas, USA) and normal
keratinocyte, HaCaT cells (Cell Lines Service, Heidelberg, Germany)
were grown in Dubeccos Modified Eagle's Medium (DMEM) nutrient
mixture Ham's F-12 (1:1) and DMEM respectively. Both media
types were supplemented with 10% foetal bovine serum (FBS),
2 mM L-glutamine, 1.25 μg/mL amphotericin B, 25 U/mL penicillin
and 25 μg/mL streptomycin and cells were cultured at 37 °C in a 5%
CO2 humidified incubator. Cell culture consumables and media
components were sourced from Sarstedt (Drinagh, Ireland) and
Sigma-Aldrich (Dublin, Ireland), respectively. 100 mL samples of
the test liquid were treated separately with PUV or PPGD in order
to produce a ca. 4 log10 reduction in C. parvum oocyst numbers as
described earlier. For comparative purposes, N2 and O2 gases were
utilised as discharge gases at a flow rate of 2.5 L/min. 10 mL samples
were taken aseptically at the end of each treatment regime (in triplicate)
and transferred into a sterile universal that was then centrifuged at
3000 rpm for 10 min. The supernatant was removed and filter sterilized
using 0.2 μm filters, before being subjected to toxicity testing. The liquid
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was also tested after a 7 day refrigerated storage in order to determine if
this incubation period affected toxicity. Untreated samples were used as
reference control.

2.5. The MTT cytotoxicity assay

HepG2 and HaCaT cells were seeded in 96-well plates at a density
of 1 × 104 and 1.5 × 104 per well (200 μL), respectively. The plates
were further incubated for 15 h (HepG2) and 24 h (HaCaT) at 37 °C to
facilitate cell attachment. The cellswere exposed to undiluted anddiluted
(cell culture medium) PPGD treated test liquids for varying exposure
times at 37 °C. Following removal of test liquid, the cells were rinsed
twice with PBS and 100 μL culture medium containing 0.5 mg/mL 3-
(4,5-dimethylthiazol-2yl)-2,5-diphenyl-2H-tetrazolium bromide (MTT)
(Sigma-Aldrich, Dublin, Ireland) was added to each well and incubated
for a further 4 h. After careful removal of MTT medium, 100 μL of
dimethyl sulfoxide (DMSO, Sigma-Aldrich, Dublin, Ireland) was added
to each well to extract the dye. The plates were agitated for 30 s prior
to recording optical densities at 540 nm using a microplate reader
(Anthos HTIII, Labtec Instruments GmbH, Wals, Austria).

2.6. The neutral red cytotoxicity assay

Similar to the MTT assay, HepG2 and HaCaT cells were seeded at a
density of 1 × 104 and 1.5 × 104 per well (200 μL), respectively and
cells were exposed to undiluted and diluted (cell culture medium)
PUV and PPGD treated test liquids for varying exposure times at
37 °C. Following removal of extract medium, the cells were rinsed
twice with PBS and 100 μL of freshly prepared and filter-sterilized
NR solution (100 μg/mL) (Sigma-Aldrich, Dublin, Ireland) was
added to each well and incubated for 80 min. After removal of NR
solution, the cells were carefully rinsed twice with 200 μL PBS and the
dye was extracted by introducing 100 μL of acidified methanol/water
solution (1:1) to each well. The plates were then agitated for 30 s prior
to recording optical densities at 540 nm using a microplate reader
(Anthos HTIII, Labtec Instruments GmbH, Wals, Austria).

2.7. The single cell gel electrophoresis (comet) assay

The Comet assay procedure of Singh et al. (1988) was adopted with
minor modifications. 2 mL aliquots of HepG2 and HaCaT cells were
seeded at 3 × 104 cells/mL in duplicate wells of a 24-well culture plate
and following 24 h incubation culture medium was replaced with 2 mL
of PPGD treated test liquids and incubated for further 24 h. In parallel,
control cells were treated with 100 μM H2O2 for 40 min as positive
control. Following treatment, the cells were harvested and cell viability
(N80% for all test concentrations) was determined by trypan blue
exclusion to avoid false positive responses due to cytotoxicity. Subse-
quently 200 μL of the cell suspension was diluted with low-melting
point agarose and 100 μL cell-aliquots were immediately spread on gel
bond strips. The strips were immersed in alkaline lysis solution pH 10
(2.5 M NaCl, 100 mM disodium EDTA, 10 mM Tris–Cl, 1% Triton X-100,
10% DMSO) and incubated at 4 °C for 40 min prior to treatment with
1 mg/mL proteinase K in lysis solution pH 7.4 without Triton X-100 for
2 h at 37 °C. Following alkaline unwinding for 20 min by immersion in
electrophoresis buffer (0.1% 8-hydroxyquinoline, 10 mM disodium
EDTA, 2% DMSO, 300 mMNaOH, pH 13) the gelbond strips were subject
to electrophoresis at 25 V and 300 mA for 12 min. Gel strips were then
neutralized with 400 mM Tris–Cl buffer and stained with SYBR Gold for
40 min. Following fixation in methanol, DNA migration was measured
via fluorescence microscopy coupled to image analysis software (Comet
IV, Perceptive Instruments, UK) and expressed as percentage tail DNA
(% tail DNA) and as tail moment. The Comet assay was conducted on
duplicate slides with 50 cells scored per slide. Statistical difference
between control and treated cells was evaluated with the nonparametric
Mann–Whitney test using untransformed Olive tail moment values.

2.8. The Ames mutagenicity assay

The Ames II™ Mutagenicity assay method (Xenometrix) was
performed with and without metabolic activation (+/−S9 mix)
with slight modifications to a procedure previously described by
Flückiger-Isler et al. (2004). The bacterial culture TA98 and TAMix
were exposed to the PPGD treated test liquid in the presence
and absence of S9 mix. Salmonella typhimurium TA98 and TAMix
(TA7001-7006) were the chosen tester strains to detect frameshift
mutations and base-pair substitutions, respectively. The bacterial
cultures were resuscitated in Ames II growth medium containing
50 μg/mL ampicillin. For tests performed in the absence of metabolic
activation, 215 μL of Ames II exposure medium was mixed with 25 μL
bacterial cultures. For assays performed in the presence of metabolic
activation, the volume of the Ames II exposure medium was decreased
to accommodate the final S9 mix fraction (Moltox) of 4.5% (v/v).
Subsequently, 250 μL of the exposure media (plus tester strains) was
pipetted into single wells of a 24-well plate and, following incubation
at 37 °C for 90 minwith 250 rpm agitation, 2.8 mL of histidine deficient
Ames II indicator medium was added to each well. Next, 50 μL of solu-
tion from each well was transferred to individual wells of a 348-well
plate and following a 48 h incubation period any colour change of the
indicator medium from purple to yellow was noted and taken as indic-
ative of revertant bacteria or a positive response. The Ames II™Mutage-
nicity test was performed as per manufactures instruction in triplicate.

2.9. Ecotoxicological analysis

A range of commercially-available ecotoxicology assays
(MicroBioTests Inc., Gent, Belgium) were used to determine the
effect of exposure of various test species to PPGD and PUV-treated
water on the various free living organisms representative of taxa in
the natural aquatic environment (Table 1). Standard freshwater was
prepared as indicated by the supplier. The standard freshwater was
used as a hatching medium for the cysts and as dilution medium for
the test solutions. Positive control tests were performed using the refer-
ence toxicant potassium dichromate (K2Cr2O7) or phenol, as recom-
mended by the supplier of the assays. The Thamnotoxkit F™ screening
bioassay is a 24 h LC50 bioassay performed in multiwell test plates
using instar II–III larvae of the fairy shrimp Thamnocephalus platyurus.
The T. platyurus freshwater crustacean toxicity test was performed as
per Thamnotoxkit F™ standard operational procedure. The number of
dead larvae for each reference toxicant concentration and for each
test sample was recorded and the % mortality calculated versus the
untreated control. The Daphtoxkit F™ is a 24 hour acute immobilisation
test performed with neonates hatched from dormant eggs/ephippia
of Daphnia magna in multiwell plates. Daphnia spp. are ubiquitous
crustaceans in freshwater ecosystems and are key organisms in the
aquatic food chain. Daphtoxkit F™ tests were performed in accor-
dance with recommended test procedures prescribed the supplier.
The Microtox™ bioassay is a standardised toxicity system using a
luminescent bacterial species, Vibrio fischeri, as the toxicity indicator.
Microtox determines the acute toxicity of aqueous samples by measur-
ing the changes of light produced naturally in samples exposed to bio-
luminescent bacterial under standard conditions. The Microtox™ test
was carried out as per the suppliers' standard operating procedure
(Azur Environmental, 1998). Each test was carried out in triplicate on
aMicrotox™ 500 analyser (Strategic Diagnostics Incorporation Europe).
Phenol was used as a reference chemical and a basic test for phenol was
run for every fresh vial of bacteria to ensure the validity of all tests. The
acute toxicity data was obtained and analysed using the MicrotoxOmni
software (SDI Europe, Hampshire, UK). Five minute and fifteen minute
EC50 tests were performed. Detection of ecotoxicity for each test is
based upon the “median effects level” that is described as either
IC50, EC50, or LC50 depending upon the test (IC, EC, and LC are abbre-
viations for inhibition concentration, effect concentration, and lethal
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concentration, respectively (British Columbia Ministry of Energy;
Tindal, 2007)). The EC50 for D. magna and V. fischeri respectively,
LC50 for T. platyurus and IC50 for Tetrahymena thermophila were
determined for each test as recommended by the microbiotest kit
manufacturer. Data for the ecotoxicological analysis of PUV and
PPGD treated test liquids are presented as per Slabbert and Venter
(1999). 10% effect in the Daphnia test and 5% in the protozoan test in-
dicate toxic activity. Effective concentrations of samples (e.g. LC50

and EC50) were statistically derived (linear regression) using dose–
response curves (% effect versus log concentration). When toxicity
was too low to use linear regression, endpoints were presented as
LC50: N100% or LC50: 50–100%.

2.10. Statistics

Cytotoxicity assays (MTT, NR)were conducted using six replicates per
test sample in three independent experiments, with mean absorbance
values expressed as a percentage of untreated control cell values ± stan-
dard error of the mean. Homogeneity of variances and normality of data
were confirmedwith the Levene's test and the Kolmogorov–Smirnov test
respectively. Statistical differences compared to control groups were
evaluated with one-way ANOVA followed by Dunnett's post-hoc test at
95% confidence level. The Comet assaywas conducted on duplicate slides
with 50 cells scored per slide. Statistical difference between control and
treated cells was evaluated with the nonparametric Mann–Whitney
test usinguntransformed tailmoment values. TheAmes II™Mutagenicity
test was performed as per manufacturers' instruction in triplicate with
statistical differences between treatment groups determined using a
one tailed t-test. The statistical analysis was performed using Minitab®
Version 15. Ecotoxicity analysis was conductedwith appropriate number
of replicates as recommended by the supplier of the test kits. Differences
between treatments and controls were tested by analysis of variance
(ANOVA) and Dunnett's test. Median lethal concentrations (LC50) and
other lethal concentrations (LC20) were determined by the trimmed
Spearman–Karber method, using TOXSTAT software, version 3.4 (Azur,
1995; West Inc. and Gulley, 1994). Statistical analysis for the Microtox
™ test was performed using the Microtox “Chronic Toxicity Testing
DOS software”, in accordance with guidelines provided by the US
Environmental Protection Agency (1994).

3. Results and discussion

3.1. PPGD and PUV-mediated destruction of C. parvum oocysts

Findings showed that the application of PUV and PPGD inactivated
ca. 4 log orders of C. parvum oocysts after 90 s (equivalent to UV dose
of 6.29 μJ/cm2) (Table 2) and 30 min (16 kV/cm, 10 pps, O2 flow
rate of 2.5 L/min) (Table 3) respectively. Findings demonstrated that
C. parvum is very recalcitrant requiring the highest test irradiation set-
ting of 120 pulses (UV dose 8.38 μJ/cm2) to achieve complete disinfec-
tion for all test samples. This was equivalent to operating the PUV
system at 900 V (or second highest setting) for the duration of pulsing

at 8 cm from the light source. This finding will have significant implica-
tions for disinfection in a flow-through system such as WWTP as it is
likely that the upper threshold level for destruction may be as low as
ca. 1 log/mL. Recent studies reported that critical factors to be consid-
ered in PUV treatment of microbial species in water include pulsed
repetition frequency, applied voltage, distance from the light source,
presence of suspended solids and type ofmicrobial species to be treated
(Garvey et al., 2010). Recent studies carried out by this research group
reported that there is a relationship between pulsed UV light irradiation
and the simultaneous occurrence of molecular and cellular damage in
treated yeast (Farrell et al., 2011). The latter reported that PUV may
be considered as a multi-hit process for inducing lethality in microbial
species as these researchers reported cell membrane permeability,
lipid hydroperoxidation in the cell membrane, intracellular reactive
oxygen species (ROS) generation, the occurrence of late apoptotic and
necrotic yeast phenotypes, and significant nuclear damage. Although
some level of cellular repair was observed in all test strains during
sub-lethal exposure to PUV-treatments (≤20 pulses or UV dose
0.55 μJ/cm2), this was absent in similar samples exposed to increased
amounts of pulsing. While PUV produced superior inactivation perfor-
mance to similarly treated PPGD samples containing C. parvum oocysts
under non-flowing or static conditions (Table 2), the specific mech-
anisms of cellular and molecular destruction in this waterborne
enteroparasite remains to be determined.

Previous researchers have revealed that the application of high
voltage pulses to gas-injected test liquids (or PPGD) results in the forma-
tion of a plasma that causes free radicals such as dissolved ozone and
hydrogen peroxide, free electrons, ultraviolet light (UV), acoustic shock
waves and electric fields at levels between 10 and 50 kV/cm to be

Table 1
Comparison of the EC50/LC50/IC50 and EC20/LC20/IC20 values obtained from PUV and PPGD-treated water using ecotoxicity and cytotoxicity assays.

Ecotoxicity Tests PUV PPGD-treated dH2O (16 kV/cm, 10 pps, O2 flow rate at 2.5 L/min)

EC20/LC20/IC20 EC50/LC50/IC50 (% v/v) EC20/LC20/IC20 (% v/v)

Immediately post treatment Immediately post treatment After 7 days Immediately post treatment After 7 days

Thamnotoxkit F™ (fairy shrimp) 100% 12.63% ± 1.016 27.74% ± 0.275 5.10% ± 0.416 15.88% ± 0.176
Daphtoxkit F™ (water flea) 100% 33.73% ± 2.766 55.06% ± 1.684 23.33% ± 1.612 29.63% ± 0.947
Microtox™ (bacteria) 5 min: 100%

15 min: 100%
5 min: 100%
15 min: 100%

5 min: 100%
15 min: 100%

5 min: 29.61% ± 2.097
15 min: 26.75% ± 1.680

5 min: 29.63% ± 3.804
15 min: 31.49% ± 0.507

Cytotoxicity tests
MTT 100% 25.89% ± 0.652 35.46% ± 2.642 40.54% ± 1.022 56.04% ± 4.175
Neutral red 100% 22.78% ± 0.567 29.71% ± 1.646 35.04% ± 0.883 45.63% ± 2.528

Table 2
Influence of PUV treatment (16.2 J/pulse) on reduction of C. parvum infectivity as deter-
mined by use of the combined in vitro CaCO-2 cell culture-quantitative PCR assay. PUV
treatments were performed at 1 pps.

PUV parameters CaCo-2 cell culture infectivity assay

Number of
pulses (s)

Fluence
(μJ/cm2)

No. of
infected
monolayersa

IF
microscopic
detection

Presence
of foci of
infection

Log10
reduction
(infectivity)b

0 0.000 4 High + 0
15 1.0484 4 High + 1.6 ± 0.3
30 2.0969 4 High + 2.1 ± 0.4
45 3.1454 3 Medium + 2.4 ± 0.4
60 4.1939 3 Medium –c 2.9± 0.4
75 5.2424 2 Low –c 3.1± 0.3
90 6.2909 1 Low –c ≥4
120 8.3879 0 None –c ≥4

a Standard dose of ca. 1 × 105 oocysts/mL was applied to each of the 4 replicate cell
monolayers per PUV treatment. Infectivity was determined by both qPCR and immu-
nofluorescence (IF) microscopy in CaCo-2 cells.

b Log reduction in viable C. parvum determined by cell culture-qPCR assay. As lower
limit of detection for standard curve using Cryptosporidium DNA is ca. 10 oocysts, the
maximum lethality detected is 4 log10 orders. Mean value shown for 4 replicate cell
monolayers, ±SD.

c Not detected.
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generated in the test liquids (Rowan et al., 2008a, 2008b). It is likely that
the combination of these biocidal properties contributed to the lethal
action of PPGD during this study (Table 3). A greater level of C. parvum
destruction was achieved using prolonged exposure to PPGD (Table 3).
Use of O2 instead of N2 as the sparged gas produced greater levels of
parasite destruction (data not shown). However, findings from this
study suggest that the PPGD systemused in this studywill not be suitable
for scale up purposes at WWTP level as this technology took 32 min to
produce a 4 log reduction in C. parvum oocysts under static conditions.
As the UV component of the PPGD treatment process was less intense
compared to using a stand-alone PUV approach it is also likely that ultra-
violet light played a minor role in the pulsed plasma decontamination
process. Pulsed electric discharge or PPGD has been shown to be effective
for the oxidative destruction of structurally-related organic compounds
such as dyes, phenol and aniline in aqueous solutions (Willberg et al.,
1996; Bubnov et al., 2004; Liu and Xuan Zhen Jian, 2005; Hao et al.,
2007; Amin et al., 2007), yet there has been no published information
on the toxicity or safety of these plasma treated samples. These PPGD
and PUV-treated end-point samples were used to conduct extensive
cyto-, geno- and ecotoxicity studies described herein.

3.2. Chemical analysis of PUV and PPGD treated water

The concentration of indicator elements in PUV treated water, with
and without the presence of inactivated C. parvum oocysts, was at
acceptable levels for drinking water as dictated by the European
Communities (Drinking water) (No. 2) Regulations (2007) (Table 4).
However, findings presented in Fig. 2 show that the plasma discharge
has a notable effect on the pH of the treated water. When using O2 as
a discharge gas, the pH value increased slightly in an almost linear
fashion. The pH increase was dependent on the pulse frequency. The
highest pH value of 8.34 was observed after 60 min plasma treatment

with 12.5 pps. With the pulse generator adjusted to 10 pps and
7.5 pps the pH increase after a 60 min treatment was found to be 8.06
and 7.87 respectively. The mechanism for this pH change towards
alkaline conditions is currently not fully understood yet has been also
reported previously by other researchers (Rowan et al., 2008a, 2008b).
However, the formation of dissolved hydroxyl ions resulting from the
O2 dischargemay have caused the pH increase. In contrast to the O2 dis-
charge, when using N2 as discharge gas, a drastic pH dropwas observed
for all pulse frequencies evaluated. The decrease in pH was also depen-
dent on the pulse frequency. The lowest pH value of 3.21 was observed
after a 60 min treatment with 12.5 pps, followed by value of 3.4 and
3.82 for a treatment with 10 pps and 7.5 pps, respectively. The fixation
of nitrogen based compounds explains in part the notable decrease in
the pH of the PPGD-treated water. The results obtained from the IEC
analysis proved that nitrogen compounds were fixed in the treated
liquid during N2 discharge process. The PPGD was potent to activate
the gaseous N2 molecules that were subsequently oxidized to oxygen
species originating from the treatment liquid or from residuals at atmo-
spheric O2 gas within the discharge region. The oxidized nitrogen
dissolved in the liquid and caused formation of nitric and nitrous acid
which dissociated into detectable NO3

− and NO2
−, respectively. Also, re-

search conducted by Bian and Yin (2007) showed that activated nitro-
gen formed during HV discharge in N2 gas. Nevertheless, the
chemistry behind the production of such compounds during the plasma
discharge, and how they dissolve into the aqueous solution, appears to
be relatively complex and merits further study.

The efficiency of the PPGD system to produce dissolved ozone in the
test water was determined using the DPD colorimetric method (Fig. 3).
The results indicate that depending on the type of discharge gas used a
substantial difference in ozone productionwas observed. The higher the
applied discharge energy, the greater was the production of ozone
during the time duration of the experiment. With varying pulse poten-
cy, the concentrations of ozonedissolved inwater after a 42 min oxygen
discharge treatmentwere found to be 1.2, 1.0 and 0.6 mg/mL for applied
charging voltages of 18, 16 and 14 kV, respectively. PPGD-treated
water for cyto-, geno- and ecotox assessments contained 0.8 mg/L
ozone (32 min exposure at 16 kV, 10 pps using O2 at 2.5 L/min) in this
study. Small concentrations of ozone (not exceeding 0.14 mg/L at maxi-
mum treatment times and discharge conditions) were produced during
N2 mediated discharge which may be explained by oxygen ingress from
surrounding ambient air. Also PPGD-treated water contained a possible
source for oxygen which can be liberated by the result of the plasma
discharge. The latter finding was supported by Takaki et al. (2008) who
reported that the efficiency of the ozone production by pulsed plasma
depends strongly on the ambient temperature and pressure, the gas
used and on the discharge settings itself such as gap-width, applied
voltage, the pulse waveforms, electrode surface and electrode material.
Ozone is a powerful oxidizing agent that has been used for a variety of
applications including purification and disinfection of water (Jyoti and
Padnit, 2002). Although ozone itself has good water solubility being
12.5 times more soluble than oxygen, its instability in water makes the
determination of the molecule in solution rather complicated (Lin and
Nakajima, 2003). However, the DPD colorimetric method employed for

Table 3
Influence of PPGD treatment (minutes at 16 kV/cm, 10 pps, O2 flow rate at 2.5 L/min) on
reduction of C. parvum infectivity as determined by use of the combined in vitro CaCo-2
cell culture-quantitative PCR assay.

PPGD parameters CaCo-2 cell culture infectivity assay

Min [at 16 kV/cm,
10 pps, O2 flow
rate 2.5 L/min]

No. of infected
monolayersa

IF microscopic
detection

Presence
of foci of
infection

Log10 reduction
(infectivity)b

0 4 High + 0
8 4 High + 1.8 ± 0.3
16 3 Medium + 2.4 ± 0.3
24 2 Medium –c 3.3 ± 0.4
32 1 Low –c ≥4

a Standard does of ca. 1 × 105 oocysts/mL was applied to each of the 4 replicate cell
monolayers per PPGD treatment. Infectivity was determined both by qPCR and immuno-
fluorescence (IF) microscopy in CaCo-2 cells.

b Log reduction in viable C. parvum determined by cell culture-qPCR assay. As lower
limit of detection for standard curve using Cryptosporidium DNA is ca. 10 oocysts, the
maximum lethality detected is 4 log10 orders. Mean value shown for 4 replicatemonolayers,
±SD.

c Not detected.

Table 4
Concentration of indicator elements in PUV and PPGD treated test liquids.

Determination PUV treateda PPGD treatments

Untreated control 30 min O2 treated 90 min O2 treated 30 min N2 treated 90 min N2 treated PV valueb

Al (μg/L) b20 b20 5515 27,150 6546 26,330 200
Fe (μg/L) b20 b20 98 747 147 500 200
Cr (μg/L) b5 b5 34 195 44 121 50
Mn (μg/L) b5 b5 20 90 34 112 50
pH 7.48 7.52 7.69 8.28 4.53 3.09 N/A
Conduct (μs/cm) 987 981 1159 1353 1192 1394 N/A

a PUV samples treated with UV dose of 6.29 μJ/cm2.
b PV value is the parametric value taken from European Communities (Drinking water) (No. 2) Regulations (2007) for comparative purposes.
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the quantification of dissolved ozonewas not suitable to elucidatemech-
anisms of ozone decay. Preliminary studies undertaken showed that the
dissolved ozone levels dropped below detection limit within several
hours after the discharge treatment. Ozone, together with its decay
products (hydroxyl and superoxide radicals), contributed to C. parvum
disinfection through oxidation of various essential cellular components
including unsaturated fatty acids, amino acids and DNA molecules
(Montie et al., 2000) and to toxicity linked to PPGD-treated water.

Electrode degradation is a major problem limiting the performances
and lifetime of the electrodes and is caused by erosion events resulting
from interactions of electrical discharges with the surface of the
electrodes (Shiki et al., 2007). The creation of plasma discharge resulted
in a slow but steady shortening of the individual needle electrodes via
erosion mechanisms (Fig. 4). The observable damage was believed to
result from a mixture of complex electrode erosion events including
particle ejection, vaporisation and sputtering as described previously
by Lasagni et al., 2004. Asmostmechanisms leading to electrode erosion
are temperature dependent, a way to conserve the electrodes would
be to reduce PFN charge and pulse frequency. Also reducing the use of
O2 as discharge gas may diminish oxidative damage. The material
degradation resulting from electrode erosion released metals into
PPGD-treated water (Table 4). With prolonged PPGD treatments an
increasing concentration of electrode contaminants were released into
the test liquids in the increasing order Mn, Cr, Fe, and Al. The fact that
each electrode-related metal was detected in PPGD-treated water indi-
cated that elements from both the stainless steel HV electrode and the
Al earthed electrode were released. The contaminate level increase
was dependent on the treatment time suggesting that with every
delivered HV pulse material is freed from the electrodes. In comparison
with the tolerated metal level in drinking water recommended by

the dictated by the European Communities (Drinking water) (No. 2)
Regulations (2007), Al concentration was 32 times the recommended
value after 30 min operation. All elements were found to exceed the
tolerated levels after 90 min treatment where Al exceeded 135 times
the maximum tolerated levels. Varying the discharge gas did not seem
to cause a major effect on the examined metal levels. Refrigerated
storage of PPGD-treated samples for 7 days did not reduce metal
contaminant levels in water samples (data not shown). Previous re-
search has reported on the harmful effect of metal ions released from
Al or stainless steel electrodes during electrical discharges in aqueous
solutions using electroporation equipment for bimolecular cell applica-
tions (Friedrich et al., 1998; Lukeš et al., 2006). The use of elkonite or
other metals as alternative electrodes may help considerably in reduc-
ing toxicity associated with PPGD treatments.

3.3. Ecotoxicological analysis

Ecotoxicology comprises the integration of ecology and toxicology
(Baird et al., 1996) and its objectives are to understand and predict
effects of chemicals on natural communities under realistic exposure
conditions (Chapman, 2002). Ecotoxicity tests measure acute and
chronic toxicity and corresponding lethal and sub-lethal effects, detect
a wide range of integrated effects of substances released into the
freshwater environment, and utilise organisms from different levels of
the aquatic food chain as well as cellular and subcellular systems
(Slabbert and Venter, 1999). Increasing evidence suggests that it is pref-
erable to carry out ecotoxicological tests on a base-set of taxa utilising
target species belonging to different trophic levels as use of a single bio-
assay will never provide a full picture of the quality of the environment
(Chen et al., 2004). Therefore, V. fischeri (bacteria), T. platyurus (Fairy
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shrimp) and D.magna (water flea) were separately exposed to PPGD
and PUV-treated water (Table 1). Testing of pulsed UV treated
samples conducted on these battery of test species indicated that no
detectable toxicity occurred using these microbiotests (Table 1).
This finding again supports the development of PUV as a green-friendly
effective technology for decontaminating water containing unwanted
Cryptosporidium parasites.

In contrast, the PPGD treated samples produced discernible
toxic effects (Table 1). The Microtox™ assay was the least sensitive
to these toxic effects; an LC50 value could not be calculated but the
LC20 values were determined to be 29.61% (v/v) ± 2.097 (5 min test)
and 26.75% (v/v) ± 1.680 (15 min test) immediately post treatment, re-
ducing to 29.63% (v/v) ± 3.804 (5 min test) and 31.49% (v/v) ± 0.507
(15 min test) when tested 7 days post treatment. The Thamnotoxkit
F™ assay was the most sensitive to these toxic effects of exposure
to PPGD treated water; the LC50 value was determined to be 12.63%
(v/v) ± 1.016 immediately post treatment, reducing to 27.74% (v/v) ±
0.275 when tested 7 days post treatment. A 12.63% (v/v) concentration
of PPGD treated water equates to approximately a 1 in 8 dilution, and
that such a high dilution factor would still cause a 50% lethal effect raises
serious concerns about the potential safety of PPGD treated water. For all
assays/kits the positive control was found to be within the toxic concen-
tration range provided by the kitmanufacturers indicating that assay con-
dition were correct for each assay (data not shown). A number of factors
are likely to have contributed to the observed PPGD-mediated toxicity
that include variations in pH depending on type of streamed gas used,
presence of oxygenated free radicals such as ozone and its associated
decay products, generation of dissociated nitric and nitrous acid, and
high levels of metals released from the electrode. This study also corrob-
orates the findings of Kelly et al. (2004) who reported that the Microtox
assay can be effectively used to assess wastewater metal (Cu, Zn, Ni
and Cd) toxicity in bench-scale wastewater treatment system. While
Velzeboer et al. (2008) used Microtox (bacteria), pulsed-amplitude
modulation (algae), Chydotox (crustaceans) and Biolog™ (soil enzymes)
to show no appreciable ecotox effects at normal concentrations of up to
100 mg/L for the nanoparticles TiO2, ZrO2, Al2O3 and CeO2.

3.4. Cytotoxicological analysis of PUV and PPGD treated samples

The potential of the PUV-treated and PPGD-treated test liquids
respectively to induce adverse effects on the human HepG2 and
HaCaT cells grown in culture was evaluated using both the MTT and
NR endpoints. The MTT endpoint measures mitochondrial function as
an indicator of cytotoxicity (Fotakis and Timbrell, 2006), while the NR
endpoint assesses the ability of viable cells to incorporate and accumu-
late the supravital dye NR within lysosomes (Borenfreund and Puerner,
1985). Findings shown in Table 1 indicate that the PUV treated water
did not exert any cytotoxic effects on the HepG2 cells. However,
following 24 h cell exposure to PPGD-treated test liquid, there was a
pronounced effect on the viability of HepG2 cells as determined by

measuring MTT (Fig. 5) and NR (Fig. 6) endpoints, respectively.
Overall, the trend in toxicity profiles observed via the MTT endpoint
was similar to the trend observed in the NR endpoint although the
latter assay appeared more sensitive to the cytotoxic effects of the
PPGD-treated test liquid. In both assays a dose-dependent decrease
in cell viability was observed. Cell exposure to O2 discharge-treated
test liquid (Figs. 5a, 6a) resulted in lower cell viability values compared
to cell exposure to test liquids produced using N2 gas (Figs. 5b, 6b).
Using neat samples (i.e. 100% v/v) drawn from the treatment chamber
at various time intervals, LC50 and LC20 values were calculated to reflect
the treatment timepoint at which they occur (Table 1). A comparison of
the LC50 and LC20 values of O2-mediated PPGD treatedwater for the two
cytotoxicity tests in terms of % (v/v) concentration is also presented in
Table 1. The LC50 value for using the MTT endpoint was determined to
be 25.89% (v/v) ± 0.652 immediately post treatment, reducing to
35.46% (v/v) ± 2.642 when tested 7 days post treatment. LC20 values
using the MTT endpoint were determined to be 40.54% (v/v) ± 1.022
immediately post treatment, reducing to 56.04% (v/v) ± 4.175 when
tested 7 days post treatment. The LC50 value for using the neutral red
endpoint was determined to be 22.78% (v/v) ± 0.567 immediately
post treatment, reducing to 29.71% (v/v) ± 1.646 when tested 7 days
post treatment. LC20 values using the neutral red endpoint were
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Fig. 4. Unused needle tip of the HV electrode (a). Etched and shortened needle tip after prolonged usage (b).
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determined to be 35.04% (v/v) ± 0.883 immediately post treatment,
reducing to 45.63% (v/v) ± 2.528 when tested 7 days post treatment.
Overall, the trend in toxicity profiles observed using HaCaT cells was
similar to use of HepG2, where NR assay appeared more sensitive to
the cell toxic effects of PPGD-test samples. In both assays a significant
(p b 0.05 to p b 0.01), dose dependent decrease in cell viability was
also observed (Figs. 7 and 8). More specifically, as shown in Figs. 7a
and 8a, direct exposure to the highest test liquid concentration (40%)
prepared with O2 discharge reduced the cell viability to 21% in the
MTT and 4% in the NR assay. In comparison, when incubated for
7 days before exposure, the same concentration resulted in residual
cell viability values of 29% and 39% in theMTT and NR assay, respective-
ly. Direct exposure to the highest N2 treated test liquid concentration
(40%) resulted in residual cell viability values of 67% and 61% while
exposure after the 7 days of incubation reduced the viability to 77%
and 66% for the MTT and NR assay (Figs. 7b and 8b), respectively.

Despite increased interest in the development of non-thermal ad-
vanced oxidative processes (such as corona plasma discharges; ozone
combined with H2O2; low/medium pressure UV combined with H2O2

etc.), the authors have been unable to source any published reports on
possible toxicological issues associatedwith use of these newdisinfection

technologies. Although the observed cell deathmight be a sum of various
effects associatedwith the plasma treatment, considering the diminished
toxicity evident after the 7 day storage period it is likely that reactive
chemical species formed during this process played a major role in
toxicity. Similar to its deleterious action on microorganisms, ozone and
associated free radicals damage mammalian cells mainly by oxidation
of fatty acids, DNA, proteins, amines, and thiols (Mehlman and Borek,
1987). Whiteside and Hassan (1988) showed that ozone can lead to the
inactivation of intracellular antioxidant enzymes such as catalase and
superoxide dismutase thereby enhancing its toxic effects on subcellular
structures. Several studies have also reported on the cytotoxic effects of
dissolved ozone using mammalian cells in culture (Larini and Bocci,
2005; Zhou et al., 2008) and H2O2, was thought to be a major intermedi-
ate in the toxicity of ozone (Oosting et al., 1991). However, it was
suggested that the effects of ozone depend much on the concentration
of antioxidants present in the extracellular fluid (i.e. the cell culture
medium) thus making the comparison between other studies difficult
(Larini and Bocci, 2005; Zhou et al., 2008). Moreover, with regard to
drinkingwater treatment, other by-products fromozonationmay include
aldehydes, bromoform, and brominated acetic acids. There is ongoing
debate on the relevance of disinfection byproducts compared to the
risks of waterborne diseases (Bull et al., 1995). A study by Havelaar
et al. (2000) investigated and compared the risk of infection by C. parvum
and the development of renal cell cancer due to bromate formation from
ozonationprocesses. Itwas concluded that the benefits of preventing gas-
troenteritis by proper disinfection outweigh health losses by premature
death from renal cell cancer arising from the production of bromate by
a factor of N10 (Havelaar et al., 2000).

The presence of dissociated nitric and nitrous acid drastically
decreased the pH of the test liquid. It was believed that reactive
nitrogen compounds and the resulting acidic conditions played a
contributing role in the observed microbial inactivation and toxicity
during N2-mediated PPGD treatment. A study by Bharadwaj et al.
(2005) concluded that no significant impact on HepG2 cell viability
was observable following 24 h exposure of 1000 mg/L nitrate dissolved
in cell culturemedium. Nonetheless, two independent studies conducted
by Bharadwaj et al. (2005) and Jondeau et al. (2006) provided initial
information on the cytotoxic potential of nitrate onhuman cells in culture
(HepG2 cells). Bharadwaj et al. (2005) conducted a NR assay and
concluded that no significant impact on HepG2 cell viability was observ-
able following 24 h exposure of 1000 mg/L nitrate dissolved in cell
culture medium. Similarly, Jondeau et al. (2006) conducted a range of
20 h exposure tests and showed that a minimum concentration of
approximately 2500 mg/L nitrate in cell culture medium was required
to cause a 50% reduction in cell viability. In the present study the detected
nitrate and nitrite concentrations were found to be 18 and 21 mg/L
respectively following PPGD treatment using a charging voltage of
16 kV at 10 pps and a N2 flow of 2.5 L/min. Of concern is the concentra-
tion of nitrite which was detected above the maximum tolerated value
(0.5 mg/L) for drinking water within the European Communities (No. 2
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Regulations 2007). Additionally, when dissolved in an aqueous solution
the NO2

− ions are unstable, can decay into smaller reactive nitrogen
molecules; but these will, however, eventually be oxidized to form less
reactive NO3

− ions (Cai et al., 2001). Consequently, the decay into less
reactive nitrogen compounds may explain the slightly reduced cellular
toxicity observed after exposing the cells to N2 discharge treated liquid
which was preincubated for 7 days before exposure. However, it is
possible that reactive nitrogen compounds other than nitrate may have
contributed to the observed cytotoxicity. Sun et al. (2006) showed that
human gastric adenocarcinoma epithelial cell proliferation was
inhibited when exposed to 50 mM sodium nitrite. It has also been
reported that exposure of cell cultures to sodium nitrite may pro-
mote carcinogenesis (Osin'kovskaia et al., 1988). The mutagenicity
of sodium nitrite was further demonstrated by Akin and Sumer
(1991) using the Salmonella/microsome test system. However,
similar to sodium nitrite, the toxic action of nitrite in human blood
involves nitrite ion oxidizing the ferrous ion in oxyhaemoglobin to ferric
ion to produce methaemoglobin (Levin, 2001). The in vitro assessment
in this study cannot accurately reflect this haematotoxicity unless
human derived blood cells are used to simulate its mechanism in vivo
(Lestari et al., 2005).

Another factor that may have affected the cell viability is the
presence of metallic electrode degradation products Al, Fe, Cr and Mn
within the PPGD treated liquid as mentioned earlier (Table 4). Previous
researchers have reported that Al may be a possible etiological factor in
neurological disorders such as Alzheimer's disease (Perl and Brody,
1980; Harrington et al., 1994) and dialysis encephalopathy (Stakey,
1987; Deloncle and Guillard, 1990). Hence, several in vitro studies
investigated the cytotoxic potential of Al compounds on cells derived
from the nervous system (Ohyashiki et al., 2002; Toimela et al., 2004).
Previous researchers have also reported on the relationship between
metal ions release from electrodes and observed toxicity inmammalian
cell lines during electroporation treatments (Loomis-Husselbee et al.,
1991; Stapulionis, 1999). Kotnik et al. (2001) investigated the cell
toxic effect of Al and Fe ions on DC-3F hamster fibroblast cells and
showed that following the 1 h exposure, Fe+2 and Fe+3 reduced signif-
icantly the viability of mammalian cells in culture while Al+3 had no
effect. It was suggested that biological active ferrous ions could generate
free radicals which in turn attack cellular components (Tomov and
Tsoneva, 2000). It is likely that a combined action of the aforementioned
agents resulted in the observed cytotoxic effects in PPGD-treatedwater.
When exposing cell cultures to vehicles containing a mixture of differ-
ent substances, toxic responses originating from additive or even syner-
gistic effects cannot be dismissed.

3.4.1. Genotoxicity evaluation of PPGD-treated water
The genotoxic and mutagenic potential of only PPGD-treated water

(and dilutions thereof) was investigated using the comet and Ames
assay respectively, as PUV-irradiated samples exhibited no discernable

cyto- or ecotoxicological properties. Fig. 9 and Table 5 show the results
obtained using the comet assay following HaCaT cell exposure to PPGD-
treated water. The box plots shown in Fig. 9 indicate that, compared to
the untreated control, none of the test sample concentrations from O2

discharge treated-water caused significantly elevated percentage tail
DNA values. Compared to the untreated control, a reduced median
and 75 percentile for the percentage DNA distribution were obtained
for the highest tested O2 mediated discharge concentration (20%). The
general trend observed in Fig. 9 is further reflected in Table 5 where
the whole concentration range of O2 discharge treated water displayed
DNAmigration values which did not significantly differ from untreated
control values. Table 5 reveals a dose dependent increase in tailmoment
values. It appears that the level of reactive specieswas too low to cause a
detectable insult on the HaCaT cells DNA. A comet assay study
conducted by Diaz-Llera et al. (2002) showed that a dissolved ozone
concentration of 42 mg/mL incubated for 1 h was required to induce
detectable DNA damage on human leukocytes in culture. However, in
the current study, the level of dissolved ozone generated by the PPGD
within 30 min of treatment did not exceed a value of 1 mg/mL. Similar
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Fig. 8. Effect of O2 mediated (a) and N2 mediated (b) PPGD treated liquid on the viability of HaCaT cells following 24 h exposure at 37 °C as assessed using the NR assay (n = 18 ± SEM,
* denotes a significant difference control * = p b 0.05, ** = p b 0.01).

Fig. 9. Box plot presentation of tail DNA (%) obtained following HaCaT cell exposure to in-
creasing concentrations of (a) O2 and (b) N2 mediated PPGD treated test liquid (12 h at
37 °C) and 100 μMH2O2 (40 min at 4 °C). Each box corresponds to 100 comets measured
on two slides and represents 25–75 percentiles, middle line = median, whisker extends
to the maximum/minimum data point within 1.5 box heights from the top/bottom of
the box.Dots above and belowboxes indicate outliers. Asterisk denotes a significant differ-
ence from the control (p b 0.05).
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results were obtained following comet assay experiments using N2

discharge treated liquids (Fig. 9 Table 5). However, Fig. 9 reveals that
the highest liquid concentration (30%) caused a slightly elevated
percentage tail DNA median and 75 percentile compared to the lower
concentrations and the negative control. This effect was also illustrated
in Table 5 where again a dose dependent but not significant increase in
the mean tail moment values was observable with the highest tail
moment value obtained for the 30% test liquid dilution (1.98). The
positive control (100 μM H2O2) produced the expected response. An
extended 40 min exposure at 4 °C resulted in significantly (p b 0.05)
elevated DNA migration values with mean percentage DNA values
approximately 8 times and mean tail moment values 13–20 times
higher that the respective values obtained for untreated control cells.
An investigation conducted by Spencer et al. (2000) observed signifi-
cant DNA strand breakage upon exposing 46 mg/L nitrite to human
respiratory tract cells in culture at exposure times exceeding 60 min.
Nonetheless, within the current study potentially harmful nitrite con-
centrations above 27 mg/mL could be generated following prolonged

PPGD treatment at high energetic discharge conditions. Additionally, it
needs to be mentioned that constitutes of culture medium may act as
free radical scavengers thus influencing the outcome of the in vitro
assays used.

Table 6 shows the results obtained using the Ames test that were
expressed as mean values of positive wells. While the majority of sam-
ples tested had no mutagenic activity, significant (p b 0.05) mutagenic
responses were detected for the O2 discharged PPGD-treated samples.
The positive control chemicals produced the expected mutagenic re-
sponses. No increased reversion frequencies were detected following
exposure of N2 discharge treated test liquid to any of the S. Typhimurium
Ames test strains. In contrast, O2 discharge treated test liquid caused a
positive result in the Ames assay via the induction of missense
mutations (TAMix) in the absence of S9. Here, the observed increase
in reversion frequency was not very high thus implying weak mutage-
nicity. It is believed that the mutagenic effect is introduced by the
formation of dissolved ozone. These assumptions are strengthen by
the negative results obtained for strain exposure to O2 discharge treated
test liquidwhich had been tested following a 7 day incubation period to
allow for ozone decay. The negative results seen with the addition of S9
may be related to a possible detoxifying action of the liver homogenate
on reactive oxygen species. Somewhat comparable, an Ames test by
Monarca et al. (2000) also demonstrated the mutagenic potential of
dissolved ozone at a concentration of 3 mg/L. As the current study is
the first of its kind to evaluate the toxicological aspects of PPGD, no di-
rectly comparable information was obtainable from existing literature.
However, two independent studies by Reyns et al. (2004) and
Gusbeth et al., 2009 evaluated the DNA damaging potential of aqueous
solutions after antimicrobial PEF treatment. Gusbeth et al. (2009) con-
cluded that PEF treatment used under biocidal conditions did not
induced genotoxic or mutagenic byproducts to in PBS buffer solutions
and tap water. On the other hand, Reyns et al. (2004) observed a muta-
genic effect of PEF treated PBS buffer (TA97 and TA102 strains) and
grape juice (TA102 and TA104 strains) via the Ames assay. It was
suggested that the genetic insult was caused by reactive oxygen species
generated during electrolytic processes.

In terms of the safety evaluation of the PPGD method, a specific
hazard could arise from those reactive species, as they may possess
the ability to interfere with genetic material. During the last two
decades numerous investigations focused on elucidating the DNA
damaging mechanisms of several reactive oxygen and nitrogen species
(Ohshima, 2003). It was observed that cell exposure to dissolved ozone
leads to a dose dependent increase of DNA damage (Ito et al., 2005).
Research conducted by Ito et al. (2005) showed that ozone molecules
can directly cause DNA base modification. However, it appeared that
ozone itself was not fully responsible for the extent of DNA damage
observed. It was further suggested that reactions with unsaturated
fatty acids and available thiol groups caused the production of reactive
intermediaries with H2O2 as one of the final products (Diaz-Llera
et al., 2002; Ito et al., 2005). This, in turn, traces the DNA damage back
to the actions of the OH radical which is generated from H2O2 possibly
by the redox cycle properties of transition metals (either free or
bound to macromolecules such as DNA) (Ohshima, 2003; Ito et al.,
2005). Several nitrogen oxides have shown a genotoxic and mutagenic
potential in in vitro tests (2003). In contrast to nitrate, in vitro studies
revealed a DNA damaging potential of nitrite (Routledge et al., 1994;
Spencer et al., 2000; Knaapen et al., 2005). Furthermore, nitrite induced
base pair substitutions in the Ames assay (Balimandawa et al., 1994).
Also, nitrous acid has the potential to induce point mutations by deam-
ination of DNA bases (Victorin, 1994; Oldreive et al., 1998) and causes
DNA strand breaks inmammalian cells (Halliwell, 1999). In this context,
metal products released from the electrodes require consideration as
they could negatively interfere with the aforementioned reactive spe-
cies (e.g. redox cycling) or even directly interact with DNA molecules
(Moriwaki et al., 2008). Although it has been shown that Al can induce
oxidative stress in mammalian cells (Kaneko et al., 2007), information

Table 5
Tail moment and percentage tail DNAobtained in the comet assay after exposure of HaCaT
cells to increasing concentrations of PPGD treated test liquid for 12 h and 100 μM of H2O2

for 40 min. Results shown are themeans (±SEM) of 100 single cells from duplicate slides.

Conc. test liquid (%) O2 discharge N2 discharge

Tail moment % tail DNA Tail moment % tail DNA

(±SEM) (±SEM)

0 1.07 (±0.23) 8.49 (±1.35) 1.22 (±0.26) 7.13 (±1.22)
5 1.05 (±0.20) 10.17

(±1.97)
– –

10 1.35 (±0.33) 9.40 (±1.65) 0.81 (±0.11) 7.81 (±1.12)
20 1.66 (±0.44) 8.51 (±2.03) 1.36 (±0.35) 10.29

(±2.07)
30 – – 1.98 (±0.47) 11.73

(±1.83)
H2O2

100 μM 14.47
(±0.93)⁎

67.54
(±2.67)⁎

19.06 (±1.25.) ⁎ 55.77
(±2.31)⁎

⁎ Denotes a significant difference from the untreated control (0%) (p b 0.05).

Table 6
Mean values of positive wells (±SEM) obtained from three experiments in the Amesmu-
tagenicity assay following 90 min exposure to increasing concentrations of PPGD treated
test liquids and positive controls (±S9). Asterisk denotes a significant difference from
the untreated control (0%) (p b 0.05).

Conc. test
liquid (%)

TA98 (±SEM) TAMix (±SEM)

−S9 +S9 −S9 +S9

O2 discharge treatment (direct)
0 1.50 (±0.43) 1.00 (±0.00) 1.80 (±0.88) 1.33 (±0.30)
35 1.67 (±0.33) 1.33 (±0.33) 2.67 (±0.33) 1.33 (±0.88)
45 1.67 (±0.33) 0.67 (±0.33) 3.33 (±0.88)* 1.33 (±0.33)
55 2.00 (±0.58) 1.00 (±0.58) 9.00 (±2.47)* 2.00 (±0.58)
65 2.33 (±0.88) 1.33 (±0.88) 8.33 (±1.45)* 1.67 (±0.66)
Positive control 48.00 (±0.00)* 39.00 (±1.15)* 48.00 (±0.00)* 41.67 (±1.20)*

O2 discharge treatment (after 7 days)
0 1.50 (±0.61) 1.33 (±0.33) 1.67 (±0.33) 2.00 (±0.58)
35 1.67 (±0.88) 1.67 (±0.66) 2.00 (±0.00) 1.33 (±0.33)
45 0.67(±0.66) 1.67 (±0.33) 2.33 (±0.33) 0.67 (±0.66)
55 1.00 (±0.58) 1.00 (±0.58) 1.67 (±0.88) 0.67 (±0.33)
65 1.33 (±0.88) 2.33 (±0.66) 2.67 (±0.58) 1.00 (±0.00)
Positive control 47.00 (±0.88)* 36.00 (±3.05)* 48.00 (±0.00)* 34.00 (±2.30)*

N2 discharge treatment (direct)
0 2.33 (±0.66) 0.67 (±0.30) 1.67 (±0.88) 1.67 (±0.33)
35 2.67 (±0.88) 0.33 (±0.33) 0.00 (±0.00) 2.00 (±0.58)
45 2.00 (±0.58) 1.67 (±0.88) 1.00 (±0.58) 1.67 (±0.88)
55 1.67 (±0.66) 1.00 (±1.00) 1.67 (±0.66) 1.33 (±0.33)
65 4.00 (±0.58) 1.33 (±0.33) 0.67 (±0.66) 2.00 (±0.00)
Positive control 41.33 (±3.48)* 36.33 (±2.03)* 48.00 (±0.00)* 40.00 (±2.08)*
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regarding the genotoxicity and mutagenicity of the element on mam-
malian cells are scarce and no objective conclusion can be formed.

In conclusion, it was found that PUV-irradiatedwater samples did
not produce any adverse cyto-, geno- or ecotoxicological effects. How-
ever, in marked contrast, pulsed-plasma-gas-discharge (PPGD) treated
water was shown to produce considerable cyto-, geno- and ecotoxic
end-points that varied depending upon the electrical parameters and
type of discharged gas used. Significantly diminished toxicity was
observed following a 7 day refrigerated storage period, which inferred
that the presence of reactive free radicals played a significant role in
the observed toxicity observed immediately post treatment. PUV was
shown to be a superior technology for the efficient destruction of
C. parvum as it only required 90 s exposure to produce a 4 log-
reduction in oocyst numbers compared to 32-min PPGD treatment to
obtain similar lethality. Therefore, as the PPGD described in this study
produces considerable toxicological end-points and requires an exten-
sive treatment time and energy input to achieve appropriate levels of
microbial inactivation, it is not considered suitable as an effective com-
plementary or alternative approach for water treatment.
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Evidence of lethal and sublethal injury in food-borne
bacterial pathogens exposed to high-intensity
pulsed-plasma gas discharges
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Introduction

Pulsed power technologies have been investigated as

major alternative approaches for the destruction of

microbial pathogens on contaminated surfaces (Rowan

et al. 1999), in food and drink (Rowan et al. 2001; Sent-

andreu et al. 2006), in domestic and industrial waste

water (Aniplov et al. 2002, 2004) and for the degradation

of pollutants (Hao et al. 2007). Albeit limited, some

recent studies have reported on the application of high-

voltage pulses to gas-injected test liquids that results in

microbial inactivation through the formation of a plasma

that causes the generation of free radicals, free electrons,

ultraviolet light, acoustic and shock waves and electric

fields at levels between 10 and 40 kV cm)1 (Espie et al.

2001; Aniplov et al. 2002). The application of high-

voltage pulses to gas-sparged test liquids, such as labora-

tory-based media (Espie et al. 2001) and domestic and

industrial waster water (Aniplov et al. 2002, 2004), results

in partial discharge activity and ionization of the gas that

leads to complete breakdown of the gas in these liquid

media. Previous studies have shown that in addition to

the generation of the aforementioned plasmochemical

components in test liquids that have recognized antimi-

crobial properties, substantial levels of ozone also accom-

pany this electrical discharge process when oxygen is used
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Abstract

Aims: To apply scanning electron microscopy, image analysis and a fluorescent

viability stain to assess lethal and sublethal injury in food-borne bacteria

exposed to pulsed-plasma gas discharges (PPGD).

Methods and Results: The fluorescent redox probe 5-cyano-2,3-ditolyl tetra-

zolium chloride (CTC) was used for enumerating actively respiring cells of

Campylobacter jejuni, Escherichia coli, Listeria monocytogenes, Staphylococcus

aureus and Salmonella enterica serovar Typhimurium that were suspended in

sterile water at 4�C and exposed to separate PPGD and heat treatments. While

there was good agreement between use of respiratory staining (RS) and direct-

selective agar plate counting (PC) for enumerating untreated bacteria, there

were c. 1 and 3 log-unit differences in surviving cell numbers per millilitre for

test organisms subjected to PPGD and heat treatments respectively, when

enumerated by these different viability indicators. PPGD-treated bacteria were

markedly altered at the cellular level when examined by scanning electron

microscopy.

Conclusions: Use of this RS method revealed that substantial subpopulations

of test bacteria rendered incapable of forming colonies by separate PPGD and

heat treatments may remain metabolically active.

Significance and Impact of the Study: Use of this RS method offers interesting

perspectives on assessing established and novel microbial inactivation methods,

and may also provide a better understanding of mechanisms involved in

microbial inactivation induced by high-intensity PPGD treatments.
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as the sparged gas (Espie et al. 2001). Despite scientific

and developmental interests in pulsed-plasma gas dis-

charge (PPGD) technology, very little research has been

directed towards gaining a better understanding of the

recovery processes associated with sublethally injured

micro-organisms after PPGD treatment: previous studies

have relied heavily on enumerating microbial survivors

using conventional plate count (PC) agar techniques.

In this study, image analysis and fluorescent redox

probe 5-cyano-2,3-ditolyl tetrazolium chloride (CTC)

were used to investigate respiratory activity in Listeria

monocytogenes, Escherichia coli, Salmonella enterica serovar

Typhimurium, Staphylococcus aureus and Campylobacter

jejuni that were exposed to separate PPGD and heat treat-

ments. Here, we report on the use of respiratory staining

(RS) for rapidly quantifying the extent of sublethal cellu-

lar injury in PPGD and heat-treated food-borne bacteria.

Materials and methods

Bacterial strains used and preparation of inocula

Single strains of C. jejuni ATCC 33560, enterotoxigenic

E. coli NCTC 11601, nonpathogenic E. coli K-, L. mono-

cytogenes NCTC 9863, S. enterica serovar Tpyhimurium

ATCC 14028, Staph. aureus NCTC 4444 and B. cereus

NCTC 11145 were used in this study. All test strains were

maintained in Microbank storage vials (Cruinn Diagnos-

tic, Ireland) at )70�C. Campylobacter jejuni was grown to

single colonies on modified charcoal-cefoperazone-deoxy-

cholate agar (CCDA) plates (Unipath, Bedford, UK) at

42�C for 48 h in a microaerophilic environment gener-

ated by CampyPak gas generators (Unipath) generating

5% O2, 10% CO2 and 85% N2. Strains of E. coli, L. mon-

ocytogenes, Staph. aureus and Salmonella spp. were grown

separately to single colonies on MacConkey agar (MCA),

Listeria selective agar (LSA), Baird Parker agar (BPA; Ox-

oid) and xylose lysine desoxycholate (XLD; Oxoid,

Basingstoke, UK) agar, respectively at 37�C for 48 h aero-

bically. While B. cereus was grown at 37�C for 5 days on

B. cereus selective agar (BCSA; Oxoid) supplemented with

3 mg l)1 of MnSO4ÆH2O, the latter component stimulates

endospore formation.

Bacteria were harvested from respective agar plates,

washed thrice in 0Æ1 mol l)1 phosphate-buffered saline

(PBS) pH 7Æ2 and sedimented by centrifugation at 4000 g

for 20 min at 4�C. Campylobacter jejuni was resuspended

in 10 ml of PBS and transferred to a 1Æ5-l fermentation

vessel containing 500 ml of Brucella broth (Difco Labora-

tories, Detroit, Michigan, USA), and grown in a Bioflow

3000 bioreactor (New Brunswich Scientific, St Albans,

UK) for 24 h at 42�C under the following batch culture

settings: agitation 125 rev min)1; sparged gas composition

5% O2, 10% CO2 and 85% N2; and pH was maintained at

6Æ8 using 0Æ1 mol l)1 NaOH and 0Æ1 mol l)1 H2SO4. After

24 h growth (early-stationary phase) bacteria were resus-

pended in 10 ml of sterile distilled water (dH2O) at 4�C,
and the optical density (OD) was adjusted at 540 nm to

2Æ0 (c. 109 CFU ml)1) by spectrophotometric (model UV-

120-02 instrument; Shimadzu Corp., Kyoto, Japan) deter-

mination. Inocula for the other test bacteria were prepared

similarly with the following modifications; growth at 37�C
in trypticase soy broth supplemented with 3% (w ⁄ v) yeast
extract (Difco) with agitation (250 rev min)1) using

sparged atmospheric air. The presence and degree of

endospore formation was confirmed by heat treating the

PBS suspension of B. cereus for 15 min at 85�C in a circu-

lating constant temperature waterbath (model HE30;

Grant Instruments Ltd, Shepreth, UK) equipped with a

thermoregulator capable of maintaining temperature to

within ±0Æ05�C (model TE-8A; Techne Ltd, Cambridge,

UK), and by subsequent enumeration of treated samples

on BCSA plates after 48 h at 37�C.

PPGD treatment of test bacteria

Ten-millilitre aliquots of OD540 adjusted test bacterial sus-

pensions (c. ‡109 CFU ml)1) were added to 247 ml of

sterile dH2O at 4�C before transfer to the coaxial treat-

ment chamber (total volume 257 ml). Predetermined

starting cell populations were prepared similarly for each

test bacterium. The treatment chamber was constructed

from 2-cm diameter stainless steel pipe forming the outer

earthed electrode, with a 1-mm copper wire forming the

coaxial high-voltage electrode. The test chamber was also

immersed in chilled water bath in order to maintain the

temperature at £4�C, which was monitored with a ther-

mocouple. Once the pulse power system had been acti-

vated, oxygen was injected to the treatment chamber using

a venturi gas injector. Plasma discharge activity was

achieved in the test liquids using high-voltage pulses that

were applied to the coaxial treatment chamber using a

pulse-forming line (PFL) circuit, consisting of eight

lengths of 12Æ62 m coaxial cable as described previously,

with modifications (Espie et al. 2001). The PFL was

charged using a high-voltage 40 kV DC capacitor charging

power supply, connected via a resistance ⁄diode protection

circuit (RLIM). Using an SF6 ⁄ air-pressurized, triggered

spark gap switch [Samtech CSS-01, Samtech TG-01(B)],

the PFL output was connected to the treatment chamber

via a further 2 m, 50W, transmission line. The electrical

operating parameters used were pulse energy of 3Æ7 J, PFL

charging voltage of 23Æ5 kV, pulse rate of 124 pps and gas

flow rate of 10 l min)1. The gas flow rate was controlled

by use of a Brooks mass flow controller (model 5851S),

allowing continual adjustment to compensate for pressure
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and temperature variances. When the spark gap switch

was triggered, a voltage pulse was launched along the

transmission line feed cable to the treatment chamber.

Upon reaching the treatment chamber, the pulse was

applied to suitably contoured electrodes, resulting in ioni-

zation of the surrounding gas bubbles in the liquid leading

to ozone formation. Samples were taken in triplicate at

designated intervals and after 30 s treatment time had

elapsed, the pulsed power system was shut off and the gas

supply was disconnected. Measurement of the dissolved

ozone level was carried out using a BMT 963AQ ozone-

in-water sensor ultraviolet (UV) photometer as per meth-

ods described previously (Espie et al. 2001). Conductivity,

pH and temperature were measured using a Hanna Instru-

ments WT-50 Water Test meter (RS Components, North-

ants, UK), which had the following ranges and accuracy:

temperature, 0 to 60Æ0�C ± 1�C; pH, –0 to 14Æ0 ± 0Æ2;
conductivity –0 to 1999 lS cm)1, ±2% full scale. Samples

were removed after predetermined exposure times and

enumerated as described earlier.

The test bacteria were also subjected to heating at 56�C
in order to achieve a similar level of inactivation (c. 4 log

units in CFU ml)1) to that obtained by PPGD treatment,

according to methods described previously, with modifica-

tions (Yaqub et al. 2004). Test bacteria were suspended in

sterile dH2O to a density of c. 108 CFU ml)1 in 3-ml

shrimp cap glass vials (Phase Separations Ltd, Watford,

Hertfordshire, UK). The vials were sealed and kept 4 cm

below the level of a circulating constant water bath for the

treatment period. After separate treatments, heat and

PPGD samples were diluted as appropriate in PBS and

were spiral-plated onto appropriate agar as described ear-

lier using a spiral system (model B; Spiral Systems Inc.,

6740 Clough Cincinnati, USA). Undiluted samples were

enumerated using the pour-plate technique. Typical colo-

nies of each test strain were randomly selected from respec-

tive selective agar plates after 24 h and 48 h at 37�C (and

42�C for Campylobacter) with the highest dilution,

and were confirmed by use of appropriate physiological

and biochemical tests as described earlier. Survivor cell

populations and untreated controls were expressed in terms

of colony-forming units per millilitre (CFU ml)1) and the

corresponding death rate kinetic curves were generated.

Assessment of PPGD-treated bacteria for cellular damage

using scanning electron microscopy

PPGD-treated samples were examined visually for cellular

damage by using scanning electron microscopy (SEM).

Briefly, test samples were centrifuged (10 min, 10 000 g,

4�C), and the supernatants were discarded. The pellets were

washed with PBS twice and fixed with 2Æ5% gluteraldehyde

(Sigma-Aldrich, Gillingham, Dorset, UK). Cells were then

filtered onto 0Æ2-lm-pore-size Isopore GTTP membrane

filters (Millipore, Watford, UK). The cells were dehydrated

once in 50%, 70%, 80% and 90% ethanol and twice in 10%

ethanol, treated with 100% isoamyl acetate, and critical

point dried. Finally, cells were sputter-coated with 150-nm

gold particles and with the model JSM-T200 SEM (JEOL).

Use of epifluorescence microscopy, image analysis and

fluorescence redox probes to enumerate respiring cell

numbers after heating and PPGD treatments

Epifluorescence microscopy, image analysis and the fluo-

rescent redox probes CTC and 4¢,6-diamidino-2-pheny-

lindole (DAPI) were used to investigate respiratory

activity in test strains according to previously described

procedures, with modifications (Yaqub et al. 2004). One-

millilitre cell suspensions were harvested by centrifugation

(4�C for 10 min at 3000 g) and washed thrice with PBS.

Experimental and control preparations were resuspended

in 300 ll of 5 mmol l)1 CTC (Polysciences, Inc., St.

Louis, MO, USA) and incubated in microaerophilic (for

Campylobacter only) or aerobic environment for 1Æ5 h in

the dark at 20�C with agitation (200 rev min)1). After

incubation, experimental and control preparations, and

dilutions thereof, were counterstained for 8 min at 20�C
with 5 lg of DAPI (Sigma, St. Louis, MO, USA) per mil-

lilitre and the samples were transferred to a Petroff-Haus-

ser counting chamber for enumeration. Counterstaining

with the DNA-binding DAPI allowed concurrent determi-

nations of total (i.e. viable plus nonviable) bacteria and

viable (i.e. only cells exhibiting red CTC-formazan

fluorescence) bacteria. Epifluorescence observations of

CTC-treated preparations were viewed using a blue 420–

480-nm excitation filter (combined with a 580-nm

dichromic mirror and a 590-nm barrier filter) in a Nikon

Optiphot microscope. CTC- and DAPI-stained bacteria in

the same preparation were viewed simultaneously with a

365-nm excitation filter, and emission filter and a 400-

nm cut-off filter. Stained cells were distinguished from

nonspecific reactions by overlaying the fluorescence and

phase-contrast images. The image analysis system com-

prised a Sony charge-coupled device camera and a See-

scan Solitaire image analyser (Seescan Ltd., Cambridge,

UK). Counts were determined from five randomly

selected squares on the chamber etched-grid in triplicate

experiments and results were expressed as the log number

of the corresponding bacteria per millilitre of the sample.

Statistical analysis

Analysis of variance – balanced model (Minitab software

Release 14; Minitab Inc., State College, PA, USA) was

used to compare the effects of PPGD treatments on

Assessment of sublethal injury in PPGD-treated bacteria N.J. Rowan et al.
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microbial inactivation. Experiments were replicated thrice

with duplicate treatments in each replication, and results

are reported as means ± standard deviations. Significant

differences were reported at the 95% (P < 0Æ05) and con-

fidence interval.

Results

Enumeration of heat-treated test bacteria using RS

and direct-selective PC

Thermal treatment or holding times required to achieve

4 log reductions in cell populations for L. monocytogenes

NCTC 11994, nonpathogenic E. coli K12, enterotoxigenic

E. coli NCTC 11601, C. jejuni, Staph. aureus and S. enteri-

ca serovar Typhimurium at 56�C were 36Æ4, 32, 28Æ8,
31Æ2, 35Æ4 and 33Æ6 min, respectively. This corresponded

to D56�C values (decimal reduction time: the time

required to kill 1-log unit concentration of bacteria) of

9Æ1, 8, 7Æ2, 7Æ8, 8Æ8 and 8Æ4, respectively (data not shown).

Good agreement was obtained between the CTC fluores-

cence or RS method and the conventional direct PC

method for enumerating untreated cell populations of test

bacteria (P < 0Æ05) (Table 1). The PC method demon-

strated that heat-treated samples of C. jejuni, nonpatho-

genic E. coli, enterotoxigenic E. coli, S. enterica serovar

Typhimurium, L. monocytogenes and Staph. aureus were

reduced by 4Æ3, 3Æ7, 3Æ1, 4Æ1, 3Æ9 and 3Æ6 log CFU ml)1,

respectively; this markedly contrasted with reductions of

1Æ9, 2Æ7, 1Æ5, 1Æ6, 2Æ7 and 2 log cell numbers of actively

respiring bacteria per millilitre as determined by the rapid

RS method (P < 0Æ05) (Table 1).

Enumeration of PPGD-treated test bacteria using RS

and direct-selective PC

PPGD treatments rapidly reduced predetermined popula-

tions (£8 log CFU ml)1) of all vegetative test bacteria sus-

pended separately in sterile dH2O at 4�C to nondetectable

levels within 24 s when enumerated by the PC approach

(Fig. 1). Inactivation kinetic data obtained from Fig. 1

was used to determine PPGD exposure times (s) that pro-

duced similar levels of lethality (c. 4-log units in

CFU ml)1) to that obtained by heating: this corresponded

to exposure times of 3, 4, 6, 7, 8 and 30 s for C. jejuni,

nonpathogenic E. coli K-12, enterotoxigenic E. coli, S. ent-

erica serovar Typhimurium, L. monocytogenes and B. cer-

eus spores, respectively. Findings showed that a similar

trend emerged when enumerating PPGD-treated bacteria

using the different viability counting methods compared

with that of treating similar samples with heating

(Table 1). The PC method demonstrated that PPGD-trea-

ted samples of L. monocytogenes, nonpathogenic E. coli,

enterotoxigenic E. coli, C. jejuni, S. enterica serovar Ty-

phimurium and Staph. aureus were reduced by 3Æ5, 3Æ5,
3Æ2, 3Æ2, 3Æ6 and 3Æ1 log CFU ml)1, respectively, which

markedly contrasted with reductions of 2Æ5, 1Æ5, 2Æ0, 2Æ2,
2Æ8 and 2Æ3 log cell numbers of actively respiring bacteria

per millilitre as determined by the rapid RS method

(P < 0Æ05) (Table 1). Mean differences in cell numbers

for pooled vegetative test bacteria enumerated by PC and

RS methods after heating at 56�C was 3Æ86 ± 0Æ49 and

1Æ98 ± 0Æ46 log CFU ml)1, respectively. A similar trend

emerged for PPGD-treated samples (P < 0Æ05), where the

mean difference for pooled test bacteria enumerated by

PC and RS approaches was 3Æ5 ± 0Æ21 and

2Æ2 ± 0Æ51 log CFU ml)1, respectively. Whilst heating did

not inactivate B. cereus spores (data not shown), applica-

tion of PPGD reduced spore populations by c. 3Æ4 log

CFU ml)1 after 30 s at 4�C (Fig. 1).

Discussion

In general, it would appear that subpopulations of PPGD-

and heat-treated test bacteria (c. 1 and 3 log CFU ml)1,

respectively) are capable of respiration (which suggests

Table 1 Enumeration of test bacterial cell numbers by respiratory staining (RS) and colony-forming units (CFU) by direct plate counting (PC) after

heating and pulsed plasma gas-discharge (PPGD) treatment

Test bacteria

Log CFU or cell members ml)1

Untreated (PC) Untreated (RS) Heat (PC) Heat (RS) PPGD (PC) PPGD (RS)

Campylobacter jejuni 7Æ8 (±0Æ2)A 7Æ6 (±0Æ3)A 3Æ5 (±0Æ3)D 5Æ7 (±0Æ3)C 4Æ3 (±0Æ5)D 5Æ1 (±0Æ6)C

Escherichia coli K-12 7Æ6 (±0Æ3)A 7Æ3 (±0Æ2)A 3Æ9 (±0Æ7)D 4Æ6 (±0Æ3)D 4Æ1 (±0Æ3)D 5Æ8 (±0Æ4)C

E. coli 11601 7Æ4 (±0Æ2)A 7Æ3 (±0Æ2)A 4Æ3 (±0Æ5)D 5Æ8 (±0Æ4)C 4Æ2 (±0Æ4)D 5Æ3 (±0Æ5)C

Salmonella Typhimurium 7Æ5 (±0Æ3)A 7Æ4 (±0Æ1)A 3Æ4 (±0Æ4)D 5Æ8 (±0Æ3)C 4Æ3 (±0Æ6)D 5Æ2 (±0Æ4)C

Staphylococcus aureus 7Æ6 (±0Æ3)A 7Æ3 (±0Æ3)A 4Æ0 (±0Æ4)D 5Æ3 (±0Æ2)D 4Æ5 (±0Æ4)D 5Æ0 (±0Æ5)D

Listeria monocytogenes 7Æ7 (±0Æ3)A 7Æ5 (±0Æ3)A 3Æ8 (±0Æ6)D 5Æ3 (±0Æ3)C 4Æ1 (±0Æ5)D 4Æ7 (±0Æ4)D

Bacillus cereus (spores) 6Æ9 (±0Æ1)B NA§ 6Æ8 (±0Æ1)B NA 4Æ5 (±0Æ4)D NA

Values followed by the same upper case letter in separate columns do not significantly differ at the 95% confidence interval (P < 0Æ05).

§Not applicable, as 5-cyano-2,3-ditolyl tetrazolium chloride (CTC)-4¢,6-diamidino-2-phenylindole (DAPI) RS does not stain endospores.
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cell viability), but are unable to grow on selective labora-

tory-based culture media because of sublethal injury.

Results from the latter thermal inactivation study agree

with the findings of Gunasekera et al. (2002), where these

researchers used de novo expression of a gfp reporter gene

and membrane integrity based on propidium iodide

exclusion as viability indicators to show that a substantial

proportion of E. coli and Pseudomonas putida cells in

heat-treated milk are metabolically active but are incapa-

ble of forming colonies. These findings are significant as

food technologists routinely use agar PC to detect spoil-

age and pathogenic bacteria (Rowan 2004).

Reductions in Campylobacter numbers (£8 log CFU

ml)1) were achieved in just 9 s at 4�C (Fig. 1), which

may be attributable in part to the particular sensitivity of

this notable enteropathogen to highly oxygenated envi-

ronments (Purdy et al. 1999). In general, both gram-posi-

tive and -negative test bacteria appeared similarly

susceptible to the effects of plasma treatment, despite

there being significant differences in cellular wall structure

(Fig. 1). Listeria monocytogenes was shown to be more

resistant to the lethal action of PPGD compared with

other vegetative test bacteria (P < 0Æ05), which corrobo-

rates previous studies that demonstrated the resilience

and adaptability of this problematic bacteria to a wide

range of applied lethal stresses (Lou and Yousef 1997). It

is interesting to note that the nonpathogenic strain E. coli

K-12 was more susceptible to the lethal action of PPGD

treatment compared with that of the enterotoxigenic

E. coli NCTC 11601 stain, which is in line with previous

studies that investigated the relationship between viru-

lence factor expression and stress tolerance (Rowan

2004).

Use of fluorescent redox probes (such as CTC) for

direct visualization of actively respiring bacteria is gaining

popularity among research groups investigating the viable

but nonculturable (VBNC) phenomenon (i.e. stress-

injured bacteria which are not capable of cellular division

required for growth in usual culture media, but, yet

remain physically active for several metabolic functions)

in food- and water-borne bacteria (Chaveerach et al.

2003; Gupte et al. 2003; Yaqub et al. 2004; Cappelier et al.

2007). CTC reduction reflects the presence of a functional

electron transport (i.e. respiratory) system in the micro-

bial cell membrane where insoluble fluorescent CTC-

formazon crystals accumulate in metabolically active

bacteria in a time-dependent manner. However, as nonse-

lective agar plates were not used for the recovery of heat-

or PPGD-treated test micro-ogranisms, the CTC redox

probe used in this present study reports on microbial via-

bility in the context of demonstrating respiration that

may not in itself be sufficient to prove growth of living

cells post-treatments. This present study has provided evi-

dence that a significant proportion of C. jejuni, L. mono-

cytogenes, S. enterica serovar Typhiumuium and E. coli

cells that rendered incapable of forming colonies by heat

or PPGD treatments are metabolically active. However,

previous studies (Yaqub et al. 2004) that reported on the

use of image analysis and RS showed that the PC method

did not significantly underestimate the numbers of cell

survivors after pulse electric field (PEF) treatment, which

markedly contrasts from the earlier findings where

c. 2-log unit difference in surviving cell populations was

evident after heating or PPGD treatment. While the mech-

anisms underlying the inactivation of micro-organisms by

PPGD have yet to be fully elucidated, it is generally con-

sidered that microbial inactivation may be attributed to

the combined influence of numerous antimicrobial com-

ponents formed during this plasma discharge process,

such as the generation of ozone and other free radicals,

free electrons, ultraviolet light, acoustic and shock waves

(Espie et al. 2001; Aniplov et al. 2004). In this study, the

residual ozone level produced during PPGD treatments of

test micro-organisms in distilled water after 30 s was
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Figure 1 Influence of pulsed plasma gas-dis-

charge treatment on the inactivation of test

bacteria suspended in distilled water at 4�C.
C. Jejuni; E. coli K-12;

S. typhimurium; L. mono-

cytogenes; E. coli 11601;

B. cerus (spores); S. aureus.
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c. 250 ppm. Findings from SEM studies revealed that a

significant proportion of PPGD-treated bacteria were

altered at the cellular level (data not shown). It should be

noted, however, that Aronsson et al. (2005) reported that

the finally observed irreversible membrane permeabiliz-

aton may not be the initial mechanistic basis for the inac-

tivation of yeast cells. Interestingly Garcı́a et al. (2005)

reported on the occurrence of sublethal injury after

extended PEF treatments, which depended on the type of

the test micro-organism, the treatment medium, pH and

the intensity of the treatment investigated. From these

and other data it may be inferred that the damage

inflicted upon microbial cells such as stresses is multi-

factorial and that therefore the stress response of the cells

will be of a complex nature. Therefore, fundamental

insights into the type of damage that inflicts single or

multiple injuries in PEF or PPGD-treated micro-organ-

isms merits further experimentation. While a broad spec-

trum of useful approaches can be pursued to investigate

the mode of action, of particular relevance would be the

use of genome-wide transcription analysis to assess suble-

thal conditions in a bacterial model strain such as that

described recently by Iwahashi et al. (2005).

Albeit limited in scope, previous studies carried out by

this (Espie et al. 2001) and other research groups (Anip-

lov et al. 2002) demonstrated that quality of plasma-trea-

ted water fulfilled the necessary standards of the

European Union and was deemed fit for human con-

sumption However, these studies have not focused on the

possibility that application of electric discharge to agricul-

tural, municipal or industrial effluents containing organic

material may generate unwanted by-products such as bro-

mate which is a recognized carcinogen derived from bro-

mide (Kim et al. 2003). The pH of test bacterial

suspensions decreased during plasma treatment at 4�C,
where the pH values measured after 30 s was 3Æ9 com-

pared with 6Æ03 for untreated sterile distilled water. Rea-

sons as to why sparging with oxygen during the electric

discharge process resulted in a decrease in pH is not pres-

ently known, but may be attributed to the possible for-

mation of weak nitric and carbonic acids from N2 and

CO2-based compounds present in the microbial milieu

during plasma treatment. It is also likely that the rapid

reduction in pH to 3Æ9 may have contributed to microbial

inactivation, especially because C. jejuni has been reported

previously to be sensitive to extremes in pH, especially

acidic conditions (Zhao and Doyle 2006).

In conclusion, this is the first study to report on the

efficacy of CTC as a rapid approach for quantifying

actively respiring food-borne bacteria that were subjected

to PPGD treatments. Our studies also indicate that the

use of PPGD was very effective not only in rapidly reduc-

ing populations of bacterial enteropathogens suspended

in sterile distilled water at 4�C, and therefore, could pos-

sibly act as a critical control point in a hazard analysis

critical control point (HACCP) by preventing cross-con-

tamination of the processing environments.

Acknowledgements

The authors are grateful to David Currie for technical

assistance on electron microscopy.

References

Aniplov, A.M., Barkhudarov, E.M., Christofi, N., Kop’ev, V.A.,

Kossyi, I.A., Taktakishvili, M.I. and Zadiraka, Y. (2002)

Pulsed high voltage electric discharge disinfection of mi-

crobially contaminated liquids. Lett Appl Microbiol 35,

90–94.

Aniplov, A.M., Barkhudarov, E.M., Christofi, N., Kop’ev, V.A.,

Kossyi, I.A., Taktakishvili, M.I. and Zadiraka, Y.V. (2004)

The effectiveness of a multi-spark electric discharge system

in the destruction of microorganisms in domestic and

industrical wastewaters. J Water Health 4, 267–277.

Aronsson, K., Rönner, U. and Borch, E. (2005) Inactivation

of Escherichia coli, Listeria innocua and Saccharomyces

cerevisiae in relation to membrane permeabilization and

subsequent leakage of intracellular compounds due to

pulsed electric field processing. Int J Food Microbiol 99,

19–32.

Cappelier, J.M., Besnard, V., Roche, S.M., Velge, P.L. and

Federighi, M. (2007) Avirulent viable but nonculturable

cells of Listeria monocytogenes need the presence of an

embryo to be recovered in egg yolk and regain virulence

after recovery. Vet Res 38, 573–578.

Chaveerach, P., ter Hurrne, A.A., Lipman, L.J. and van Kna-

pen, F. (2003) Survival and resuscitation of ten strains of

Campylobacter jejuni and Campylobacter coli under acid

conditions. Appl Environ Microbiol 69, 711–714.

Espie, S., Marsili, L., MacGregor, S.J. and Anderson, J.G.

(2001) Investigation of dissolved ozone production using

plasma discharge in liquid. Pulsed Power Plasma Sci –

Digest Technical Papers 1, 616–619.
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Summary
Medical devices are an important and growing aspect of healthcare provision

and are increasing in complexity to meet established and emerging patient

needs. Terminal sterilization plays a vital role in the provision of safe medical

devices. While terminal sterilization technologies for medical devices include

multiple radiation options, ethylene oxide remains the predominant

nonthermal gaseous option, sterilizing c. 50% of all manufactured devices.

Vaporized hydrogen peroxide (abbreviated VH2O2 by the International

Organization for Standardization) is currently deployed for clinical sterilization

applications, where its performance characteristics appear aligned to

requirements, constituting a viable alternative low-temperature process for

terminal processing of medical devices. However, VH2O2 has operational

limitations that create technical challenges for industrial-scale adoption. This

timely review provides a succinct overview of VH2O2 in gaseous sterilization

and addresses its applicability for terminal sterilization of medical devices. It

also describes underappreciated factors such as the occurrence of nonlinear

microbial inactivation kinetic plots that may dictate a need to develop a new

standard approach to validate VH2O2 for terminal sterilization of medical

devices.

Introduction

Medical devices play an important role in the provision of

healthcare, where the global market for which is predicted

to surpass $400bn by 2020 (International Trade Adminis-

tration 2016). According to the International Organization

for Standardization (ISO 2016b), a medical device may be

defined as an ‘instrument, apparatus, implement, machine,

appliance, implant, reagent for in vitro use, software, mate-

rial or other similar or related article, intended by the man-

ufacturer to be used, alone or in combination, for human

beings, for one or more of the specific medical purpose(s)’,

with such purposes further described in ISO13485:2016

(ISO 2016b). As indicated in the definition, medical

devices provide critical care and diagnostic applications

through patient contact. An important consideration is

safe use, whereby patient infection does not arise as a

consequence of such contact. Such hospital-acquired infec-

tions (HAIs) are defined by the World Health Organiza-

tion as infections developing after 48 h of hospitalization

that were not present or incubating at the time of admis-

sion (Rowan and Anderson, 1998; RAISIN Working Group

2009). HAIs are estimated to affect some 1.7m patients in

the United States, with an estimated annual cost to health-

care of $9.8bn (Hensley and Monson 2015). HAIs also

impact negatively upon patient health, well-being and

quality of life. Infections acquired in hospital may lead to

sepsis, a ‘life threatening organ dysfunction caused by a

dysregulated host response to infection’ (Dugani et al.

2017; Masterson et al. 2019). There are some 750 000 cases

of sepsis annually in the United States, with a cost to

healthcare of c. $20bn (Guirgis et al. 2017). While there

are many known sources of HAIs (Bauld 2016; Dasenbrock

et al. 2016), terminally sterilized medical devices are
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unlikely to be a point source of infection due to associated

rigorous sterilization and validation processes that deliver

a sterility assurance level (SAL) far above the minimum

requirements to achieve sterilization for patient safety.

Sterility assurance and terminal sterilization processes

Sterility assurance level may be defined as the ‘probability

of a single viable micro-organism occurring on an item

after sterilization’ (ISO 2018), and a sterilization process

may be defined as a ‘series of actions or operations

needed to achieve the specified requirements for sterility’

(ISO 2018). In order to achieve a required SAL, a steril-

ization process is applied to medical devices prior to

patient use; see Fig. 1. Traditional technologies used in

such terminal sterilization processes are described in

Table 1 and are Category A sterilization methods accord-

ing to the US Food and Drug Administration (FDA), as

they are well established, they have a long history of use

and consensus standards (administered by the ISO) are

available. Standards such as ISO14937:2009 help inform

manufacturers and users of the key aspects to be evalu-

ated in defining the sterilization process and subsequent

qualification and validation. Key considerations such as

equipment and process definition, sterilization agent

characterization and process validation are described in

Table 2.

Medical device sterilization processes

The sterilization marketplace can be subdivided into three

broad categories: (i) hospital sterilization, such as point
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ization process has been applied at ‘half-cycle’ parameters with full lethality on the BI. (In EO processing, half-cycle parameter is half of EO expo-

sure time). In order to deliver the required sterility assurance level of ≤106, a further 6 log reduction (LR) is applied by doubling the exposure

period in the routine process. Note: Microbiological death in EO sterilization follows first-order kinetics and can be approximated by a straight line

on a semi-logarithmic plot when the sterilizing conditions (i.e., process temperature, RH, and EO concentration) remain consistent for the dura-

tion of the exposure time. (AAMI, 2017)
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of use; (ii) in-house manufacturing sterilization, such as

at point of medical device manufacture, often in-line

applications; and (iii) contract sterilization, provided by

contractors where medical device manufacturers obtain

sterilization services along the supply chain after manu-

facturing. This review focuses on technologies employed

in both the contract sterilization and in-house steriliza-

tion, specifically the terminal sterilization of medical

devices. Terminal sterilization processes are delivered by

the medical device manufacturers themselves or by spe-

cialist contractors, with a market estimated at over $4bn

and growing at a CAGR over 8% a year (Gamma Irradia-

tion Processing Alliance and International Irradiation

Association, 2017). As highlighted in Table 1, the selec-

tion of terminal sterilization technologies is based on a

number of factors, mainly market acceptance, product

compatibility and availability. For further insights, see the

whitepaper ‘A Comparison of Gamma, E-beam, X-ray

and Ethylene Oxide Technologies for the Industrial Steril-

ization of Medical Devices and Healthcare Products’

(Gamma Irradiation Processing Alliance and International

Irradiation Association 2017).

Use of gamma irradiation and ethylene oxide (EO)

constitutes ca. 95% of the terminal sterilization market.

In 2008, the US National Research Council determined

that there were some 63 panoramic gamma irradiators in

the United States, using some 198 million curies of

cobalt-60 as a radiation source. It is currently estimated

that there are some 400 million curies installed globally

for use in gamma radiation facilities (Gamma Irradiation

Table 1 Global contract sterilization market by processing technology (source of Market share data: iia/GIPA (2017); source of other information:

STERIS-AST.com (https://www.steris-ast.com/services/technology-comparison/)

Ethylene Oxide Gamma E-beam X-ray

Market share

(%)

50 40�5 4�5 <5

Methodology Penetration of sterilant

gas into packaged

product

Irradiation of product using

photons from radioisotope

Product sterilized using ionizing

energy from electron beam

Products sterilized using

high energy X-ray photons

Sterilizaing

Agent

Penetration

Requires gas-permeable

packaging and product

design

Good penetration complete even

at high densities (>0�4 g per cc)

Efficient penetration at bulk

densities between 0�05–0�30 g

per cc

Similar to gamma, excellent

penetration for all product

types

Material

Compatibility

Very few material

compatibility concerns.

Liquids are generally

not recommended

Compatible with most materials;

plastics need to be evaluated

Avoid acetals, PTFE (teflon),

unstable polypropylene

Negative effects are frequently

less pronounced or eliminated

Similar to gamma, however,

negative effects are

frequently less pronounced

or eliminated

Turnaround

time

Days: conventional = 5–

10 days. All-in-one

processing = 1 day

Hours: time varies based on dose

requirements

Minutes: time varies based on

dose requirements

Hours: time varies based on

dose requirements

Process Complex process:

Variables include

exposure time,

temperature, humidity

and EO concentration.

Nonprocess variables

impacting lethality

include load density,

packaging

Simple process: Variables include

time in the cell and isotope load

Complex process: Variables

include scan height, processing

speed, number of passes and

product orientation to the

beam

Moderately complex

process: Variables include

processing speed, number

of passes and number of

pallets on conveyor

Process

monitor

Biological indicators and

process monitoring

Process parameters confirmed by

dosimetry

Process parameters confirmed

by dosimetry

Process parameters

confirmed by dosimetry

Typical

medical

devices

processed

Wide ranging

compatibility: Bulk

devices such as surgical

procedure packs and

trays

Drug combination

products such as

Cardiovascular stents;

devices with electronic/

electrical componentry

Some polymer incompatibility but

suitable for many medical

devices: Orthopaedic polymer

and metal implants; Healthcare

consumables such as sprays and

wipes; labware; complex

geometry devices

Wider polymer compatibility

and suitable for many medical

device types such as: Cardio

and neurovascular devices;

tissues; biologics

Similar to gamma
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Processing Alliance and International Irradiation Associa-

tion 2017). While not all cobalt is dedicated to medical

device sterilization, it may be estimated that such a load-

ing of 400 million curies equates to the processing of

some 10 million cubic metres of products, with a similar

volume in EO processed globally. Although these two

sterilization processes are the most widely used, hazards

associated with their use require careful organization and

control, reflecting the need to address transportation,

installation, use and storage of radiation sources. For EO

gas, necessary control and environmental abatement mea-

sures must be deployed, as it is deemed a carcinogen by

the International Agency for Research on Cancer (IARC

2012).

In the field of radiation, much effort is currently

underway to further the deployment of alternative accel-

erator-based technologies to reduce the reliance on

isotope processing. Progress has been slow for reasons

highlighted by Kroc et al. (2017), who offer a compre-

hensive review of the factors impeding device sterilization

using irradiation with accelerator based technology. In

gas sterilization technology, while there has been consid-

erable effort by the terminal sterilization industry to con-

trol, manage and reduce the required inputs of EO gas, a

viable gaseous alternative with similar sterilization efficacy

and material compatibility remains elusive.

In the 1990s, a number of authors highlighted the

pressing need for an alternative nonhazardous, noncar-

cinogenic gaseous industrial terminal sterilization (Klapes

and Vesley 1990; Rutala and Weber 1996). Rutala and

Weber (1998) described the characteristics of an ideal

low-temperature industrial sterilization process, which is

summarized in Table 3. As much as identifying the need

for alternative gaseous sterilization solutions, these

authors also proposed alternative methods. Rutala (1996)

discussed the use of liquid peracetic acid, hydrogen per-

oxide (H2O2) plasma and a dual gas plasma system steril-

ization and disinfection in hospitals that potentially fit

the criteria for an ‘ideal low-temperature sterilization

process’. Vaporized hydrogen peroxide (VH2O2) presents

a viable alternative to EO that is already widely used in

other healthcare applications. VH2O2 has a history of

being an effective disinfectant and sterilant: it delivers

sterilization in a fast, effective manner without generating

carcinogenic or toxic residuals. The IARC has determined

that H2O2 is not classifiable as to its carcinogenicity to

humans (Agency for Toxic Substances and Disease Regis-

try 2019). The advantages of using gaseous H2O2 are

described by Hultman, Hill and McDonnell (2007): (i) it

will have uniform contact with all exposed surfaces,

including those with complex topographies; (ii) it may be

safely maintained in a chamber environment and (iii) it

may be efficiently and quickly removed from a chamber.

Vaporized hydrogen peroxide

History of vaporized hydrogen peroxide in sterilization

The use of H2O2 as a biocidal agent originates from the

early 1800s following its discovery by French chemist

Louis-Jacques Th�enard (1777–1857). The work of early

pioneers in disinfection, such as Benjamin Ward Richard-

son (1828–96), helped advance the applications of H2O2

(McDonnell 2014). Today, its use as a disinfectant is

widespread, with applications including wound antiseptic,

general surface disinfectant and dental disinfectant.

Hydrogen peroxide is also employed in disinfectant for-

mulations used in contact lens treatment and food

postharvesting, and as a packing sterilant in aseptic pro-

cessing (Linley et al. 2012).

The origins of the use of vaporized H2O2 in industrial

sterilization may be traced back to 1977, when US patent

#4 169 123 was granted to Francis Moore and Leon

Perkinson for their ‘Hydrogen Peroxide Vapor Steriliza-

tion Method’, which describes a ‘cold sterilization pro-

cess’ alternative to EO sterilization and radiation

sterilization (Moore and Perkinson 1979). The patent also

describes, with examples, the efficacy of the process in

delivering a 1 9 10�6 SAL, in line with the FDA recom-

mendation for sterile medical and surgical products.

Subsequently, AMSCO (now part of STERIS) secured

rights to use VH2O2 as a sterilant, and further develop-

ments of the equipment and process ensued. After the

development of the flash vaporizer, AMSCO built the

first prototype sterilizer in 1983. Throughout the 1980s,

AMSCO worked with researchers, pharmaceutical clients

and equipment clients to develop applications for

VH2O2. One output of such activities was the release of

the ‘VHP 1000’ Biodecontamination System that was

launched to the pharmaceutical customer base in 1991

(AMSCO, 1992). Early work by Rickloff (1989) reported

success with sterilization of intravenous sets using a 4�5-h
deep vacuum VH2O2 process with Bacillus subtilis as an

indicator organism (AMSCO, 1992).

From those early years, the application of VH2O2 has

evolved into atmospheric and vacuum processes: atmo-

spheric pressure conditions, as is the case for VH2O2

room, isolator, vehicle and building decontamination; or

vacuum conditions in low-temperature sterilization appli-

cations, such as reusable medical device sterilization

(McDonnell, 2014).

Mode of action

Hydrogen peroxide is a clear, water-soluble weak acid

that, when concentrated, acts as a strong oxidizing agent.

Its properties are described in Table 4 and contrasted
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with those of EO; note that the boiling point of H2O2 is

above that of water, and there is currently no evidence of

carcinogenicity in humans as attested by assignment of

zero classification by IARC. Hydrogen peroxide is an oxi-

dizing agent and, as such, one would expect deleterious

effects on biological constituents of micro-organisms:

Finnegan et al. (2010), in their examination of H2O2,

peracetic acid and chlorine dioxide, demonstrated that as

redox potentials increase in biocides, the level of oxida-

tion of amino acids also increases. While there are direct

oxidation effects, there may also be secondary effects such

as free-radical generation (McDonnell 2014). The disin-

fection and sterilization efficacy of H2O2 in both aqueous

and gas forms from the formation of hydroxyl radicals is

well documented (Block 1991; McDonnell 2014). Hydro-

gen peroxide shows effective antimicrobial activity against

a wide range of organisms, including vegetative and bac-

terial endospores, fungi and viruses (Linley et al. 2012;

McDonnell 2014); concentrations as low as 25 parts per

million have been observed as bacteriostatic, with 3%

solution being ‘rapidly bactericidal’ (Block 1991). How-

ever, the mode of inactivation and efficacy differ from

gaseous to aqueous form, with gaseous being significantly

more effective (Finnegan et al. 2010; McDonnell 2014).

Finnegan et al. (2010) demonstrated how VH2O2 ‘out-

performed’ aqueous biocide in the denaturation of bovine

serum albumin and postulated that vapour has higher

kinetic energies and can more readily penetrate the pro-

tein. Furthermore, the work of Fichet et al. (2007)

observed the formation of monomers (clumping) with

the use of liquid biocide for the inactivation of prions

and described how such clumping could affect the pene-

tration of liquid sterilant into protein structures, unlike

the vapour form.

Some common modes of action are also found

between vapour and liquid biocide action. For example,

DNA suffers single-strand breaks at phosphodiester bonds

(McDonnell 2014). Gaseous H2O2 has been shown to

Table 2 Key consideration in process validation (adapted from ISO 2016a)

Consideration Details

Sterilization

equipment

Equipment will be suitable for processing with the sterilizing agent being used (in this case VH2O2) and will do so in a safe

and consistent manner. The equipment will contain process control equipment, such as programmable logic controllers

and instrumentation, that is capable of both controlling the process to defined parameters and reporting on the data

outcomes of the delivered process in such a manner that the user can be confident that the sterilization process was

delivered as intended

Sterilization

process

A sterilization process is one comprising a ‘series of actions or operations needed to achieve the specified requirements for

sterility’ (ISO 2018). Process parameters with their tolerances are defined in such a manner that they qualify the

effectiveness of the sterilization process, and demonstrate the achievement of specification. The process may comprise

such things as the sterilizer equipment, measurement devices, biological indicators, chemical indicators and testing, all of

which combined are employed to define, control and report upon a sterilization process

Sterilizing agent ISO14937:2009 requires that the sterilizing agent be described regarding safety, environmental aspects, material effects

and microbicidal effectiveness. Regarding the microbicidal effectiveness, a number of key items must be demonstrated:

i Demonstration of the lethal action against a range of representative challenge micro-organisms

ii Establishment of an ‘empirical mathematical relationship defining the microbial inactivation kinetics of identified resistant

micro-organisms so that the probability of a micro-organism surviving exposure to a defined treatment can be predicted’

per methods defined in Annexes B,C,D of ISO14937:2009)

iii Identification of a reference micro-organism that has known high resistance to the sterilizing agent

iv Characterization of the process variables that affect the lethal action of the sterilizing agent

v Assessment of those factors that can adversely influence the effectiveness of the sterilizing agent based upon physical

and/or chemical interactions

vi Assessment of those factors that can adversely affect the delivery and/or distribution of the sterilizing agent

vii Identification of a means for terminating the activity of the sterilizing agent, if applicable (ISO 2016a)

Process validation The purpose of validation is to ‘demonstrate that the sterilization process established in the process definition can be

delivered effectively and reproducibly to the sterilization load (ISO 2016a). The validation process comprises a number of

key stages:

i installation qualification (IQ), which is performed to demonstrate that equipment is installed in accordance with specified

requirements

ii operational qualification (OQ), which is performed to demonstrate the capability of the equipment to deliver the specified

sterilization process

iii performance qualification (PQ), where the process is qualified using product samples and process indicators to demon-

strate that the required lethality and subsequent sterility assurance are achieved
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denature proteins, whereas in certain test conditions

amino acids were not seen to oxidize (McDonnell 2014).

In the presence of metals, such as iron, oxidation of

amino acids was observed. Less is known about lipids

and carbohydrates, but given the known effect of oxida-

tion on lipids, it is expected that there is a similar delete-

rious oxidation from exposure to H2O2. However,

additional research is merited to establish proper the

oxidative nature and effects of H2O2 on the modification

and destruction of lipids and proteins that will aid the

understanding of the mechanistic mode of lethal action

for treated micro-organisms including biological indica-

tors (BI). Previous studies report that aggregated proteins

and peptides associated with neurodegenerative disease

can generate H2O2, apparently through interactions with

redox-active metal ions (Tabner et al. 2005). Fichet et al.

(2007) reported use of VH2O2 for prion inactivation.

Isotopically coded H2O2 has been studied for its contri-

bution to allowing quantitative comparison of cellular

prion protein (PrP(C)) and aggregated oligomeric (PrP

(b)) forms of prion protein through surface modification

approaches (Serpa et al. 2014). Duerkop et al. (2018) dis-

missed the role of H2O2 in HSA aggregation where the

main factors were reported to be cavitation and high

shear stress.

Although the focus of this review is the applicability of

VH2O2 as a terminal sterilization process, there remains

much discussion on the effect of aqueous and vapour

phases and the condensation of vapour at material con-

tact and sterilization. For further information on this

topic, see Hultman et al. (2007), Unger-Bimczok et al.

(2008), Pottage et al. (2010), and Agalloco and Akers

(2013).

Vaporized hydrogen peroxide processes

Vapour-based processes may be subdivided into those

performed at atmospheric conditions and those in a vac-

uum environment. One of the key applications of atmo-

spheric VH2O2 is in the area of area or room

disinfection: rooms and facilities including isolators and

laminar air-flow cabinets, vehicles and aircraft are

Table 3 Characteristics of an ideal low-temperature industrial sterilization process and VH2O2 sterilization. Criteria for ideal process adapted

from Rutala and Weber (1998) into a current context for industrial sterilization process

Characteristic Definition VH2O2 sterilization

Efficacious Being virucidal, bactericidal, tuberculocidal, fungicidal and

sporocidal in semi-logarithmic manner, where D-values may be

determined and hold true for calculation to a defined sterility

assurance level

Efficacious disinfection and sterilization process killing

microbes (Klapes and Vesley 1990; Cortezzo and Setlow

2005; Meszaros et al. 2005), viruses (Heckert et al.

1997) and prions (Fichet et al. 2004). Sterility assurance

may be demonstrated and validated in accordance with

ISO14937:2009

Rapid Achieve sterilization quickly and predictably ‘Peroxide processes are significantly faster (than EO) for

the overall sterilization times’ (McDonnell 2014)

Strong

penetrability

Able to penetrate medical device materials and packaging such

that surfaces required to be deemed sterile can achieve such a

state

‘Hydrogen peroxide is less stable and therefore less

penetrating than EO’ (McDonnell 2007). Number of

studies showing penetrability in lumen devices (AMSCO

1992; Alfa et al. 1996; Rutala et al. 1998; Rutala et al.

1999; Penna et al. 1999)

Material

compatibility

Ideally negligible or at least acceptable changes to the materials

such that product functionality characteristics are not negatively

impacted

Good compatibility but depends on ‘concentration,

exposure time and delivery mechanisms’ (McDonnell

2014). Information on material compatibility described

in AAMI TIR17 (2008) or STERIS Material compatibility

factsheet (2002)

Nontoxic and

safe

Should be both safe to operate and pose no health risk to those

along the manufacturing supply chain or the end user in the

hospital environment

See Table 4 for EO vs VHP comparison. Biocide readily

degrades to water and oxygen (McDonnell 2014)

Process

repeatability

and monitoring

Sterilization process must be repeatable to ensure validation holds

true. Process should also be capable of being monitored

routinely to verify compliance to original validation activity

Equipment design, commissioning, validation and

operation in compliance with ISO14937:2009, in

particular clause 6 (Process and Equipment

Characterization) (ISO 2016a)

Compliance Process must meet requirements of ISO standards (typically

ISO14937:2009)

Processes validated in accordance with ISO14937:2009

Cost-

effectiveness

Process must be cost-effective with respect to overall

manufacturing costs of the product and selling price to end

consumers

Equipment and process costs similar to other gaseous

modalities such as EO and steam sterilization
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disinfected with VH2O2. These applications use an atmo-

spheric-based process (equipment ranges from handheld

instruments to industrial-scale units integrated into heat-

ing, ventilation and air conditioning systems), where a

VH2O2 ‘fog’ is created in the environment being treated.

This process has been deployed successfully for the last

30 years as a safer alternative to the use of humidified

formaldehyde (McDonnell 2014). A comprehensive

description of atmospheric-based processes can be found

in McDonnell (2014).

However, it is mostly vacuum-based processes that have

been developed and deployed for medical device product

applications. As far back as 1988, James Rickloff of the

American Sterilizer Company described how successful

penetration and sterilization of materials were achieved

with deep vacuum processes (AMSCO 1992). Akin to the

EO process, a deep vacuum removes air that could impede

vapour penetration to surfaces. Deep vacuum also facili-

tates the removal of ambient humidity, which creates the

environment for injecting vaporized H2O2 to a maximum

level, short of the saturation point after which condensa-

tion will occur. The importance of vacuum in drying the

load is highlighted by Hultman et al. (2007): the ‘maxi-

mum allowed concentration of peroxide vapour drops

from 2�184 to 1�805 mg l�1 as moisture content in the

carrier gas goes from 0% RH up to 10% RH, . . . a 17�4%

drop’. A typical vacuum-based process, similar to an EO

cycle, comprises three distinct phases of (i) precondition-

ing, where a vacuum is applied to dry the load being ster-

ilized; (ii) sterilization, where the sterilant vapour is

injected to the sterilizer and allowed a period of contact

with the product load; and (iii) aeration, where unwanted

H2O2 is removed through a series of washes using air or

steam. Some processes may include additional steps and

variances. One is the Sterrad� low-temperature H2O2 gas

plasma process, where a plasma is created by radiofre-

quency (RF) power (300W RF power in the case of Ster-

rad-100S�) and applied after the sterilant dwell phase

(Crow and Smith 1995; Lerouge et al. 2000). The RF gen-

erates an electrical field, which reacts with the chemical

sterilant to create a cloud of charged particles. Because the

plasma is generated during the postconditioning phase, it

is widely thought that its role is associated with the

VH2O2 destruction and removal after sterilization (Krebs

et al. 1998; Lerouge et al. 2000; McDonnell 2014).

Validation of VH2O2 processes

As with all terminal sterilization processes, 100% inspec-

tion of processed medical products is not possible. Prior

validation of a measurable and repeatable process must,

therefore, be performed. VH2O2 processes are qualified

in accordance with ISO14937:2009 (ISO 2016a), ‘Steriliza-

tion of health care products—General requirements for

characterization of a sterilizing agent and the develop-

ment, validation and routine control of a sterilization

process for medical devices.’ This standard requires the

user to characterize the process by selecting an appropri-

ate BI micro-organism of ‘known high resistance’ that is

appropriate in demonstrating the ‘microbial effectiveness

of the sterilizing agent’ (ISO 2016a). This standard is a

general validation approach, applicable to many steriliza-

tion processes, whereas the more widely adopted tradi-

tional modalities of EO and radiation have

internationally recognized and dedicated standards,

namely ISO11135 (ISO 2014a) and ISO11137 (ISO 2015)

respectively.

In the performance of validation activity and routine

processing, BIs are employed as measures of microbioci-

dal efficacy. Previously, there have been investigation and

debate on the choice of micro-organism as an appropri-

ate BI. In previous studies, Bacillus atrophaeus showed

greater resistance to lethal stresses when exposed to aque-

ous sterilant applications, whereas Geobacillus stearother-

mophilus showed greater tolerances to vapour-based

approaches (McDonnell 2007). Considering where vapor-

ized H2O2 is currently employed as a sterilization process:

in hospital clinical applications regulations such as FDA

510k (FDA 2007) requirements dictate the use of ‘the

Table 4 Key properties of EO gas (Linde 2011), and hydrogen perox-

ide (Seastar 2011); US National Library of Medicine 2018

(https://toxnet.nlm.nih.gov/cgi-bin/sis/search2/r?dbs+hsdb:@term+@

DOCNO+547)

Ethylene oxide gas

Vaporized hydrogen

peroxide

Appearance/

Colour

Colourless Colourless

Odour Ethereal, poor warning

properties at low

concentrations

Slightly sharp, irritating

Molecular

weight

44 g mol�1 34 g mol�1

Melting point �112°C �33°C (35%)

Boiling point 10�4°C 108°C (35%)

Autoignition

temperature

440°C N/A

Flammability

range

3% (V)–100% (V) Does not burn (20–

35%)

Vapour pressure

20°C

1�4 bar (20°C) 0�0024 bar (30°C;

35%)

Acute toxicity May cause irritation to

the respiratory tract

Irritating to skin, eyes

and respiratory system

LC50 (ppm) 2900 ppm/1 h 2g/m3/4h

Carcinogenic,

mutagenic and

teratogenic

effects

May cause cancer. May

cause heritable genetic

damage. IARC Group

1 carcinogen

Inadequate evidence in

humans for

carcinogenicity. Not

listed in IARC
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most resistant organism’ and go so far as to recommend

G. stearothermophilus as appropriate for VH2O2 applica-

tions. However, ISO14937:2009 (which is appropriate for

medical device terminal sterilization applications), like

ISO11137 and ISO11135, requires the consideration of

product bioburden, standard resistances and the use of a

BI of ‘known high resistance’. The selection of a BI as the

microbiological challenge in the validation process is sig-

nificant in that it defines the sterilization process required

to meet that challenge. Hence, the appropriateness of the

biological indicator challenge merits careful consideration

in a validation process.

Opportunities for use of VH2O2 in terminal sterilization

applications

When one examines the criteria for an ideal low-tempera-

ture gas process (Table 3) and examines the applications

of VH2O2 in disinfection, decontamination and steriliza-

tion processes, it becomes apparent that VH2O2 offers a

possible additional technology to the portfolio of termi-

nal sterilization processes. Its limitations will be discussed

later. A key proposition of low-temperature gaseous ster-

ilization over irradiation processes is polymeric material

compatibility. Researchers have examined the effect of

VH2O2 on materials: various (STERIS 2002); polyur-

ethane catheters, polyethylene tubing, polyvinylchloride

(Lerouge et al. 2002); PU catheters (Ma et al. 2003); poly

(D,L-lactic-co-glycolic acid) (Hee et al. 2008); steel (Sk

et al. 2011); titanium dioxide (Junkar et al. 2016); and L-

polylactic acid/gelatin(PLLA) (Hao et al. 2016). Consult-

ing the AAMI TIR17 (2008) or STERIS Material compati-

bility factsheet (2002) reveals the extensive range of

generally used materials employed in medical devices are

suited to VH2O2 sterilization.

Where VH2O2 appears to offer many advantages is

with the processing of novel materials. Researchers found

comparability of VH2O2 with EO: (i) poly(lactic acid)

(PLA)—which has been examined for use in sutures, tis-

sue engineering support, orthopaedic applications and

drug release—is a polymeric material with a relatively

low melting temperature. Savaris et al. (2016) observed

that sterilization modalities, such as EO, E-beam radia-

tion, H2O2 plasma and gamma radiation, induced some

variations in material properties, such as crystallinity, col-

our and contact angle, but were not significant, and

therefore such modalities can be used in sterilization of

PLA materials. (ii) Nuutinen et al. (2002) demonstrated

how both EO and VH2O2 plasma offered sterilization

options for bioabsorbable fibres that had ‘limited effect

on the mechanical properties and intrinsic viscosity of

the materials tested’. Other researchers found distinct

advantages to using VH2O2: Junkar et al. (2016),

examining titanium nanotubes, found that the structure

was preserved with VH2O2 due to lower temperature

processing, unlike autoclaving. Hao et al. (2016), examin-

ing the effect of VH2O2 plasma and EO sterilization on

PLLA/gelatin (PLLA/GA) scaffolds, reported that while

both technologies were suitable sterilization processes for

this material, predominantly due to lower temperature

processing, improved cell proliferation was observed on

scaffolds sterilized with VH2O2 due to lack of EO residu-

als and shorter sterilization cycles with VH2O2 process-

ing.

The reduction in processing time, from a minimum

10–15 h in EO to <6 h in a typical VH2O2 process, has

the additional benefit of less exposure of medical device

materials and packaging to temperature, humidity and

vacuum. Bi et al. (2013) showed how a VH2O2 process

(30°C and six sterilant pulses, each with an exposure time

of 5 min—for comparison, a typical EO exposure would

be 2–4 h—offered an attractive sterilization technology

for treatment of xenograph cancellous bone material (‘No

obvious changes of architecture or decrease in mechanical

strength’), coupled with favourable cytotoxicity observed

after treatment with VH2O2.

However, like any terminal sterilization process, while

there are many benefits to using VH2O2 (highlighted in

Table 3), there are also limitations that must be under-

stood and addressed in process design and validation.

Limitations of VH2O2 in sterilization

Vaporized hydrogen peroxide has been developed and

evaluated as an effective sterilization process for health-

care applications over many years (Alfa et al. 1996; Rutala

and Weber 1998; Schneider 2013; Boiano and Steege

2015), as shown to be an effective agent at sterilizing bac-

teria (Crow and Smith 1995), prions (Fichet et al. 2007)

and viruses (Cusinato et al. 2016). Klapes and Vesley

(1990) reported:

While aqueous hydrogen peroxide has a long his-

tory of use as a sterilant, the concept of vapour

phase H2O2 (VPHP) sterilization has been devel-

oped within the past decade. VPHP represents a

class of nontoxic cold gas sterilant which provides

an opportunity to discontinue the use of such toxic

or carcinogenic gaseous sterilants as EO and

formaldehyde. VPHP technology could have imme-

diate applications for the sterilization of speciality

medical products, especially those which would be

destroyed by steam sterilization or require lengthy

aeration to reduce toxic EO residuals.

In healthcare, VH2O2 technology was successfully

deployed into hospital environments with equipment such
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as the ‘VPro’ range from STERIS and STERRAD equip-

ment from Advanced Sterilization Products. Similarly,

STERIS provides an extensive range of equipment and pro-

duct applications for decontamination activities such as

VPro hospital sterilizers (STERIS 2019a) and VHP Steril-

ization and Decontamination equipment (STERIS 2019b).

As an example of such deployment, Wallace (2016)

reviewed a selected number of 510ks submitted to FDA for

sterilization equipment from January 2012 to June 2015,

subdividing the sterilization into two categories: high-tem-

perature steam and observed ten 510ks approved for new

equipment (mostly for larger chamber sizes), and low-tem-

perature sterilization, which could be subdivided into EO,

H2O2+ozone and H2O2 (predominantly for endoscope

processing). In the low-temperature applications,

approvals for hydrogen peroxide-based processes outper-

form EO applications. A survey by Boiano and Steege

(2015) of professional practice organizations found that of

373 respondents from healthcare facilities that deployed

these gaseous sterilization approaches, 84% used VH2O2,

38% used EO and 22% used both. An extensive search of

the literature highlights numerous studies reporting on the

efficacy of developing and testing VH2O2 for disinfection

and sterilization processes in healthcare settings. But there

is a marked gap of published findings on applying VH2O2

terminal sterilization on medical devices, which may be

attributed to the limitations described in Table 5. Material

compatibility of cellulose-based materials, and ability to

penetrate targeted surfaces, are two decisive limitations

that have inhibited the advancement of VH2O2 for medical

device terminal sterilization. Cellulose is known to degrade

VH2O2 so much that it reduces the concentration of H2O2

in the vapour phase, rendering the sterilization process

ineffective. Reich and Caputo (2005), examining isolator

technology, found a 47% reduction in VH2O2

concentration in the presence of cellulose materials (com-

pared to the same experiment in the absence of cellulose).

A subsequent outcome of positive BIs dispersed randomly,

indicating a resultant ‘marginal nonuniform cycle’. Simi-

larly, Corveleyn et al. (1997) examined the permeability of

water vapour and VH2O2 across a number of packaging

materials and observed marked differences in the perme-

ation of VH2O2. Permeation across a Tyvek� package

resulted in 87�7% of reference concentration being mea-

sured inside the package, compared to 30% with medical

paper, most likely due to an ‘absorption phenomenon or

to the difference in the degradation rate caused by the pres-

ence of trace metals acting as catalysts of H2O2 break-

down’. With regard to penetration, this is very much

linked to the chemistries associated with H2O2 in gaseous

or liquid form. In the world of room decontamination,

there has been much debate as to whether condensation of

vapour occurs and the benefits to microbial inactivation.

Agalloco and Akers (2013) in their review of the use of

H2O2 in room enclosure decontamination and disinfec-

tion highlight a number of limitations and associated

mis-understandings: Understanding principles such as

dew-point and liquid and vapour phases of a two phase

system are critical. Hultman et al. (2007) provide useful

insight into the chemistry associated with this two-phase

system. Authors will differ in opinion as to whether con-

densation is necessary and beneficial to the desired inacti-

vation of micro-organisms: Perspectives on the benefit

associated with higher concentrations in the liquid (35%

by weight H2O2 vapour condenses to approximately 78%

by weight liquid at 25°C (Hultman et al. 2007)) vs the

safety and material compatibility issues associated with

creation of liquid H2O2 on surfaces are discussed.

As identified by Hultman et al. (2007), condensation of

vapour may result in all surfaces not receiving sterilant

Table 5 Comparison of EO advantages and converse VH2O2 limitation against key sterilization characteristics

Characteristic EO advantage VH2O2 limitation References

Material

compatibility

Wide range of material compatibility,

from device polymers and metals to

packaging materials

Limitation with cellulose-based materials,

with degradation of VH2O2

Corveleyn et al. (1997); Nuutinen et al.

(2002); STERIS (2002); Meszaros et al.

(2005); Reich and Caputo (2005); AAMI

(2008); Bi et al. (2013); Bertoldi et al.

(2015); Hao et al. (2016); Savaris et al.

(2016)

Strong

penetrability

EO, while a surface sterilant, is stable in

gaseous phase sufficiently to reach

required inner surfaces such as long

lumen lengths, with appropriate cycle

parameters of vacuum, temperature,

sterilant concentration and time

Maintaining hydrogen peroxide in vapour

form, while seeking to contact all

required surfaces can be a challenge.

Significant efficacy loss upon

condensation

Alfa et al. (1996); Rutala et al. (1998);

Penna et al. (1999); Rutala et al. (1999)

Compliance In terminal sterilization, the use of EO is

provided with extensive ISO guidance in

accordance with ISO11135:2014

The application of VH2O2 in a terminal

sterilization process demands that

ISO14937:2009 be employed

ISO (2014a), ISO (2015), ISO (2016a)
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contact: This would be of significant concern with a termi-

nal sterilization application. Therefore, terminal steriliza-

tion processes are typically conducted under vacuum with

a preconditioning step whereby air and natural humidity

is removed and substituted with vapour at a defined tem-

perature and pressure with the goal of maintaining vapour

to such an extent that all required surfaces receive contact

with the sterilant. Whilst temperature and pressure are

important parameters, the calculations performed by

Watling et al. (2002) demonstrate the importance of

reducing the starting relative humidity: The authors found

that peak H2O2 gas concentration reduces from a value in

excess of 1500 ppm to less than 1000 ppm as initial rela-

tive humidity increases from 10 to 50%.

Another important consideration is the occurrence of

nonlinear microbial inactivation kinetic data plots pro-

duced from VH2O2 treatment. This may influence the

ability to standardize and validate a process, due to vari-

ability in sterilization efficacy.

Microbial inactivation with VH2O2

How VH2O2 affects micro-organisms, prions, protein

molecules and other macromolecules is described by

Klapes and Vesley (1990), Fichet et al. (2007), Finnegan

et al. (2010) and Linley et al. (2012) respectively. The

authors compare and contrast inactivation from aqueous

H2O2 and VH2O2, and the consensus is of enhanced

penetrability with VH2O2 and subsequently greater effi-

cacy. Klapes and Vesley (1990), in their work on the use

of VH2O2 to sterilize centrifuges, showed that G.

stearothermophilus is more resistant than B. subtilis to

VH2O2. Linley et al. (2012), in their review of VH2O2

applications, wrote ‘The application of VPHP [VH2O2]

as a potential sterilant is still clearly in its infancy: defini-

tive knowledge of the mechanism(s) of microcidal action,

and the factors which influence it, is lacking’. This re-af-

firmed Klapes and Vesley’s (1990) assertion.

The methods of validation described in the

ISO14937:2009 standard include a description of the

‘Overkill Approach’. More often such methods are

applied in a ‘half-cycle approach’, where a routine pro-

cess sterilant dwell period is extrapolated (to 12 spore log

reduction) from that used to achieve a 6 log reduction in

a 106 BI, thus providing a SAL of ≤10�6. However, such

an approach relies on achieving linear microbial inactiva-

tion kinetic plots, similar to that observed in EO steriliza-

tion of BIs of B. atrophaeus. A key underpinning

assumption is that VH2O2-treated microbial population

will show the same resistance to this applied lethal stress,

which will be represented by a log linear inactivation

kinetic plot (Stone et al. 2009). This assumption is fre-

quently made when using homologous populations of G.

stearothermophilus or B. atrophaeus as BIs.

However, as reported by Geeraerd et al. (2005) and

shown in Fig. 2, microbial inactivation kinetics plots can

take different forms. These researchers described nine

variations in microbial plots that included both concave-

and convex-shaped kinetic inactivation data, with a ‘tail-

ing’ effect implying the possible occurrence of subpopula-

tions of micro-organisms showing different resistance

potentials, or variances under the same exposure condi-

tions that may lead to uneven treatments due to things

such as protective effects from microbial aggregation or

clumping of cells or spores (Fig. 2).

As described by Stone et al. (2009), a commonly held

explanation for nonlinear inactivation kinetics lies in the

‘vitalistic theory, which holds that the resistance of indi-

vidual cells in a population is not the same but follows a

distribution’. Humpheson et al. (1998) further define the

vitalistic theory, where in ‘a genetically homogeneous

population, phenotypic variation exists such that

Time (min) Time (min)

Lo
g1

0 
(N

)

Lo
g1

0 
(N

)

Figure 2 Commonly observed types of inactivation curves. Left plot: linear (r), linear with tailing (X), sigmoidal-like (☐), linear with a preceding

shoulder (m). Right plot: biphasic (r), concave (X), biphasic with a shoulder (☐), and convex (m). (Geeraerd et al., 2005)
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resistance to a lethal agent is not uniform’. Hideharu

Shintani (Shintani 2014) attributes the biphasic shape of

survivor curves to the mechanistic concept of clumping

of micro-organisms on a BI, where the low-penetration

processes (such as VH2O2) take additional time to reach

the inner layers of micro-organisms in the clumps. Simi-

larly, Kramer and Thielmann (2016), using flow cytome-

try (FCM) techniques, observed the agglomeration of

Listeria innocua cells upon heat exposure, which then

manifested in heat-resistant subpopulations. As described

by Humpheson et al. (1998) in their review of inactiva-

tion of Salmonella enteritidis, a minor mutation event

during growth is an unlikely source, and tailing may be

more likely due to generation of cellular protective pro-

teins (in their case, Heat Shock Proteins, or HSPs) during

initial sublethal conditions. These protective proteins,

where generated in a subpopulation, cause an increase in

resistance. Allan et al. (1988) observed that 17 HSPs were

generated in response to a heat shock treatment.

A known challenge in the use of VH2O2 is that it does

not display linear inactivation kinetics with G. stearother-

mophilus (Agalloco and Akers 2013; Mcleod et al. 2017).

As highlighted by McLeod et al. (2017), the inactivation

‘was biphasic in the system used’ and likely to be a result

of different factors; the authors highlight the challenge of

creating a spore monolayer on a small BI surface. Thus, a

primary consideration is that the inactivation kinetics

must be assessed in the total sterilization system being

employed. Krebs et al. (1998) attributed the observed tail-

ing to loss of efficiency in the process, with ‘binding or

consumption’ of the sterilant gas.

Where biphasic inactivation is observed in a hydrogen

peroxide-based system, it is difficult to negate the impor-

tance of VH2O2 in the redox activities and signalling in

cells. Dickinson and Chang (2011) describe the extensive

and important role fulfilled by H2O2 in cellular redox

activities, and if one couples that with oxidative stress

response (Lee and Helmann 2006; Mols and Abee 2011)

and quorum-sensing mechanisms (Huillet et al. 2012),

there may be many cellular and biochemical activities, yet

to be defined, that could explain the biphasic lethality

kinetics observed with H2O2. As Huillet et al. (2012)

wrote, ‘H2O2 stress induces the synthesis of many proteins

and enzymes, such as catalase, thioredoxin reductase, fer-

roxidase and peroxidases, responsible for eliminating H2O2

from the cells.’ As enzyme activation occurs in the germi-

nation and outgrowth phases, further understanding of the

sequence of inactivation through the germination and out-

growth lifecycle stages could provide insight.

Another consideration, described by Rowan et al.

(2015), is the concept of a viable but not culturable state

(VBNC) that occurs because of stress in certain micro-or-

ganisms: ‘evidence suggests that these harsh environment

cues (operational parameters of the pulsed light (PL)

treatment and biological factors) may trigger a switch to

the adaptive survival VBNC state in PL treatments’. The

concept of VBNC has been observed in many micro-or-

ganism species (Rowan 2004; Rowan et al. 2015; Rowan

2019), and one could therefore hypothesize that transi-

tionary phases (rapid inactivation, slower inactivation

and VBNC) in a homologous population may occur as a

consequence of progressive cellular activity upon contact

with a sterilizing agent. Understanding the cellular mech-

anisms of inactivation, the sequence of the inactivation

from spore to outgrowth (and any intermediary states)

and the spore defensive responses may also offer insights

into why nonlinear inactivation kinetic plots are occa-

sionally observed.

Implications of biphasic lethality with regard to process

validation including VH2O2

A combination of factors influencing nonlinear microbial

inactivation may also inform predictive microbiology,

where decimal time required to achieve one-log reduction

in microbial population under fixed lethal sterilizing con-

ditions (or D-value), along with extrapolations from half-

cycle parameters, are employed to determine SAL

(Fig. 1). A problem potentially manifests in the overesti-

mation of achieved SAL using a given challenge micro-

organism, where biphasic microbial inactivation kinetic

data show two different subpopulation plots. Yet the

desired SAL is reached by extrapolation of treatment time

in a half-cycle approach, where the D-value used is that

which includes the less resistant subpopulation. Thus,

where such a nonlinear inactivation is known, it needs to

be understood and verified in the sterilization system

being assessed, before a validation approach is deter-

mined. As ISO14937:2009 states, ‘For sterilizing agents

that do not exhibit linear inactivation kinetics, the nature

of the inactivation kinetics should be investigated in

order to derive a relationship from which it can be pre-

dicted that the specified probability of a microorganism

surviving is not exceeded on applying the sterilization

process’ (ISO 2016a). A potentially important limitation

in the above statement is that it appears to identify only

the sterilizing agent as the source of the inactivation

kinetic plots upon which decisions are made. One could

contend that it is the overall sterilization system that con-

tributes to and affects the observed inactivation kinetics.

As shown by Humpheson et al. (1998), in their heat chal-

lenge of S. enteridis PT4, biphasic inactivation curves

were observed at temperatures of 60°C, but these

migrated to linear as temperatures were decreased to

51°C. Previous researchers have also reported on the

heterogeneity of endospore germination and occurrence
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of super dormant spores from genetically identical popu-

lations that can contribute to delayed germination which

can also influence microbial inactivation kinetic models

(Hong et al. 2010; Setlow et al. 2012; Zhang and Mathys

2019). Use of combined analytical techniques, such as

FCM, phase contrast, fluorescent and transmission elec-

tron microscopy, along with use of Raman spectroscopy

will help advance this important field of study.

Hence, one must consider the microbial response to

the sterilizing agent in the sterilization system. One could

expect the response to vary based on various conditions:

sterilant concentration, sterilizing conditions (e.g. process

temperature, vacuum), micro-organism type, micro-or-

ganism population, micro-organism carrier (e.g. BI mate-

rial or bioburden surface). In their review of the

inactivation kinetics of PL on micro-organism popula-

tions, Rowan et al. (2015) offer insights and review past

work examining the vitalistic and mechanistic concepts

and theories of microbial inactivation. Given the vitalistic

phenotypic expression of subpopulations, and the key

factors as cellular activity upon stress conditions, the

micro-organism type is a significant factor. If the biphasic

Table 6 Key resistance mechanisms of bacterial spores and interaction with VH2O2

Spore

component

Description of resistance

mechanisms Interaction with VH2O2 References

Spore coat

resistance

Cross-linking in the coat

layer may have some

role in chemical and

mechanical resistance

Protein structure cross-linked with disulphide bonds shown

to house enzymes such as catalase and superoxide

dismutase, which play significant roles in oxidative stress.

Polycyclic terpenoids (termed sporulenes) as well as

various pigments have also been identified in coats and

contribute to spore resistance to hydrogen peroxide. Also,

a permeability role in providing access to inner membrane

Henriques and Moran (2000);

Riesenman and Nicholson

(2000); Young and Setlow

(2004a); Young and Setlow

(2004b); Cortezzo and Setlow

(2005); Cybulski et al. (2009);

Setlow (2011); Leggett et al.

(2012); Sella et al. (2014)

Inner membrane

permeability

Acts as barrier in

dormancy to small

molecules including

water, which is crucial

to maintaining core

conditions.

Cellular location of most significant interaction

Lipid component

Potential role for the phospholipid cardiolipin as a barrier

for H2O2 access to spore core. As lipids may play a

modulation role of important proteins such as

germination receptors (GerA, GerB and GerK) as well as

SpoVA proteins, any effect on the lipid content may

indirectly affect spore germination

Protein–enzyme component

Cortezzo et al. (2004) describe how oxidizing agents can

damage many proteins and enzymes, attacking both

prosthetic groups such as iron–sulphur centres as well as

amino acid residues, and such a damage can (i) result in

a compromised metabolism during subsequent spore

outgrowth, (ii) contribute to the osmotic stress sensitivity

of the outgrowing spore and (iii) oxidatively damage

proteins

A number of authors identify potential damage to key

germination proteins such as germinant receptors GerA,

GerB and GerK (Young and Setlow 2004b), and GerD

(Setlow et al. 2013) located in inner membrane

As highlighted by McDonnell (2014), ‘proteins appear to

be an important target in the antimicrobial activity of

hydrogen peroxide, both in gas and in liquid form’

Cortezzo et al. (2004); Young

and Setlow (2004b); Griffiths

and Setlow (2009); Setlow et al.

(2013); Setlow et al. (2016)

Spore core Three key molecules

associated with

resistance:

i Water

ii Dipicolinic acid

iii Small acid-soluble pro-

teins that saturate and

protect DNA

A number of authors have concluded that the cellular

target for VH2O2 is ‘at or exterior to the spore’s inner

membrane’

SASPs appear to eliminate DNA in the spore core as a site

of inactivation with VH2O2

Low water content (27–55%) associated with DPA celated

with divalent ions (Ca+) also appears to increase spore

resistance to H2O2

Popham et al. (1995); Setlow

(2006); Sella et al. (2014);

Setlow (2014)

Setlow and Setlow (1993);

Loshon et al. (2001); Genest

et al. (2002); Melly et al.

(2002b); Leggett et al. (2012)
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inactivation is a result of cellular responses, then this

could vary by micro-organism type. Therefore, an estab-

lished industry-standard BI exhibiting the most resistance

to lethal sterilization processes may not be the most

appropriate challenge micro-organism. Perhaps, greater

consideration should be given to using a micro-organism

that yields the closest fit to linear inactivation kinetics,

while offering an appropriate challenge of ‘known high

resistance’ to the sterilization process.

The purpose of the BI is to offer a higher level of resis-

tance than the product bioburden being killed on a medi-

cal device being sterilized and a known challenge to the

sterilization process, but also one that can be used in a

predictive sense to arrive at the required SAL. While such

characterization of the lethality kinetics in a sterilization

system can provide clarity and direction on the most

appropriate approach to validation and the required SAL,

it does not answer the fundamental question of why such

a nonlinear inactivation occurs. This is where molecular

and cellular investigations on mechanistic activities

underpinning sterilization processes, elucidated by micro-

biologists, can provide critical insights to help engineers

design optimal processes as can be informed from adja-

cent industries (Farrell et al. 2011; Hayes et al. 2013; Gar-

vey and Rowan 2019).

Interaction of VH2O2 with bacterial endospore cellular

constituents

Evidence-based published literature on the effects of

H2O2 on microbial cellular constituents is summarized in

Table 6. However, all the work reviewed and described

herein is based on the aqueous form of H2O2. Only the

work of Fichet et al. (2007) examining the effect of

VH2O2 gives insight into the vapour form. This lack of

investigation into cellular effects from VH2O2 was also

highlighted by Linley et al. (2012). As Table 6 shows,

much of the research has elucidated the spore inner

membrane as the likely site of interaction, with the inac-

tivation consequences manifesting during germination

(Popham et al. 1995; Melly et al. 2002a; Cortezzo et al.

2004; Cortezzo and Setlow 2005; Setlow et al. 2013). Leg-

gett et al. (2016) reported that oxidizing agents are com-

monly used as sporicides and, given specific treatment

conditions, can result in spore lysis. However, treatment

with H2O2 does not necessarily result in spore lysis. Fol-

lowing exposure to this oxidizing agent, spores are left

unable to form colonies even after neutralization of the

microbiocide. Subsequent lysozyme treatment of such

treated spores can often give rise to apparent spore ger-

mination, but these germinated spores exhibit little or no

metabolic activity and do not outgrow (Setlow et al.

2013).

Given their importance as BIs, further work investigat-

ing the interaction of VH2O2 with spore components is

warranted to understand the location(s) and nature of

the sporicidal activity. While the lethality of spores is

more often perceived as sporocidal, Leggett et al. (2016)

have highlighted that manifestation of a cidal effect at

outgrowth may be deemed bactericidal or bacteriostatic.

Melly et al. (2002a), examining the inactivation of B. sub-

tilis spores by H2O2, have determined that inactivation

likely occurs during germination, when high-energy com-

pounds such as ATP are not manufactured in the cell,

mostly likely due to lack of core water content necessary

for enzyme action. Investigative work by Loshon et al.

(2001) used assays to try to determine the primary mech-

anism of spore killing by Sterilox (superoxide water dis-

infectant). The authors used BacLight stain with

propidium iodide to report that inner membrane damage

occurs only after endospore germination. Russell (2003)

also highlighted that it is important to understand the

reactions of different types of micro-organisms to bioci-

dal agents from the point of view of cell structure and

physiology, including (i) the mechanisms of action of

biocides, (ii) the mechanisms whereby micro-organisms

resist biocide action and (iii) the improved usage of bio-

cides in clinical and environmental situations.

Conclusion

The medical device market is one of great importance to

healthcare and currently relies on sterilization technologies

such as irradiation technologies or gaseous EO. For some

time, it has been recognized that there is a need for other

gaseous technologies as an alternative to EO. Vaporized

hydrogen peroxide sterilization is a widely adopted

method in the hospital setting, but it is very much in its

infancy in the terminal sterilization of medical devices.

VH2O2 has limitations, including cellulosic material com-

patibility and penetration, which may affect the efficacy of

sterilization for established and emerging medical devices

that are increasing in complexity. A key consideration in

the use of VH2O2 is variance in microbial inactivation

kinetics, indicating a need to further understand the

mechanism of spore lethality from VH2O2.

While significant investigative work has been conducted

into the effect of sterilants at a cellular level (Young and

Setlow 2004a, 2004b; Roth et al. 2010; Leggett et al. 2016;

Setlow et al. 2016), this work is frequently limited, for

instance studying mutants to compare with wild-type

micro-organisms to test such things as cellular permeabil-

ity. Use of such mutants fails to account for the inherent

heterogenicity in large micro-organism populations (Cro-

nin and Wilkinson 2008). As Reis et al. (2005) write,

‘Bacillus sp. have been found to exhibit a variety of rich
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dynamic behaviours including long-term oscillations, mul-

tiple steady-states, genetic instability and un-interpretable

transients’, the consequences of which make process

(biotechnology cell culturing) optimization and process

prediction ‘a difficult task’.

For the past two decades, FCM has been used to inves-

tigate micro-organisms. It offers an ‘accurate technique

to identify spores, vegetative cells and the number of

viable and dead cells in the given population’ (Majeed

et al. 2018) and to examine the stages of germination and

outgrowth in spore formers (Trunet et al. 2017). Tradi-

tional techniques such as microbial enumeration and

resuscitation approaches offer some insight, but it is

expected that newer real-time nonculture-based methods

—such as bioinformatics, next-generation sequencing and

FCM—may provide greater understanding of cellular

responses after VH2O2 processing. The significance and

importance of such future work is timely, as the Interna-

tional Organization for Standardization, through the for-

mation of Working Group 16 under Technical

Committee 198, seeks to establish a consensus standard

for the use of VH2O2 in terminal sterilization processes.

Establishing such a standard may move the FDA classifi-

cation of VH2O2 terminal sterilization from Category B

to Category A and subsequently advance the adoption of

VH2O2 processes. Investigative work to establish optimal

process parameters, including BI selection and associated

inactivation kinetics, will provide clear instruction to

users on how to correctly validate a VH2O2 process for

terminal sterilization applications.
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A review of Spaulding's classification system for effective cleaning,
disinfection and sterilization of reusable medical devices: Viewed through a
modern-day lens that will inform and enable future sustainability
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H I G H L I G H T S G R A P H I C A L A B S T R A C T

• Cleaning, disinfection and sterilization re-
main essential for mitigating patient risk
from contaminated reusable medical-
devices

• Spaulding’s classification of 1957 remains
applicable, but it needs updating for
modern-day challenges and opportunities

• Pressing need for new real-time monitor-
ing and robust cleaning of devices enabled
by automation

• Future design thinking of next-generation
medical devices should address ease of
cleaning, processing efficacy, and sustain-
ability

• Quintuple Helix Hub concept (academia-
industry-healthcare-regulators-society)
will accelerate innovation and advance
device safety

A B S T R A C TA R T I C L E I N F O
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Despite advances in medicine and innovations in many underpinning fields including disease prevention and control,
the Spaulding classification system, originally proposed in 1957, remains widely used for defining the disinfection and
sterilization of contaminated re-usable medical devices and surgical instruments. Screening PubMed and Scopus data-
bases using a PRISMA guiding framework generated 272 relevant publications that were used in this review. Findings
revealed that there is a need to evolve howmedical devices are designed, and processed by cleaning, disinfection (and/
or sterilization) to mitigate patient risks, including acquiring an infection. This Spaulding Classification remains in use
as it is logical, easily applied and understood by users (microbiologists, epidemiologists, manufacturers, industry) and
by regulators. However, substantial changes have occurred over the past 65 years that challenge interpretation and ap-
plication of this system that includes inter alia emergence of new pathogens (viruses, mycobacteria, protozoa, fungi), a
greater understanding of innate and adaptive microbial tolerance to disinfection, toxicity risks, increased number of
vulnerable patients and associated patient procedures, and greater complexity in design and use of medical devices.
Common cited examples include endoscopes that enable non- or minimal invasive procedures but are highly sophisti-
cated with various types of materials (polymers, electronic components etc), long narrow channels, right angle and
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heat-sensitive components and various accessories (e.g., values) that can be contaminatedwith high levels ofmicrobial
bioburden and patient tissues after use. Contaminated flexible duodenoscopes have been a source of several significant
infection outbreaks, where at least 9 reported cases were caused by multidrug resistant organisms [MDROs] with no
obvious breach in processing detected. Despite this, there is evidence of the lack of attention to cleaning and mainte-
nance of these devices and associated equipment. Over the last few decades there is increasing genomic evidence of
innate and adaptive resistance to chemical disinfectant methods along with adaptive tolerance to environmental
stresses. To reduce these risks, it has been proposed to elevate classification of higher-risk flexible endoscopes (such
as duodenoscopes) from semi-critical [contact with mucous membrane and intact skin] to critical use [contact with
sterile tissue and blood] that entails a transition to using low-temperature sterilization modalities instead of routinely
using high-level disinfection; thus, increasing the margin of safety for endoscope processing. This timely review ad-
dresses important issues surrounding use of the Spaulding classification system to meet modern-day needs. It specifi-
cally addresses the need for automated, robust cleaning and drying methods combined with using real-time
monitoring of device processing. There is a need to understand entire end-to-end processing of devices instead of
adopting silo approaches that in the futurewill be informed by artificial intelligence and deep-learning/machine learn-
ing. For example, combinational solutions that address the formation of complex biofilms that harbour pathogenic and
opportunistic microorganisms on the surfaces of processed devices. Emerging trends are addressed including future
sustainability for the medical devices sector that can be enabled via a new Quintuple Helix Hub approach that com-
bines academia, industry, healthcare, regulators, and society to unlock real world solutions.
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1. Introduction

Medical devices are of critical importance to patient health, where
healthcare is constantly evolving to improve the quality of care provided
to patients. Pre COVID-19, there were approximately 54 million outpatient
and 46 million inpatient surgical procedures conducted each year in the
United States alone (Perry et al., 2012; Pendarkar et al., 2018). Interna-
tional studies have highlighted that addressing the COVID-19 pandemic
has resulted in frequent cancellation of surgical service provision and en-
doscopies due to safety concerns that has placed added enormous pressure
on healthcare to meet this backlog and to continue to deliver appropriate
care to patients (Ebigbo et al., 2020; Belle et al., 2020). Unexpected patient
complications from the use ofmedical devices further adds to these burdens
on healthcare systems worldwide.

The most cited complications are Hospital Acquired Infections (HAIs),
which are defined as infections developing after 48 h of a stay at a
healthcare facility that was not present or incubating at the time of admis-
sion (McDonnell and Hansen, 2020). HAIs are estimated to affect 1.7 mil-
lion patients in the US annually leading to 99,000 deaths (Bradley and
Hensley, 2015; Kathryn Gold, 2013). Medical devices are a common source
of HAIs and have accounted for 60 % to 80 % of all bloodstreams, urinary
tract, and pneumonia-related HAIs (Kathryn Gold, 2013). Otter et al.
(2016) described that transmission routes of pathogens are complicated
and have been difficult to assign an assignable cause through investigation.

The medical device industry, encompassing original equipment manu-
facturers (OEMs) and the connected sterilization industry, is highly regu-
lated to deliver safe and effective products for patient use. For reusable
medical devices intended to be processed within a healthcare facility
prior to patient use, instructions for use (IFU) and associated labelling pro-
vide the important processing requirements to ensure patient safety, includ-
ing cleaning, disinfection, and/or sterilization that are typically performed
by dedicated facility departments (McDonnell and OSMA Anti-Infective
Working Group, 2022). Kenters et al. (2018) conducted aworldwide survey
on current flexible endoscope reprocessing that identified a large variation
in reprocessing practices among healthcare facilities in different countries.
Most facilities (82 %) have standard procedure; however, 50 % (n = 165)
of reprocessing practitioners identified the need for education and training
programme with a competency assessment to prevent reprocessing lapses
and to improve patient safety. Tomitigate the risk of HAIs, currentmethods
for the safe processing of medical devices still rely upon the guiding classi-
fication system of Dr. E. H. Spaulding, originally conceived and published
over 50 years ago (Spaulding, 1968). The general applicability of
Spaulding's classification system remains logical and practical today.
Spaulding's underpinning hypothesis was that healthcare facilities should
apply appropriate disinfection and sterilizationmethods to process medical
devices and surgical instruments based on the degree to patient risk of ac-
quiring an infection due to their use. Three categories of risk were pro-
posed, namely critical use [where a device or item enters sterile tissue
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and must be sterile], semi-critical use [where a device or item contacts mu-
cous membranes or non-intact skin, and requires at a minimum high-level
disinfection], and non-critical [where a device or item comes in contact
with intact skin and requires low-to-intermediate level disinfection]. There-
fore, this timely review article addresses key pressing technical challenges
and embraces emerging opportunities for the sustainable development of
medical devices from a reflective lens perspective.

This study drew upon publications across PubMed and Scopus data-
bases using a PRISMA guiding framework. Of the published papers using
the key words “Medical Devices” (1,679,481) and “Spaulding Classifica-
tion” (180) over period 1957 to 2023. Eligibility criteria focused on studies
addressing cleaning, processing and sterilization of reusable medical
devices and surgical instruments that included microbiology, toxicology,
infection transmission, biofilms, antimicrobial resistance and risk assess-
ment. A total of 118 papers were excluded for the reason that reasons
that they did not meet eligibility criteria that included bone stress injuries,
selective depletion of uropathogenic E. coli from the gut, perioperative ul-
trasonography and echocardiography, theropod furcula, spinal cord inju-
ries; postconcussion and consciousness symptoms and scales, periorbital
dirofilariasis, traumatic brain injury, laryngectomy on women, social im-
pact of burns, apraxia, axonal injury, cerebral edema, encephalopathy, pe-
ripheral nerve and spinal injuries, parathyroids, avian influenza, Gulf War
illness, haemodialysis, schizophrenia, cardiometabolic disease risks, social
anxiety, burn recovery, chronic pain, acute phase retinopathy and whole
exome sequencing in cerebral palsy for the reasons that these topics did
not align with eligibility criteria.

Combining “medical devices + disinfection + risk assessment” gener-
ated 301 published results on PubMed and Scopus databases over period
1980 to 2023. Of these, 232 papers were exclude for reasons that they
did not align with topic that comprised criteria toilet hygiene, antiseptics
and dressings, eyewear contamination, tonometer tips, obstetric infection,
acupuncture needles, aseptic technique in microgravity, surgical site infec-
tions, chlorhexidine bathing, venous leg ulcers, poultry, personal and protec-
tive equipment, COVID-19 management, whole room disinfection, drinking
water, corneal staining, waterborne transmission, dental exposure to pesti-
cides, decontamination of beds, swimming pool, dental water lines, military
exercise, humidifier disinfectants, oral care, cell sorting in BSL-3 facility, in-
fluenza pandemic, diagnostic assays, disposable sterile endosheaths and
pulsedUV surface disinfection. Combining the keywords “biofilm”, “disinfec-
tion” and “medical devices” revealed 203 matching papers on PubMed and
Scopus databases over period 1995 to 2023. Also, the incorporation of “anti-
biotic resistance” generated 80 matching papers in these databases over the
period 1972 to 2023 that were screened for eligibility criteria.

2. Spaulding classification for informing appropriateness of disinfec-
tion and sterilization of medical devices based upon relationship be-
tween use and patient risk

2.1. Current understanding principles and expectations for disinfection and ster-
ilization of devices

This classification system is widely accepted by broad stakeholders in-
cluding end-users and regulators, such as European Centre for Disease Pre-
vention and Control (ECDC), the U.S. Food and Drug Administration (FDA),
and the U.S. Centres of Disease Control and Prevention (CDC), that inform
the appropriateness of disinfection and/or sterilization methods to be ap-
plied to the reprocessing of reusable medical devices and surgical instru-
ments (McDonnell and Burke, 2011; Klacik, 2019; Rutala, 2019a, 2019b,
2019c; Rutala and Weber, 2016b; Day et al., 2021). Rutala and Weber
(2016a) noted that Spaulding's system divides all medical devices into 3
discrete categories based on the severity of perceived risk to patients of ac-
quiring an infection from their use.

1. Critical use items –where a device enters sterile tissue and must be ster-
ile, defined as being free from viable microorganisms (McDonnell and
Hansen, 2020). Items contaminated with any microorganism (including

bacterial spores), or infectious agent (prion) are referred to as high risk
to patients. If they are contaminated and enter sterile tissue or vascular
system, they have a high potential for causing disease transmission
(Rutala and Weber, 2016b). "Such items should be sterile, such as by
using steam sterilization where possible. Examples include surgical in-
struments. Given that many items contain heat-sensitive materials,
other appropriate sterilization modalities should be applied including
vaporized hydrogen peroxide (VH2O2), VH2O2 gas plasma, and ethyl-
ene oxide gas (EO)" (Rutala andWeber, 2016a). The use of liquid chem-
ical sterilants may also be considered appropriate, such as formulations
based on glutaraldehyde (GTA), peracetic acid (PA), hydrogen peroxide
(HP), or ortho-phthalaldehyde (OPA). Close attention should be given to
the label claims of liquid chemical sterilants as these can vary regionally;
theymay have the ability to sterilize, depending on their application but
may not always be considered practical for routine sterilization.

2. Semi-critical use items– where a device only comes in contact with in-
tact mucus membranes or nonintact skin, it should also be subjected to
sterilization, or if this is not feasible due to sensitive material composi-
tion or complex design features, then a high-level disinfection (HLD)
process must be deployed at a minimum that would be expected to kill
all microorganisms except for bacterial endospores (McDonnell and
Burke, 2011). Examples of semi-critical items including “respiratory
therapy, anaesthesia equipment, some endoscopes, laryngoscope blades
and handles, esophageal manometry probes, endocavitary probes,
nasopharyngoscopes, prostate biopsy probes, infrared coagulation de-
vices, anorectal manometry catheters, cystoscopies, and diaphragm
fitting rings” (Rutala and Weber, 2016b). Depending on regional claim
requirements, high level disinfectants should demonstrate broad spec-
trum antimicrobial activity and typically the ability to eliminate at
least 106 (or 6-logs) of mycobacterial cells on contaminated surfaces of
medical devices. For the vegetative microorganisms and viruses of con-
cern, mycobacteria are typically deemed to exhibit greater resistance to
high level disinfectants; thus, mycobacterial cells are recognised as rep-
resentative (or bio-indicators) for HLD process efficacy. Examples of
chemical disinfectants authorized in the USA for HLD use include bio-
cides such as glutaraldehyde, HP, OPA, hypochlorite, and PA with HP
(FDA, 2022). It is important to note that the ability to inactivate micro-
organisms by a disinfectant/sterilant is only part of an overall safe and
effective high level disinfection process, as the disinfectant residuals
need to be safely removed and the device correctly maintained prior to
patient use.

3. Non-critical use items – "where devices contact intact skin (but not mu-
cousmembranes), requiring low-level to intermediate-level disinfection.
The skin contains intact integumentary layers, and as such, provides a
natural barrier to microorganisms. There remains a risk to the skin and
as a source of cross-contamination from devices, but this risk is consid-
ered low" (Rutala and Weber, 2016a). These risks can be practically re-
duced by the combination physical removal and disinfection
(McDonnell and Burke, 2011). Examples of non-critical use items in-
clude blood pressure cuffs, bed surfaces and rails, patient furniture, bed-
pans, over-bed tables and so forth (Rutala and Weber, 2016b). Such
product labelling support disinfection efficacy against a broad spectrum
of microbial pathogens that may include methicillin-resistant Staphylo-
coccus aureus, vancomycin-resistant enterococci, yeast (Candida sp.),
mycobacteria, and viruses well within typical label claim for US EPA-
registered disinfectants. Physical removal plays an important role in
the removal of pathogens with higher levels of natural resistance to dis-
infectants such as bacterial spores (as highlighted in studies of surface
contamination with clostridia; Thomas et al., 2022).

Fig. 1 illustrates the microbial resistance profile to applied disinfection
and sterilization modalities. Microorganisms with higher resistance are
widely used to challenge and test the effectiveness of disinfection and ster-
ilization methods. Mycobacterial cells, as examples, are used as representa-
tive biological indicators (BIs) of microbial resistance for high level
disinfection (HDL) such as in the testing of GI endoscopes, bronchoscopes,
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and endo-cavity probes. Biological indicators are test systems that contain
viable microorganisms with a defined resistance to a specific sterilization
process (McEvoy and Rowan, 2019; McEvoy et al., 2021; McEvoy et al.,
2023). Bacillus endospores are used as BIs to confirm sterilization efficacy
with heat-tolerant critical (surgical instruments) and heat-sensitive critical
and semi-critical patient care items. Although these traditional microbio-
logical tests are useful in establishing the efficacy of such processes and ap-
plications, they are limited and there are many benefits in the use of
alternative validation approaches such as parametric release or the use of
higher classes of chemical indicators (McDonnell and Hansen, 2020).
These can provide more robust data insights for the routine control of
such processes and lend themselves to automation opportunities. Steriliza-
tion addresses the more recalcitrant pathogens that pose serious patient
risks transmitted on contaminated devices. Some types of liquid chemical
sterilants are frequently used to overcome complex design features associ-
ated with heat-sensitive critical and semi-critical devices. At the opposite
end, a more wider array of disinfectants can be used at shorter exposure
times for chemical liquid disinfection of non-critical patient care items
(such as blood pressure cuffs) (Rutala, 2019a, 2019b, 2019c; McDonnell
and Hansen, 2020). Some reports have found that certain strains of para-
sitic oocysts are particularly resistant to chemical disinfectants, but not as
much to heat nor UV irradiation (Garvey et al., 2022; McDonnell, 2017).
Parasitic oocysts should fall within HLD but may not always be the case;
however, they are not routinely required to be tested for any disinfectant
claims. It is important to note that the microbial resistance pyramid illus-
trated in Fig. 1 is only given as a guide as the actual levels of resistance de-
pend on the type of disinfection/sterilization process and the different
strains of microorganisms tested. Disinfectant (including HLD) claims are
product specific and not just based on certain concentrations and exposure
time for the active (e.g., the product formulation and exposure conditions
can have a dramatic effect on antimicrobial efficacy).

2.2. Challenges and limitations for modern-day interpretation and application of
Spaulding's classification system

Healthcare is constantly scrutinized regarding the effectiveness in the
delivery of continuous quality improvements including practices of

cleaning, disinfection, and sterilization. HAIs are reported to occur in one
out of 25 patients daily on average in the US (CDC, 2014) with over 2 mil-
lion patients contracting HAIs annually (Vallés and Ferrer, 2009). In the
USA alone, the overall incidence of HAIs is estimated to have increased
by 36 % in the last two decades (Stone, 2009). In recent times, there have
been over 25 outbreaks of multidrug-resistant organisms including
carbapenem-resistant Enterobacteriaceae (CRE) in hospitals internationally
that have led to significant morbidity and mortality, which have linked to
contaminated duodenoscopes. Moreover, contaminated gastrointestinal
(GI) endoscopes and bronchoscopes are often considered as semi-critical
devices, as they have contact with intact mucous membranes, but have
been linked with over 130 outbreaks causing mortalities (Balan et al.,
2019). Outbreaks have unfortunately not been limited to flexible endo-
scopes subjected to HLD but have included critical devices subjected to
steam sterilization (Tosh et al., 2011; Dancer et al., 2012).

2.2.1. Failure mode analysis: critical instance case study
There are at least 18 million gastrointestinal endoscopies conduced

each year in the United States (Rutala and Weber, 2016b; Rutala, 2019a,
2019b, 2019c). Each of these procedures involves use of surgical instru-
ments or medical devices that contact a patient's sterile tissue or mucous
membrane (Rutala andWeber, 2016b). However, there is amajor risk of in-
troducing infection to all patients undergoing such procedures if contami-
nated surgical instruments and medical devices are not appropriately
processed (Rutala and Weber, 2016b). For example, a systematic search
of the literature conducted during 2018 and 2019 just prior to COVID-19
pandemic, estimated the risk of contracting duodenoscope-associated infec-
tions (DAIs) in Dutch practices to be at least 180 times higher than previ-
ously published risk estimates due to underreporting of infections caused
by multi-drug resistant organisms (MDROs) and sensitive bacteria
(Kwakman et al., 2021; Kwakman et al., 2022). The authors advocated
greater awareness by healthcare personnel involved in endoscopies, a
need for improved endoscope cleaning and new solutions to address techni-
cal challenges to prevent occurrence of DAIs.

GI endoscopes can become highly contaminated during use, where the
internal long narrow lumen can contain between 7 and 10 log10 enteric mi-
croorganisms and the microbial load of colon is ca. 9 to 12 log10/mL

Fig. 1. Pyramid of increasing microbial resistance to disinfectants and sterilants [Noting, this is a guide as the actual levels of resistance depend on the type of disinfection/
sterilization process].
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(Rutala, 2019a, 2019b, 2019c; Alfa et al., 1999) The margin of safety asso-
ciated with processing these endoscopes with semi-critical use designation
is negligible and therefore are present higher risk to patients than previ-
ously considered. GI endoscopes should be subjected to cleaning and HLD
that when conducted correctly can reduce microbial bioburden by ca. 2
to 6 log10 and 4 to 6 log10 respectively; thus, representing a combined
maximal microbial reduction of ca. 12 log10 if cleaning is conducted
appropriately. As flexible GI endoscopes and bronchoscopes are
heat-sensitive devices, they are generally subjected to HLD using chemical
disinfectants or by using low-temperature sterilization modalities. But the
level of contamination of endoscopes after cleaning and disinfection
could be as high as 5 log10/ml when not conducted efficiently. This equates
to an estimated 17 log10 reduction of surgical instruments that are cleaned
(2–6 log10 microbial reduction), and sterilized (at least a 12 log10 microbial
reduction), where surgical device generally present with significantly lower
levels of initial microbial contamination given their use (<2 log10;
Cloutman-Green et al., 2015; Rutala, 2019a, 2019b, 2019c). In addition,
heavily contaminated flexible endoscopes are highly complex and chal-
lenge current decontamination methods with complex features such as nar-
row lumens and valves resulting in approximately 100 processing steps
(Ofstead et al., 2017). Overall, this pushes the margin for safety with pro-
cessing endoscopes to zero. Campbell Westerway and Basseal (2022)
noted, as a reusable medical device, the ultrasound transducer (also
known as a probe), comes in contact with mucous membranes of vagina,
anal cavity and oral cavity, and it can therefore transmit pathogenic viruses,
fungi and bacteria by blood, or mucosal, genital or rectal secretions. These
authors reported that only a small number of countries worldwide have im-
plemented transducer reprocessing guidelines that adhere to recommended
high level disinfection (HLD) for endocavity transducers. This ismainly due
to the perception that the infection transmission risk is negligible given that
endocavity transducers are covered with a single-use sheath for the proce-
dure, intimating low-level disinfection provides sufficient protection
against pathogen transmission. By highlighting the outbreaks arising from
tranducer transmission, the authors recommend that HLD should be a
global standard of practice. Saliou et al. (2016) reported that the rate of
non-compliance of the microbiological tests performed on flexible
cystoscopes is relatively high (19.5 %). Thus, there is a need to improve
the processing quality of reusable devices (Ball, 2000; Foliente et al.,
2001; Rohm-Rodowald and Jakimiak, 2004; Crawford, 2007; Saliou
et al., 2016; Snyder et al., 2017; Link, 2018; Sherman et al., 2018;
Kenters et al., 2018; Rahman et al., 2019; Pynnonen and Whelan, 2019;
Wiktorczyk et al., 2020; Casini et al., 2021).

Outbreaks have been associated with “inadequate cleaning, inappropri-
ate disinfection, and damaged endoscopes, or flaws in the design of endo-
scopes or automated endoscope reprocessor (AER)” (Rutala, 2019a,
2019b, 2019c). Often these devices have also been linked as causative
agents in outbreaks of CRE or otherMDROs inwhich therewere no obvious
breaches in endoscope reprocessing (Cabronne et al., 2010; Epstein et al.,
2014; Smith et al., 2015; Marsh et al., 2015; Kola et al., 2015; Wendorf
et al., 2015; Kim et al., 2016; Shenoy et al., 2019). In some instances, trans-
mission was attributed to device design flaws that prohibited appropriate
cleaning that enabled persistent contamination. Chemical disinfectants
are effective against CRE andMDROs; thus, it likely that failure in HLD pro-
cessing was attributed to the lack of exposure to sufficient concentration of
disinfectants overtime. Rutala (2019a, 2019b, 2019c) intimated that occur-
rence of surviving MDROs potentially act as indicator or “red-flag” organ-
isms for ineffective reprocessing of complex designed duodenoscopes.
This is logical and very plausible given that the occurrence of specific prob-
lematic pathogens on processed medical devices, where disinfectants are
normally considered to be effective (Wilson and Nayak, 2016). The latter
should also be considered in the context of overall surviving cell numbers
(or microbial bioburden) on semi-critical devices that presents a high infec-
tious risk to patients. It was noted that 63 % of 249 surveyed endoscopy
centres performed double HLD on duodenoscopes and linear
echoendoscopes but did not reduce culture positive rates (Rutala, 2019a,
2019b, 2019c). There is also data showing that all the stages in manual

endoscope reprocessing are rarely carried out (1.4 % compliance rate) in-
cluding omission of essential brushing of channels and components
(Ofstead et al., 2010). Endoscope decontamination was improved by
using AERs, highlighting the benefits of automation and standardization
of processes that also addresses shortcomings associated with mundane
manual cleaning procedures.

It has been recommended over many years that as duodenoscopes com-
monly contact mucous membranes and sterile tissue they should be ele-
vated from semi-critical to critical use status that would typically entail
use of a low-temperature sterilization modality, replacing the use of HLD.
The infection risk to patients is also potentially enhanced by the increased
use of endoscopies (such as bronchoscopies) in elderly patients and those
with cancers, organ transplantation, severe underlying conditions, host de-
fence abnormalities, or immune-deficient diseases or medications (Rutala,
2019a, 2019b, 2019c). Thus, the margin of safety for processing heavily
contaminated flexible endoscopes is too unforgiving to be practical as it de-
mands near perfect compliance with OEM's IFU. Additionally, microbial
tolerance to HLD due to the higher risk of the development and protection
of microorganisms in biofilms within endoscope channels also presents a
challenge for healthcare given that this may lead to decontamination fail-
ure of processed endoscopes (da Costa Luciano et al., 2016).

Over the decades since the initial introduction of Spaulding's classifica-
tion system, there has been commensurate challenges to hurdle including
increased device complexity with features that challenge the cleaning pro-
cess and a better understanding of the intrinsic and acquiredmechanisms of
biocide tolerance seen in problematic and opportunistic pathogens includ-
ing development of multidrug-resistance and cross-protection to the ap-
plied and dis-similar lethal environmental stresses. These can be further
enhanced by the upregulation of microbial virulence in survivors induced
by environmental-stress exposures such as drying, the presence of disinfec-
tants (Ladicevic et al., 2022),and biofilm-mediated protection (Alfa and
Howie, 2009); emergence of potential disinfectant mediated cross protec-
tion against antibiotics (Morrison et al., 2019); fixation of microbial patho-
gens within protective soils to contaminated surfaces due to specific
regimes of cleaning and types of disinfectants (such as aldehydes) that
can also potentially anchor more recalcitrant infectious agents (Kremer
et al., 2021a, 2021b, 2021c), such as prions; an increasing complex and em-
battled healthcare environment colonized by antibiotic-resistant bacteria
(Rowan and Moral, 2021; Thomas et al., 2022); and greater number of vul-
nerable patients with diversity of medical needs (McDonnell and Hansen,
2020).

3. Cleaning

The importance of effective cleaning of medical devices prior to disin-
fection and sterilization is often under-estimated. Reusable device features
vary considerably in design complexity (Fig. 2) It is well known that disin-
fection and sterilization methods will fail if the pre-cleaning stage is not
conducted appropriately, but the classification system is more focused on
the antimicrobial steps to be deployed based on the device risk. To appro-
priately apply the Spaulding Classification system based on the patient
risk level, a thorough appreciation of the complexity of device cleaning
must be considered first (Kremer et al., 2019; Kremer et al., 2022). If a de-
vice is not cleaned effectively, not only can the disinfection or sterilization
process step be compromised (Alfa, 2019), but residual organicmatter from
clinical soil may remain in concentrations that may elicit toxicological risks
to patients (McDonnell and Burke, 2011; Kremer et al., 2019). Cleaning in-
structions should be developed and used to ensure the removal of potential
residual organicmatter or soil (e.g., physical removal of blood, microorgan-
isms, protein, detergents). Moreover, this offers the potential to align with
established chemical and physical analysis, along with microbiological, to
determine adequate cleaning efficacy. For example, determining microbio-
logical and cellular load reductions including real time use of rapid in vitro
approaches beyond current tools that have limited efficacy, such as use of
adenosine triphosphate (ATP) biomarkers (Rutala, 2019a, 2019b, 2019c).
These ideas require further investigations to ensure adequate correlation.
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Science in this area should adopt a holistic risk-based approach to under-
stand the totality cleaning effectiveness from end-to-end during device life-
time (Fig. 3) where efficiently addressing the constant backlog for medical
device processing based on OEM's IFU as a major challenge (Fig. 4).

Cleaning is typically a multi-step process. Treatment at point-of-use is a
critical first step to prevent a more challenging cleaning process, device
damage or microorganism growth during the wait time prior to cleaning
(Association for the Advancement of Medical Instrumentation, 2020a,

Fig. 2. Example of the variability in complex design features associated with medical devices: (a) biopsy forceps, and (b) duodenoscope.

Fig. 3. End-to-end medical device processing cycle.
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2020b). Most clinical soils, comprising of a multitude of proteins, have
shown to be water soluble in a wet and semi-dry condition (Kremer,
2021a, 2021b; Kremer et al., 2022). However, if the soil is allowed to
dry, protein is likely to absorb into devicematerial and decrease the soil sol-
ubility (Lipscomb, 2007) and reduce the efficacy of cleaning chemistries
(Secker, 2015). Transportation and time delays prior to device processing
increase the risk of soil drying on the device and increases the challenge.

The validation of associated instructions for use (IFU) is designed to
demonstrate that the method of cleaning can consistently remove analytes
to a pre-determined level. However, the validation strategy employed, up to
recently, was at the discretion of the medical device manufacturer (Kremer
et al., 2022). Important industry standards, and commensurate guidance,
were developed primarily using the validation experiences of manufactur-
ers, academics, and regulators; however, these new regulatory expectations
for device cleanliness may still remain different depending on the geo-
graphical location, local requirements, user or regulator experience, avail-
ability of cleaning chemistries and equipment, etc. An example of this
difference is demonstrated with the acceptance criteria for the cleaning an-
alyte, protein, residuals. In the United States the cleaning specification has
been established as 6.4 μg/cm2 whereas in parts of Europe the value of 50-
100 μg/device is the required limit (Kremer et al., 2019). But recent stan-
dards and guidance are aligning these requirements (ISO 15883-5).

Cleaning validations have historically been performed under various
different guidance and standards that can vary regionally (AAMI TIR30,
2011; ISO 15885-1, 2009b). The guidance provided in these documents
was based upon best practices and publications at the time they were pub-
lished, but often were based on limited independent studies that were per-
formedwithin the technical competency. Recent updates to these standards
(ISO 15883 series, AAMI TIR30, AAMI ST98), have encouraged further in-
vestigations to continue to strengthen the scientific foundation for cleaning
efficacy. In parallel, there is a need to consider existing and new approaches
to help meet the increasing complexity of devices to ensure essential
cleaning validation methods generate robust data to substantiate effective-
ness. The criticality of the test variables investigated has a relationship to
patient safety; thus, if the validation does not appropriately challenge the

device, then assurance of patient safety may be compromised. Consider,
for example, two very different devices in complexity and the expectation
that both have the same consideration for patient risk (Fig. 2). Biopsy for-
ceps have some complex features, such as hinges and mated surfaces, but
have one material (e.g., stainless steel) and can be effectively cleaned and
terminally sterilized to a very high degree of confidence. The duodenoscope
at the other end of the cleaning spectrum has extremely complex features,
such as long lumens, electrical parts, restrictive access areas (e.g., encased
distal tip) and O-rings that can provide an increase in cleaning challenge
(Fig. 2). This highlights the need for a more updated and appropriate clas-
sification system that establishes with a relationship between device fea-
ture and patient risk from a prior cleaning perspective.

3.1. Biofilms

Biofilm is a common source of infections caused by the ability of micro-
organisms to adhere to and persist on medical devices (Di Domenico et al.,
2022). Microbial cells embedded in the biofilm matrix can be highly toler-
ant to antimicrobials and, once embedded in a patient may escape or even
aggravate the host immune system. The refractory nature of biofilm-related
infections (BRIs) still represents a great challenge for clinicians and is a se-
rious health threat worldwide. Despite its importance, the microbiological
diagnosis of a BRI is still difficult and not routinely assessed in clinical mi-
crobiology. It is estimated that bacterial biofilms may account for 65 and
80 % of microbial and chronic infections with implanted medical devices,
respectively (Jamal et al., 2017). A 2012 study suggested that biofilms
can serve as a source of infections by periodically releasing planktonic bac-
terial cells into an environment, even remote to the location of the biofilm
(Vickery et al., 2012). The use of disinfectants has already been highlighted
as being important to prevent the transmission of infectious pathogens from
contaminated surfaces (such as medical equipment) to patients (Rutala,
2019a, 2019b, 2019c). Fig. 5 highlights the role of disinfection in breaking
the chain of infection. Thus, despite emphasis on surface disinfection,
pathogenic microorganisms have been transmitted to patients through
contaminated devices (Quinn et al., n.d.). Within healthcare facilities,

Fig. 4. Queue for medical device decontamination and inspection in a healthcare Sterile Services Department.
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Staphylococcus aureus and Pseudomonas aeruginosa are among the most
problematic pathogens with S. aureus being the secondmost common path-
ogen that caused healthcare-associated infections (Dantes et al., 2013).
Smith and Hunter (2008) reported that when clinical isolates of MRSA
and P. aeruginosa were grown as biofilms on discs of materials found in
the hospital environment (stainless steel, glass, polyethylene and Teflon)
and treated with three commonly used hospital biocides containing
benzalkonium chloride (1 % w/v), chlorhexidine gluconate (4 % w/v)
and triclosan (1 % w/v), these biocides were ineffective for killing these
pathogens at label concentration recommended. The diversity of bacteria
developing and growing/surviving in biofilms is widely appreciated in
the literature (Vickery et al., 2013; Veerachamy et al., 2014; Assefa and
Amare, 2022; Dancer, 2022; Alonso et al., 2023). This has even impacted
the international definition of biofilms, as a community of microorganisms,
rather than the traditional definitions related to Gram negatives and water-
systems.

These pathogens have been shown to grow on hard non-porous surfaces
and develop an extracellular polymeric matrix that protects the cells from
adverse conditions (Su et al., 2022). It has also been shown that the biofilm
matrix enhances tolerance to disinfectants by encasing the underlying cells
(Abdallah et al., 2015) and by limiting diffusion of disinfectants into the
biofilm matrix. The bactericidal efficacy of disinfectants on biofilms is
much lower compared to the efficacy of the same disinfectants against
planktonic cells (Davison et al., 2010; Fagerlund et al., 2017). The tolerance
of biofilms to disinfectants is dependent on the disinfectant active, formula-
tion, temperature, and the type of surface (Abdallah et al., 2015).Moist sur-
faces have been shown to be more favourable for biofilm growth even
though biofilms have also been reported to grow on dry surfaces (Bridier
et al., 2011). The behaviour of traditional biofilms, forms under continu-
ously hydrated conditions, differs from a ‘dry surface biofilm’, defined as
the heterogenous accumulation of organisms and other material in a dry
matrix, as it less difficult to process (Alfa, 2019). Modeling of dry surface

Fig. 5. Role of medical device cleaning, disinfection and sterilization in breaking the chain of infections.
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biofilms demonstrate that some disinfectants are not as effective if a dry
surface biofilm is present and can be environmental reservoirs promoting
microbial growth and transmission (Alfa, 2019). Disinfectants are primary
intervention options against pathogenic microorganisms on surfaces in
healthcare facilities and are used as broad-spectrum antimicrobials. Com-
mon antimicrobials used for disinfecting surfaces in healthcare facilities in-
clude quaternary ammonium compounds, phenolics, and oxidizing agents
(e.g., hydrogen peroxide, and chlorine-based products) (McDonnell,
2017; Fagerlund et al., 2017). Claim structure on such disinfectants is
well established, but do not generally consider the presence of biofilms
(McDonnell and Hansen, 2020). Overall, there are much fewer published
studies that investigate the efficacy of disinfectants on bacterial biofilms
at label use concentrations and under practical use conditions.

The susceptibility of medical devices by design to recalcitrant biofilm
development presents a significant risk to patients from harboured micro-
bial cells that are protected from external stressesand particularly if con-
taminated surfaces are not appropriately cleaned. The occurrence of
biofilms on medical devices can act as protective carrier of planktonic mi-
croorganisms leading to infection, which was originally considered by
Spaulding in 1957. But our knowledge of the recalcitrance of biofilms is dif-
ferent today. It is well established that failure to eliminate biofilms
harbouring microbial cells on contaminated surfaces (such on medical de-
vices) due to appropriate cleaning and disinfection can cause healthcare-
associated infections, which can contribute to significant morbidities and
mortality (McDonnell and Hansen, 2020). Microbial pathogens in biofilms
exist in reduced metabolic or physiological states including dormancy (at
their extremes as spores or oocysts), further reducing their sensitivity to
chemical disinfection. There is also some evidence of microbial resistance
to front line chemical disinfection beyond expected adaptive tolerance
that is mediated by expression of specific molecular determinations includ-
ing by mutation and sharing of genes that promote resistance mechanisms
to disinfectants (Table 1). Tolerance to chemical disinfectants by innate and

acquired mechanisms has been reported in several problematical microor-
ganisms including Mycobacterium species, Pseudomonas aeruginosa, Pseudo-
monas fluorescens, Serratia marcescens, Staphylococcus aureus, Salmonella
sp., Escherichia coli, and Listeria monocytogenes (McDonnell, 2017).

Over the past two decades, there has been increased evidence of micro-
bial adaptation to lethal environmental stresses along with subsequent
cross-protection against to dis-similar stresses, such as biocides or resis-
tance against antibiotics (McDonnell, 2017). It may be important that the
survival of low number of stress-hardened microbial pathogens on devices
can present a significant risk to patients. This microbial adaption to applied
stress is also evident in adjacent food industry (Rowan, 1999; Yang et al.,
2021). Findings suggest that house-keeping functions, such asmicrobial re-
sistance to environmental stresses and virulence (pathogenesis) are regu-
lated by the same molecular determinants in some pathogens of concern;
as an example, PrfA expression in L. monocytogenes is up-regulated under
conditions of environmental stress associated with acid-stress or disinfec-
tion conditions (Ladicevic et al., 2022). Microbial pathogens can also
change morphologically under conditions of sub-lethal stress that maybe
seen as an adaptive response mechanism to the applied stress (Rowan
et al., 2000a, 2000b; Rowan et al., 2021). Such mechanisms may be impor-
tant in the tolerance of mycobacteria to disinfectants, antibiotics, and the
immune system (Svetlíkova et al., 2009; Shang et al., 2011). It is also prob-
able that the infection risk to patients is complicated by the occurrence of
different types of microbial pathogens that can potentially lead to co-
infections in patients, which challenges subsequent disease mitigation
and outcomes.Many of these BRIs are likely to be under-reported due to de-
layed onset in infection development and complexity in effective diagnos-
tics, such as with fungi and mycobacteria (Garvey et al., 2022). This
concern is also reflected by the WHO declaring that we are at a crisis
point for addressing antifungal drug resistance and as a priority, effective
solutions for mitigating against antimicrobial resistant bacteria and fungi
are urgently needed (WHO, 2022). Only recently the WHO published the

Table 1
Examples of evidence-based resistance to front line disinfectants and antiseptics used in healthcare applications.

Disinfectant Microbial resistance to applied disinfection References

Triclosan ➢ Triclosan resistome – variations in sequencing and structure of FabMG responsible for inefficient binding of triclosan to
targets resulting in higher MICs

➢ A primary target for triclosan is the inhibition of FabI, an enoyl-acyl carrier protein reductase (ENR) involved in bacterial type
II fatty acid synthesis essential for survival.

➢ Biochemical and structural basis of triclosan resistance characterized using metagenomics and phylogenetic analysis
(Pseudomonas aeruginosa that has formed resistance to most conventional antibiotics and forms biofilms)

➢ Horizontal gene transfer of triclosan resistance in S. aureus

Kim et al. (2020)
Khan et al. (2018).
Huang et al. (2016)
Ciusa et al. (2012).
Gomez et al. (2016)

Quaternary Ammonium
Compounds

(QACs)

➢ Detection of efflux mechanisms such as QacA/B expression in Enterococcus faecalis
➢ Polyaromatic structural core analogues to activators of QacR, a negative transcriptional regulator of efflux pump QuaA,

characterized – thus informing structure-resistance relationships
➢ Detection of QAC resistance gene (qacEΔ1), the 1 integron gene (intIi), and 12 antibiotic resistance genes informing impact

and mechanism of QACs on transmission of antibiotic resistance genes
➢ Novel insight into qac and norA genotypes in S. aureus that relies on plasmid encoded efflux systems for biocide tolerance
➢ Sub-inhibitory biocide disinfectant concentrations can lead to co-resistance and cross-resistance to antimicrobial agents.

Multi-biocide resistance also involves chromosomal gene encoding NorA efflux pump
➢ Use of confocal microscopy to visualize biofilm formation by L. monocytogenes and resistance to QACs

Bischoff et al. (2012)
Forman et al. (2016)
Han et al. (2019a,
2019b).
Tezel and Pavlostathis
(2015)
Marchi et al. (2015)
Pang et al. (2019)
Morrison et al. (2019)
Minbiole et al.
(2016).
Pang et al. (2019)

Glutaraldehyde
(GTA)

➢ Mycobacterium massiliense (recovered post surgical infection) showed high level resistance to 8 % GTA, and likely due to
surface modifications reducing biocide penetration/reactivity

➢ Efflux pumps as potential tolerance mechanisms in Pseudomonas fluorescens and P. aeruginosa biofilms
➢ Resistance by unknown mechanisms to GTA found in P. aeruginosa, likely due to surface modifications
➢ Reported Mycobacterium chelonae strains from endoscope washer disinfectors with increased resistance to GTA.

De Oliveira Lorena
et al. (2010)
Vikram et al. (2015).
Kampf et al. (2013)
Griffiths et al. (1997a,
1997b)

Chlorhexidine
(CHX)

➢ Serratia marcescens promiscuous INcHI2 mult-resistant plasmid to CHX and other biocides
➢ Genomic Island encoding a homolog of Pseudomonas MexCD-OprJ biocide efflux detected in CHX tolerant Serratia
➢ Serratia isolates possessed a Ser-83 –ile mutation in GyrA conferring fluoroqunolone resistance and increased CHX MICs
➢ Mechanisms conferring resistance towards CHX include multidrug efflux pumps and cell membrane changes. For instance, in

staphylococci it has been shown that plasmid-borne qac genes encode efflux pumps

Allen et al. (2022)
Cieplik et al. (2019)

McDonnell (2017)

Hydrogen peroxide ➢ Adaptive microbial stress tolerance to H2O2, including chemical and enzymatic neutralization
➢ Stress induced tolerance to H2O2 in mycobacterial and Deinococuccus radiodurans
➢ Farnesol induces H2O2 resistance in Candida albicans by inhibiting the Ras-cyclic AMP signaling pathway – strains lacking

Ras1 or Cyr1 no longer exhibited increased protection against H2O2

Jacquel et al. (2021)
Li et al. (2014)
Deveau et al. (2010).
Wang and Schelborn
(1995)
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fungal priority pathogens list (WHOFPPL), which is the first global effort to
systematically prioritize fungal pathogens, considering their unmet re-
search and development needs and perceived public health importance.
The WHO FPPL aims to focus and drive further research and policy inter-
ventions to strengthen the global response to fungal infections and antifun-
gal resistance including unlocking appropriate solutions. The list is divided
into three categories: critical (Cryptococcus neoformans, Candida auris, As-
pergillus fumigatus and Candida albicans), high (such as Candida glabrata,
Mucorales, Fusarium spp., Candida tropicalis and Candida parapsilosis) and
medium (such as Coccidioides spp., Pichia kudriavzeveii (Candida krusei),
and Cryptococcus gattii) priority based on a process focused on fungal path-
ogens that can cause invasive acute and subacute systemic fungal infections
for which drug resistance or other treatment and management chal-
lenges exist. This list is interesting from a disinfection modality perspec-
tive as fungal spores (such as Aspergillus sp.) exhibit natural tolerance
mechanisms to applied stresses such as UV-irradiation compared with
similarly treated non-spore forming fungi (such as Candida sp.)
(Anderson et al., 2000). This is enhanced resistance is attributed to the
expression of a dark pigment in Aspergillus spores protecting vital geno-
mic material that has peak absorption at 256 nm, which is natural evo-
lutionary trait to cope with sunlight.

Mitigation strategies for BRIs will depend on the deployment of appro-
priate regime of verified and validated cleaning procedures before applying
high-level disinfection and/or sterilization. Disinfection and sterilization
processes can fail if medical device cleaning has not been conducted appro-
priately, including if they promote fixing of biofilms to surfaces
(McDonnell, 2022). Use of life cycle assessment (LCA) tools and 360° de-
gree thinking can help with solutions to this challenge. Innovation can
also include sustainable bio-degradable materials or polymers that confer
biofilm preventative properties particularly at the early stages of microbial
attachment and may even be compatible with cleaning or disinfection
(Masterson, 2021). The area of smart materials in medical device design
is topical that includes incorporation of functional bioactives and emerging
role of 4 D printing (Rtimi et al., 2019; Wang et al., 2022).

3.2. Risk of environmental transmission of cross-contaminated medical devices
from a patient perspective

Published findings on the risk to patients from contaminated devices,
and cross-transmission leading to outbreak situations, is potentially high
(Vonberg et al., 2008; McDonnell and Burke, 2011; Percival et al., 2015).
Environmental contamination, including surfaces, has been particularly
highlighted over the past decade with increasing investigations with Clos-
tridium difficile and extended to include other problematical microbial path-
ogens (Vonberg et al., 2008; Weber, 2013; Weber et al., 2013; Durovic
et al., 2018). For example, Durovic et al. (2018) reported that hospital
transmission accounted for 40 % of transmission pathways within the
healthcare from review of 24 original articles. Durovic et al. (2018) stated
“In healthcare settings, future efforts may need to focus on extending
cleaning and disinfection procedures beyond the immediate surroundings
of symptomatic carriers”. Microbial resilience, survival and the potential
for transmission to patients is now well cited in the literature (Seoane-
Vazquez et al., 2007; McDonnell et al., 2020). The risks in surgery are
often latent, due to the fact that antibiotic prophylaxis is a cornerstone of
surgical site infection prevention; but, may often be a crutch to support
poor practices in aseptic techniques in surgery (Cohen et al., 2017). This
was clearly shown in the last few years with the emergence of outbreaks
with carbapenem-resistant Gram negative bacteria, specifically associated
with endoscope use (O'Horo et al., 2016; Adrian, 2019). Despite the previ-
ous known risk, the levels of overall reported infection outbreaks were con-
sidered relatively low; therefore, lapses in best practices evidently occur
(McDonnell et al., 2020). However, this trend is now reversed, where
changes in these practices are now more supported, particularly in the
USA (McDonnell et al., 2020). This risk to patient is not just from an infec-
tion point of view, but also potentially toxicity and risk of complications
(Seoane-Vazquez et al., 2007). It may also be argued that the overall risk

to patients should not be a rationale or excuse to apply best practices in de-
vice processing.

4. Addressing microbial challenges – Quo Vadis?

Since the introduction of the Spaulding system, our understanding of
microbial challenges to ensuring effective device processing has increased
including various types of viruses, mycobacteria, protozoa and fungi
(McDonnell and Burke, 2011). The innate resistance mechanisms of micro-
organisms to disinfection and sterilization methods remains an area of ac-
tive research, sometimes challenging previous perspectives. In addition,
as discussed above, there is evidence of the role of environmental and ther-
apeutic stresses in conferring adaptivemicrobial tolerance and resistance to
established and emerging pathogens (such as CRE and MDROs), that can
lead to significant risks, as discussed above (Rutala, 2019a, 2019b,
2019c). There is a gap in information of the types and numbers of surviving
pathogens that present a high -infection risk to patients in terms of mortal-
ity andmorbidity. Healthcare innovation opportunities create a robust evo-
lutionary environment for selecting microbial adaption to front line
antimicrobial therapies, including disinfection. An example was reported
by West et al. (2018) on inter-strain variability of inhibitory disinfectant
concentrations and contact time for clinically relevant MDR strains of
P. aeruginosa and 4MRSA strains, with three disinfectant types, when tested
at label and reduced contact time. The study underscored the need for a dis-
infectant validation method that addresses these variances. Chemaly et al.
(2014) also reported on the role of the environment in harbouring and
transmittingMDR bacteria leading to increased healthcare associated infec-
tions (HAIs), higher morbidity and mortality.

New molecular biological-based information, supported by next-
generation sequencing highlighted the role of mobile genetic elements in
the transfer of disinfectant tolerant genetic mechanisms between similar
species and to different bacterial species. This advances our knowledge of
the topic beyond earlier insightful reviews (McDonnell and Burke, 2011)
where adaption to applied lethal stresses (such as disinfectants) was more
so seen as microbial “tolerance” to these deleterious conditions. Such toler-
ant mechanisms may allow for these microorganisms to survive and persist
under normally deleterious conditions. Investigations of outbreaks caused
by contaminated duodenoscopes involving CRE andMDROs described per-
sistence was due to lack of contact with microorganisms due to cleaning/
device maintenance issues and not a lack of disinfectant effectiveness due
to resistance (Rutala, 2019a, 2019b, 2019c). There is also a need to im-
prove detection of genetic variants due to their antibiotic resistance mech-
anisms that would otherwise have remained undetected. The presence of
residual microbial pathogens harboured in biofilm due to inadequate
cleaning is of concern as there is reduced efficacy of disinfectants as the lat-
ter cannot be delivered at an appropriate concentration. There is justifica-
tion for changing between the traditional use of aldehydes to oxidative-
based disinfectants (such as use of hydrogen peroxide or peracetic acid)
due to differences in mechanisms of action and reports of resistance devel-
opment to aldehydes. A step change to switch to different classes of disin-
fectants may also promote loss of resistance genes carried on mobile
molecular elements. This is similar to the strategic approach for rotational
antibiotic use in healthcare or disinfectant rotation in environmental sur-
face applications, as it is recognised that microorganisms will often only ex-
press genes only when required, such as in a hostile growth environment
(Ciusa et al., 2012; Feng et al., 2021).

New information is required on the molecular and cellular mechanisms
potentially involved in adaptive resistance and upregulation of virulence
(such as seen in Listeria monocytogenes) due to disinfectant exposure
where low numbers of microbial stressed survivors present a high infection
risk to vulnerable patients. This is particularly relevant as environmental
stresses associated with disinfectant use (such as reactive oxygen species
[ROS]) are similarly deployed defence tactics used by our front line macro-
phages to prevent infection (Rowan, 1999; Rowan et al., 2001, 2009;
Bradley et al., 2012). Thus, stress-mediated survival post exposure to disin-
fectants, as used in device processing, may theoretically provide a degree of
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cross-protection against our circulating immune cells, which needs to be
considered. This highlights the pivotal role of effective automated cleaning
and drying, and design-thinking surrounding the creating of the next-
generation devices that are less complex with generous built-in margins
of safety for to ensure appropriate processing based on IFUs. This should
also address simplification and reduction in the workload for healthcare
workers in processing departments from a holistic device supply chain per-
spective, including bespoke training and developing appropriate infection
control programs (such as in endoscopy units) (Day et al., 2021). This
will also help to ensure the prudent, consistent, and correct use of cleaning,
disinfection, and sterilization practices in healthcare facilities, as the litera-
ture has many examples of lapses of best practices leading to infection out-
breaks. Ongoing and future research should also consider the inclusion of
smart polymers and materials that can have antimicrobial or biofilm pre-
ventative (or disruptive) properties (Masterson, 2021), as this will reduce
risk and may even facilitate compatible disinfection and sterilization pro-
cesses.

5. Real time monitoring and future automation of processing

There is also a commensurate need to consider real-timemonitoring ap-
proaches to develop and validate effective processing of devices that en-
compasses a predictive microbial contamination (or decontamination)
function (Kremer et al., 2022). Current methods of assessing cleanliness
of devices are typically visual and somewhat primitive, such as the use of
various swab tests for analytes such as protein and adenosine triphosphate
[ATP], which are unlikely to predict true microbial or soil decontamination
(Olfasdottir et al., 2017). Visrodia et al. (2017) reported that ATP correlates
poorly with microbiological culture findings, and particularly noted that
endoscopes reported as clean by ATP use still had detectable microbial
bioburden present (such as up to 1 million bacteria). Other, more sensitive,
cleaning validation tools including the extraction and detection of protein,
total organic carbon, carbohydrate, haemoglobin, bilirubin, and detecting
specific bacterial enzymes.

Advanced studies on cell survival following antimicrobial processes also
are of interest. As an example, Farrell et al. (2013) highlighted the potential
of addressing a single composite study to address the relationship between
use of pulsed UV light irradiation and the simultaneous occurrence of mo-
lecular and cellular damage in clinical strains of Candida albicans. This is
particularly relevant as showed that the occurrence of late apoptotic and
necrotic cell phonotypes as detected in real-time using specific markers, co-
incided with irreversible cell death that can potentially supplement or re-
place lengthy terminal culture-based methods where there was good
agreement between enumeration methods. This constituted the first study
to investigate mechanisms of cell destruction caused by pulsed UV using se-
quential and simultaneous microbial protein leakage assay, lipid
hydroperoxidation in cell membrane, specific patterns of reactive oxygen
species (ROS) generation, and nuclear damage to treated microbial cells
using Comet assay along with detection of specific apoptotic and necrotic
stages. Opportunities also exist for this topic in the combined area of pho-
tonics and image analysis to assess bioburden on surfaces after device treat-
ment, where such data could also be automated including the provision for
artificial intelligence andmachine learning for intuitive processing. This re-
flects increasing smart specialization, such as in additive manufacturing,
that embraces the future role of digital transformation including use of ro-
botics that is aligned with the new Industry 5.0 human centric concept
(Rowan et al., 2022; Rowan, 2022). For example, Allescher et al. (2022)
has recently reported on the potential use of robotics managing the process-
ing of endoscopes. Commensurate development of rapid microbiological
methods will also inform real-time determinations of process efficacy for
microbial inactivation. However, innovation in this field may be seen as
strategically sustaining (or incremental), as opposed to disruptive, to ensure
seamless integration of technologies with existing assets from a risk man-
agement and corporate operation perspective.

Considerations also need to be given to toxicology given chemical use
(e.g., for cleaning and disinfection) and introduction of new biomaterials

to support next-generation devices (Kremer et al., 2019). For example,
chemical sterilization requires consideration of low non- toxic residues on
treated surfaces, in parallel with the benefits of being an antimicrobial pro-
cess and compatible with a broad range of materials used in medical de-
vices. Some gaseous sterilants, such as VH2O2, have different material
compatibility profiles compared with ethylene oxide (EO) (such as packag-
ing materials containing cellulose cannot be practically treated by VH2O2)
(McEvoy and Rowan, 2019). Opportunities for new material and bio-
compatibility research and innovation to advance themedical device indus-
try include material compatibility using alternative sterilization modalities
to using EO (such as VH2O2, Nitrogen peroxide, Chlorine dioxide), risk as-
sessment leveraging material compatibility studies between two or more
modalities; material compatibility studies of new and novel materials or
components (e.g., electronics) in any sterilization modality or modalities;
and regulatory case studies related to changing or optimising modalities,
or alternative validation approaches. An example of co-application of toxic-
ity testing was reported by Hayes et al. (2013) who developed a range of
in vitro toxicity bioassays to assess the efficacy of pulsed plasma gas dis-
charge (oxidative) treatments, where the application of high voltage pulses
(16 kV, 10 pps) to gas-injected water (N2 or O2, flow rate 2.5 L/min) re-
sulted in the formation of a plasma that generated free radicals, ultraviolet
light, acoustic shock waves and electric fields. The antimicrobial effect
killed ca. 4 log10 parasitic oocysts in 32min exposure. Their studies showed
the merit of broad toxicity testing including cytotoxic properties (as deter-
mined byMTT and neutral red assays), genotoxic properties (as determined
by comet and Ames assays), and ecotoxic properties (as determined by
Microtox™, Thamnotox™ and Daphnotox™ assays) that supplemented real-
time microbial inactivation studies as determined by use of in vitro CaCo-
2 tissue culture with qPCR.

6. Use of Quintuple Helix Hubs to advance reprocessing and steriliza-
tion of medical device sector

A review of PubMed and Scopus databases over period 2010 to 2023 re-
vealed 78 publications that included the key words “Quadruple Helix”. On
review of this list, 70 were not included for the reason that they were not
focusing on innovation hubs, for example they included G-quadruplex,
telomeric quadruple helix; C-terminal helx, molecular heterogeneity, and
metal strings. Exploitation of Quadruple Helix Hub framework has been
shown to promote greater engagement with stakeholders and access to spe-
cialist equipment for supporting and enabling research and innovation in-
cluding with a sustainable focus (Malva et al., 2018 Rowan and Casey,
2021; Kulikauskiene, 2021; Zipfel et al. (2022); Cai and Lattu, 2022). Net-
working of multi-actors to solve challenges presented in the medical device
sector can be supported and enabled through a Quintuple-Helix Hub that
combines academia, industry, healthcare, regulators and society (Rowan
and Casey, 2021). This unifies intellectual and industrial knowledge to ho-
listically address key topics from design to commercialization, where there
is a convergence of subject-matter experts with provision for engaging with
regulators and society. This concept also ensures that application of digital
technologies for transformation of the medtech sector, as applicable, and
meets the real-world needs of the industry. This Quintuple Helix can sup-
port industry in developing new solutions ranging from compatibility re-
search to new sterilization modalities. This interface between user and
regulator can also advance other pressing areas including changes or
areas of discussion with international regulatory industries, regulatory in-
novation approaches with processing (including sterilization) validations
or post-market approvals; information and/or promotion of regulatory bod-
ies actively pursuing collaboration to address sterilization capacity issues;
use of novel approaches to knowledge management and risk assessment
in regulatory submissions; impact of sustainability in the choice and clear-
ance of sterilization modalities; and awareness of benefits of new sustain-
able sterilization modalities from a societal perspective.

For example, sterilization companies in partnership with universities
are developing and deploying state-of-the-art biotechnology tools to unlock
real-time microbial inactivation (McEvoy et al., 2021). Immersive (digital)
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technologies are also partnering with medtech companies for complex vir-
tual training on specific technical operations. For example,Mersus Technol-
ogy (Immersive) has partnered with Boston Scientific in Ireland to test and
apply an ‘Avatar Academy Program’ that uses computer gaming to recreate
virtual laboratories and cleanrooms; thus, allowing medtech employees to
familiarize themselves remotely with a complex work environment and
processes. This approach will potentially automate training where one
could theoretically run six bespoke training sessions in one day that previ-
ously would have taken a month, which can be extrapolated to address
the full production chain delivered in a virtual environment (Westmeath
Independent, 2020). This Quadruple Helix Hub concept also enables co-
creation and design of a life cycle assessment and 360° holistic thinking per-
spective, thus, unlocking complexity of challenge by converging inputs that
is also at the interface between users (OEMS, Healthcare, Sterilization com-
panies, academics) and the regulators. Development and application of liv-
ing labs concept through this model also addresses knowledge-based
innovation systems that includes delivering real-time solutions aligned
with Industry 5.0 human centric, such as human interactions with robotics
(Archibald et al., 2021; Rowan and Casey, 2021; Kulikauskiene, 2021;
Zipfel et al. (2022); Cai and Lattu, 2022). Such an interactive multi-actor
model can also address high risk, high gain, deep technical projects that
would be relevant to cleaning, disinfection and sterilization including test-
ing and investigating new modalities and new biomaterials for next-
generation devices.

There is a need to manage enormous data arising from evaluating
cleaning, disinfection and sterilization validations and routine controls, in
addition to introducing potentially new design changes to mitigate patient
risk, where there are opportunities to manage complex database using arti-
ficial intelligence (AI), deep learning/machine learning (ML) and robotics
(Gilbert et al., 2021; Aisu et al., 2022; Muehlematter et al., 2021). These se-
quential or simultaneous steps can be met by applying appropriate statisti-
cal analysis and modeling that embraces prediction, simulation, and
automation. Such a creative approach to experimental design addresses dif-
ferent control variables, and a decision hierarchy informed by measure-
ments. However, the emergence of AI/ML in medicine also creates system
challenges, such as which products should be reviewed by regulators and
how can we ensure the safety and effectiveness of AI/ML-based software
as a medical device that may change over time as they are applied to new
data (Gerke et al., 2020).

7. Sustainability

Supporting “enablers” to sustainability will inform future direction of
medical devices. A review of PubMed and Scopus over period 2000 to
2023 revealed 27,804 “Sustainability” publications combined with
“reprocessing” and “medical devices” gave 247 publications. Two hundred
and fifteen papers were excluded for the reason that they alignwith specific
topic these were focused on life cycle assessment for reprocessed face
masks, plastic uses using COVID-9 pandemic, lithium batteries, microbial
fuel cells, surgery trays, recycle permeate, photocatalytic treatment of
PPE, nuclear waste management, analysis of urine, reusable biosensing ele-
ment for freshwater toxicity monitoring; toilet flushing, water disinfection;
quantum dot fluorescence-based formaldehyde detection; airborne decon-
tamination; contact lens; plastic bedpans; wound care; sustainable energy
harvesting techniques; green biocides; detecting organic pollutants; electro-
chemical membrane bioreactor; hygiene; denture material, germicidal
glowsticks; CIO2-generative glovers; haemodialysis; antimicrobial
electrospinning, chloroxylenol disinfection by activated sludge; microbial
fuel cells; oral candidiasis; central-line associated blood stream infections;
spray drying; bioprosthetic heart valves; sustained drug release; electrical
potential on chlorine generation; and aerodynamic analysis of SARS-CoV-
2 supercritical CO2 treatment for FFP3s.

Future sustainability for medical device sector can be supported and en-
abled by the aforementioned Quintuple Helix Hub concept, which is also
likely to embrace new digital innovation hubs (for example, where there
are 708 new digital innovation hubs in Europe) (Rowan et al., 2022). For

example, broad topics of interest that are likely to influence the future sus-
tainability of single-use versus reusable medical devices are presented in
Table 2. This highlights the diversity of key topics ranging from resource
consumption and emission to global warming impact, which will be met
in part through future design thinking, risk modeling and education that
also embraces circularity. The recent review of MacNeill et al. (2020) high-
lighted that the health sector is responsible for 4.6 % of global greenhouse
gas emissions of which approximately a quarter originate from the US
healthcare system, and appropriately the same proportion of pollutant air
emissions. Internationally, a significant proportion of healthcareGHGemis-
sions come from the supply chain; thus, emphasizing this topic of optimal
impact for current and future healthcare decarbonization interventions
(Watts et al., 2018). The healthcare sector has become increasingly depen-
dent on single-use disposable medical devices, where waste management
creates a significant public health burden in terms of environmental
pollutants. MacNeill et al. (2020) also noted that such single-use disposable
medical devices aptly reflect an inherently unsustainable linear (or “take-
make-waste”) economy model in which items are produced, used once,
and then sent for waste disposable. For example, this linear supply chain
model can negatively impact ecology internationally by depleting natural
resources along with commensurate excessive production of clinical
waste, GHG and other undesirable environmental emissions. An increasing
number of life cycle assessment studies comparing single use versus reus-
able equipment intimate that the former generally result in significantly
more petrochemical use and GHG emissions (McGain et al., 2020;
Eckelman et al., 2012; Sanchez et al., 2020). A “just-in-time” approach as-
sociated with linear supply chain model can reduce storage requirements
and product expiration, which reduces healthcare abilities to appropriately
manage reusable medical devices. Thus, future consideration should be
given to adopting a circular supply chain economy approach in whichmed-
ical device products are maintained at the highest-value application for as
long as possible without sending to disposal. MacNeill et al., 2020 and
others (Sherman et al., 2018) have also recently highlighted that reusable
medical devices are typically cost-effective over many uses where lifetime
costs are significantly lower than that of single-use disposables.

There is an increasing interest in defining and reviewing potential be-
spoke business models that would be considered potentially appropriate
for supporting future sustainability in medical device industry, particularly
for the circular economy (Gusso et al., 2020). Healthcare is a resource-
intensive and essential ecosystem that generates considerable quantities
of diversewaste that varies in non-hazardous to hazardous risk propositions
including environmental impact (Minoglou et al., 2017; World Health
Organization, 2016). Moultrie et al. (2015) reported that the Medical De-
vice sector significantly contribute to waste generation, particularly when
considering single-use plastic and end-of-life devices. Gusso et al. (2020)
highlighted the importance of circular strategies for meeting established
and emerging sustainable needs of the medical device sector, which are
commensurate with the “ecodesign-thinking” concept proposed in this re-
view for medical devices that mitigates waste; yet, satisfies essential func-
tionality and safety requirements from an application and regulatory
perspective. Greenhealth Practice (2018) noted that “medical device
reprocessing and sterilization of reusable sharps are the main cost-saving
initiatives for hospitals in the US”. However, it is only recently that a
suite of opportunities were suggested in the literature that considers differ-
ent business model innovations for meeting circularity of single-use and re-
usable medical devices (Kane et al., 2017; Fargnoli et al., 2018; Gusso et al.,
2020). Given the complexity of medical device industry, it remains chal-
lenging for healthcare providers to understand and identify a singular ap-
propriate business opportunity that enables and maintains resource
cycles. This is complicated by the lack of appropriate published circular
case studies that embraces relevant stakeholders (Lewandowski, 2016).

In the medical device industry, the business model structure is a useful
conceptual framework to consider real-world circularity applications that
must also address risk and safety regulations (Gusso et al., 2020). These au-
thors propose using the main tenets of a business model to consider such
strategic opportunities; namely, the value proposition, value creation and
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Table 2
Popular topics informing the indicative relevance and future sustainability of single versus reusable medical devices.

Topic(s) Description of activities Indicative relevance Reference

Resource consumption &
emissions

➢ Avoiding use of virgin materials and remanufacturing can
influence environmental impacts of resource consumption,
emissions.

➢ Use of Life Cycle Assessment to inform a pathway to greener
processes for medical device and adjacent sectors

Reducing abiotic resource use
Contributes new knowledge to the Global Warming impact
(GWI)
Smart use of LCA tools to inform efficiencies in device design
and treatments

Peters (2016)
Zhang et al. (2020)
Baboudijan (2022)

Circularity assessment
environmental

Impact assessment
LCA assessments

➢ Sustainable studies describe 16 different environmental
impact categories highlighting superior use of reprocessed
devices over single use in 13 categories (electrophysiology
catheter). Also informed by LCA.

➢ Categories include ozone depletion; climate change; photochem-
ical ozone formation; Eutrophication (marine and freshwater),
Ionising radiation – human health, land use, non-cancer human
effects, resource use, energy carriers, respiratory inorganics [Dis-
ease incidences], waste scarcity, Cancer human effects

Healthcare could cut emissions by half for some devices if opting
for regulated, reprocessed items.
Suite of environmental and technical categories to evaluate
relevance of medical devices materials and reusability across
technological readiness level from discovery (TRL 1) to
commercial deployment (TRL 9).

Schuelke-Leech (2021)

Global warming impact ➢ Comparison between use of medical remanufacturing route and
virgin production disposal route (single use) addressing water,
sterilization gas, disinfectents, waste treatment, packaging,
transport, plastic production/reprocessing, electricity/fuel

New information and approach to pivot device remanufacturing
that can inform global warming

Schuelke-Leech, 2021

Economic modeling ➢ Development of appropriate economic modeling for reuse of
medical devices and sustainability

Usefulness of using dedicated models to interpret and simulate to
inform economics and risk assessment

MacNeill et al. (2020)

Future terminal
sterilization of
contaminated medical
device waste
management

➢ Development technologies for decontamination and reuse
of contaminated N95s under EUA with provision for future
sustainable waste management

➢ Also describes results for a range of modalities and
approaches including simple, affordable options suitable
for developing countries for PPE reuse under EUA

Future use of a safe and effective technology to reprocess PPE
under EUA so as to safety ensure effective waste management

Alt et al. (2022).

Safety
Biocompatability

➢ Consider potentially new disinfection and sterilization
modalities and future biomaterial composition from a toxi-
cological end-point perspective

Need to consider development of additional biocompatibility
tests under ISO standards to inform sustainability.

Hayes et al. (2013)

Recycling challenges ➢ Recycling of complex medical device products needs
extensive material flow analysis to make it economically
and ecologically reasonable

The more complex a device, the more process steps, energy, and
resources are needed for recycling
Complex devices may have specific requirements for collection and
disposal after use from an infection-prevention perspective and may
contain complex materials not suited to municipal waste
management & recycling infrastructure (including Green
technology)

Gopinath et al., 2020

D'Adamo and Rosa
(2016)
Eze et al. (2020)
Lee et al. (2017)

Profitability, employment
opportunities

1. Remanufacturing in medtech sector has high profitability
that embraces remanufactured items over virgin products

Potential for increased profitability through remanufacturing
over reliance on using virgin products.

D'Adamo and Rosa
(2016)

CE concept using
R-strategies

➢ Design smarter [Refuse, Rethink, Reduce]
➢ Extend lifetime [Reuse, Repair, Refurbish, Remanufacture,

Repurpose]
➢ Circularly end-point activities: Recycle and Recover

R strategies broadly considered relevant for extended and
circular use in devices that can be informed by smarter designs.

Potting et al., (2017)

Reuse of PVC ➢ Recycle of Polyvinyl Chloride (PVC) several times (widely
used plastic in devices) without loss of critical properties

Opportunities to reuse materials from a resource efficiency
perspective

I'Ons (2021)

Design thinking ➢ Design medical devices smarter for circularity that includes
appropriateness for reprocessing and sterilization

➢ Design from day one with disassembly and cleaning in
mind, including reducing number of device components

Design thinking in medical devices is critical to unlocking
efficiencies in usage and automation; thus enabling future
sustainability

I'Ons (2021)

Rapid diagnostics
Automation

➢ Efficacy for real-time determination of device cleanliness,
reprocessing and terminal sterilization potentially reducing
disinfectant and sterilant use.

Opportunities to use rapid diagnostics to improve turn-around of
reprocessing and potentially amount of sterliant use

McEvoy et al., 2021

Improve energy efficiency ➢ Additive manufacturing can reduce material waste by as
much as 90 % compared to conventional manufacturing
and can speed up device prototyping and testing

Improving energy efficiency and opting for clean energy source
could reduce overall costs

I'Ons (2021)

Logistical and design
challenge

➢ Consider device materials in sustainable design For example, disposable surgical drapes contain polypropylene
and polyethylene, each can be recycled, but used together they
cannot be recycled

La Plante (2022)

Reduce carbon footprint ➢ Recycled materials can be used without loss of technical
properties or need for addition of virgin materials

For example, recycled polyethylene terephthalate (PET) has
79 % lower GHG emissions that virgin PET

La Plante (2022)

Multi-actor collaborations ➢ Work with Medical Device component and OEMmanufacturers
to advance circular medical device production, and to move
away from traditional “take-make-waste” linear systems.

Smart approaches for stakeholders to holistically address issues
to inform more efficient means of material use/reuse

La Plante (2022)
Rowan and Laffey
(2020)

Role of Supply Chain and
Transport

➢ Steps are to reduce energy, water and chemical use For example, reduce transport of waste from used medical
devices by recycling in same region to reduce carbon footprint

La Plante (2022)

Microbial inactivation
Modeling

➢ Mathematical modeling of inactivation to inform modality
efficiencies

➢ Sustainable solutions (e.g, biofilms) for reprocessing

For example, longitudinal modeling to confirm key factors
influencing or governing sustainability for device industry and
nexus to policy and standards.

Feurhuber et al.
(2022)
Alfa (2009)
Rowan and Moral
(2021)
Rowan et al. (2015)

Risk Modeling Machine
learning Robotics

➢ Use of machine learning to address risks given complexity
of database sets spanning processes

Risk characterization for end to end device production Njage et al. (2019)
Zhang et al. (2017)
Allescher et al. (2022).

(continued on next page)
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delivery, and value capture. Gusso et al. (2020) also intimated that these
business models must also align with ‘criticality’ according to risk level to
the patient with type of contact, which supports and corroborates this re-
view. This criticality analysis dimension considers Spaulding's classifi-
cation system for devices along with a linked economic orientated
endeavour (Kane et al., 2017). This circular framework for medical de-
vices will also facilitate ‘green servitization’ that considers how device
OEMs can also create a supply chain circularity through reprocessing
(Benedettini, 2022). Such innovative business models are timely given
stakeholder publications focused on defining healthcare guidelines for
disinfection and sterilization of instruments in centralized SSD that rec-
ognises a pressing need to address single-use medical devices from an
environmental footprint and waste management perspective (Ling
et al., 2018). Such opportunities also highlight the importance of under-
standing the pivotal role of OEMs in effective device cleaning and pro-
cessing. In addition, the challenges of servicing, maintaining and
applying reprocessing and sterilization modalities for a plethora of dif-
ferent devices in healthcare facilities are considerable. Moreover,
there is a commensurate need to consider training of healthcare staff
given increasing complexity of medical equipment and increasing
level of sophistication associated with OEM's instructions for use (Ling
et al., 2018). Gusso et al. (2020) proposed nine potential circular busi-
ness models (CBMs) for meeting established and emerging needs of
medical devices that considers technical cycles (repair and mainte-
nance, reuse and redistribution, refurbishment and remanufacturing,
and recycling), value (high, medium, low), and criticality (critical,
semi-critical and non-critical). These CBMs comprise (a) full-care equip-
ment as a service, such as Medigo-Rent, (b) In-house lifecycle, such as
STERIS Service contracts, (c) Support for hospital-based reprocessing,
such as Medivators-Renatron, (d) mobile solutions, such as Shared Med-
ical Solutions, (e) platform for devices circulation, such as Pioneer Med-
ical Devices, (f) Refurbished system, such as Philips–Smart Path,
(g) Full-provision of reprocessed devices, such as Sterimed, a J&J com-
pany, (h) End-of-Life Equipment collection, such as Advanced Technol-
ogy Recycling, and (i) Continued collection of disposable, such as BD
ecoFinity Life Cycle Solution (Gusso et al., 2020). Wilson and Nayak
(2016) considered pros and cons of reusable medical devices versus
single-use items and noted that the former may offer improved clinical
performance and are likely to be less expensive; however, reusable
devices present a risk of cross-infection, their performance may deterio-
rate with repeated use, there is environmental costs of decontamination,
and healthcare workers are potentially exposed to chemicals and
biohazards during decontamination.

However, there is commensurate need to consider the main underpin-
ning tenets of what constitutes increasing sustaining or disruptive business
practices in medical device sector in order to comprehensively appreciate
and adopt appropriate CBMs for future circularity (Schuelke-Leech,
2018; Rowan, 2019; Schuelke-Leech, 2021). In addition, it is likely
that these established and emerging CBMs will be actualized by address-
ing risk mitigation, corporate governance and digital transformation in-
cluding Industry 5.0 (Rowan and Galanakis, 2020). Domegan (2021)
also noted that in such complex settings, the call to action is large-
scale behaviour change. This can be met in part by social marketing
that “examines the interface of human and natural systems and their in-
terconnected dynamic forces as a powerful means of influencing
behaviours for the accorded transformation and betterment of individ-
uals, communities, society and the planet.” In addition, there is a

commensurate need to define and include additional sustainable
measurement tools beyond LCA for circularity.

8. Summary

Modern medicine and adjacent STEM disciplines are substantially more
sophisticated and reflect creativity in meeting complex patient needs in an
embattled healthcare environment struggling to also cope with surge in an-
timicrobial resistance to frontline therapeutic interventions. Our under-
standing and appreciation of microbial opportunistic pathogens (such as
viruses, mycobacteria, protozoa, fungi), and infectious agents (prions),
has challenged current definitions and expectations of high, intermediate,
and low-level disinfection. The margins of safety appear to be set very
tight for cleaning and processing many medical devices with complex fea-
tures, when performed correctly. Given the increased need to meet a near
perfect compliance with manufacturer's IFUs in these cases, combined
with over-stretched processing departments that need to implement all pro-
cesses appropriately, the basis of the Spaulding Classification is challenged.
Thus, an understanding of the applicability and limitations of different
types of disinfection and sterilizationmethods is essential to ensure safe, ef-
fective and appropriate processing of modern-day devices that will address
patient risk of mitigating infection (as per Spaulding's classification).

This paper reviewed challenges and limitations of cleaning, disinfec-
tion, and sterilization methods for medical device in the context of
modern-day practice using Spaulding's Classification as a guiding frame-
work. Given this challenge in terms of evaluating multiple permutations
of data governing processing steps including potentially new features, the
need for an updated approach is apparent to accommodate the use of
tools including new real-time monitoring and diagnostic interventions to
supplement contemporary culture-based methods (such as introduction of
robotics, automation, machine learning, and new statistical modeling) for
evidence-based decision-making. However, a systems based approach will
be required to ensure future AI and deep learning/machine-based trustwor-
thiness occurs for the appropriate regulation of software and its applicabil-
ity for medical devices. Future proofing the medical device industry will
also avail of life cycle assessment (LCA) tools and 360° degree holistic think-
ing to inform next-generation medical devices that embrace future sustain-
ability. The commensurate role of smart bioactive and biodegradable
materials for coating medical devices (including biofilm disruptive proper-
ties) combined with sustainable processing methods will contribute
towards future solutions. The multi-actor use of a new Quintuple
Helix Hubs (combining academia-industry-healthcare-regulators-society)
coupled with digital transformation (such as Industry 5.0 – human centric
concept) (Rowan et al., 2022) will also contribute to the co-creation of
next-generation medical device and management models. Addressing effi-
cacy of new design features from an appropriate end-to-end processing per-
spective that spans technological, policy and societal readiness levels will
meet the pressing needs of medtech sector, and holistically inform future
sustainability.
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Table 2 (continued)

Topic(s) Description of activities Indicative relevance Reference

Research
translation,
Training,
Education,
Advocacy

➢ Environmental sustainability research in anaesthesia and
critical care for circularity

➢ Moving beyond clinical care, energy (renewables vs fossil
fuel) and energy efficiency are important influencers in
healthcare's ecological footprint.

The critical role of education and training in device manufacture
and reuse from an ecological (healthcare) footprint that spans
end-to-end cycle.

McGain et al. (2020).
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A B S T R A C T   

There is an increasing trend for use of 3D printing processes in healthcare due in part to emergence of customised 
medical devices and associated low manufacturing cost. However, there is a dearth of knowledge on the efficacy 
of terminal sterilization processes on such 3D printing processes compared to conventional manufacturing 
methods, such as injection moulding. Therefore, the goal of this timely work was to compare the mechanical, 
thermal and chemical effects of vaporized hydrogen peroxide (VHP) and electron beam (E-beam) sterilization 
processes on the 3D printed and injection moulded high density polyethylene (HDPE) and Polyamide 6 samples. 
Characterization of materials post sterilization was performed by several analytical methods. Studies found that 
injection moulded samples exhibited higher tensile strength, higher degree of crystallinity, lower ductility, and 
higher thermal stability than 3D printed samples due to their tightly packed structures. After VHP and E-beam 
sterilization processes, oxidation and crosslinking occurred along with yellow colour change. Free hydroxyl 
radicals and intermolecular carbon bonding were detected by FTIR; the viscosity, storage modulus and loss 
modulus were increased due to crosslinking; the wettability of all the samples were increased due to the free 
radicals on the surface. However, the tensile properties of all samples measured were not affected by the VHP or 
E-beam processes, which was attributed to the low irradiation dosage of E-beam and good resistance to hy-
drolytic degradation from VHP. Overall, E-beam process resulted in more severe oxidation and crosslinking than 
VHP process, and sterilized 3D printed samples were less stable compared to injection moulded samples when 
exposed to terminal sterilization processes, which was evidenced with more new peaks related to oxidation and 
crosslinking detected by FTIR and the dramatic increase in the degree of crystallinity. These findings highlight 
the importance of considering choice of industrial terminal sterilization with view to future reduction of pro-
cessing conditions for emerging additive manufacturing processes, such as in situ 3D printing that is often 
underappreciated.   

1. Introduction 

3D printing is a disruptive technology that is revolutionizing the 
healthcare industry globally. It enables custom-tailored medical devices 
to be printed to meet personalized needs, expedites surgical procedures, 
prepares surgeons and physicians with models for some complex cases, 

reduces the manufacturing cost, and may in time be used to replace 
human organ transplants in regenerative tissue engineering [1]. 
Currently, many medical devices are manufactured via 3D printing 
technology, such as hearing aids, orthopaedic and cranial implants, 
dental crowns and external prosthetics. As the majority of medical de-
vices require sterilization, the performance of 3D printed devices 
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finished with sterilization compared with traditionally manufactured 
devices is an important aspect to be considered as the healthcare 
manufacturing industry seeks to innovate with the 3D printing tech-
nology. The findings from this study provided evidence and support for 
the improvement of the sterilization procedures and standards servicing 
the fast development of 3D printed medical device industry. 

Sterilization is a process by which bacteria or other living microor-
ganisms are either destroyed or completely removed from a treated 
object [2]. Sterilization methods can be classified into three major 
groups namely, ionising radiation, gas technologies and heat treatment 
(steam). Ionising radiation includes gamma radiation, electron beam 
(E-beam) and X-ray radiation. Gas sterilization technologies comprise 
plasma, ethylene oxide (EO) and more recently, vaporized hydrogen 
peroxide (VHP®, a registered trademark of STERIS) [3]. Approximately 
50% of medical devices are sterilized by using EO globally [4]. In 
response to the February 2019 closure of a large device sterilization 
facility, the FDA announced an innovative challenge to reduce the 
ethylene oxide emission [5], STERIS Applied Sterilization Technologies 
have investigated material compatibility with traditional terminal 
sterilization technologies and VHP appeared to be an alternative steril-
ization technology to EO. Steam sterilization is typically conducted by 
use of autoclaves and contrasts from aforementioned processes as relies 
upon heat for efficacy. This current work focuses on VHP and E-beam 
sterilization processes. 

VHP is a gaseous technology, utilising hydrogen peroxide (H2O2) in 
the form of vapour. H2O2 is an extremely powerful oxidant and it gen-
erates reactive oxygen species, such as hydroxyl radicals that attack 
multiple molecular targets, including microbial nucleic acids, enzymes, 
cell wall proteins and lipids. Typical VHP processes operate at a tem-
perature range of 25–50 �C with an approximate cycle duration of 
1.5–4 h, but has limited penetration power [6]. It is suitable for mate-
rials that cannot sustain high temperature and moisture from steam 
sterilization, but it is not suitable for hygroscopic materials that absorb 
moisture, such as paper, cotton, cellulose, polylactic acid [1,2]. VHP is 
not classed as a carcinogen and is more environmentally friendly than 
EO as a sustainable terminal sterilization technology for medical device 
industry [8]. 

E-beam radiation is created by the accelerated electrons produced 
from an electromagnetic filed in an accelerator and the high-energy 
electrons move through the target material, killing bacteria by 
breaking the chains of DNA and RNA. However, this process can also 
lead to significant alternations in the treated materials. The high-energy 
electrons interact freely with molecules within the target material, 
ejecting electrons from their orbits and generating free radicals. The free 
radicals react with the present oxygen, lead to oxidation and degrada-
tion [2,3]. The sterilization induced polymer degradation can be 
cross-linking, chain scission or a combination of both. Polymers with 
strong bonds such as benzene rings, might regain original configuration 
following sterilization, while polymers with weak bonds result in chain 
scission and undergo degradation [2,9]. 

High density polyethylene (HDPE) in general crosslinks on irradia-
tion, which increases the molecular weight and therefore lower the 
mobility of molecules and reduce creep. This may raise the tensile 
strength, increase the hardness and brittleness, but impact strength and 
shear strength usually decrease or remain relatively unchanged [12]. 
However, there is a chain scission mechanism as well. It was reported 
that with 100 kGy radiation dosage, chain scission of HDPE occurred 
[13]. 

Polyamides are commonly known as nylon with repeating amide 
group along the polymer chain. Polyamides are limited to a few cycles of 
stream or autoclave sterilization because polyamides absorb moisture 
and hence degrade [14]. Polyamides are reasonably resistant to small 
doses of irradiation sterilization, typically up to 40–50 kGy, but not for 
many repeat doses [10,12]. Kubyshkina et al. reported that polyamides 
are only suitable for a single dose of radiation [15]. Polyamides crosslink 
and lose crystallinity upon sterilization causing a slow increase in tensile 

strength but much more rapid drop in impact strength [12]. 
The effects of sterilization methods on various polymer materials 

have been studied, but there is a currently a dearth of evidence-based 
research describing the effects of industrial terminal sterilization pro-
cesses on 3D printed plastic objects. Shaheen et al. printed tooth rep-
licas, orthognathic splints and surgical cutting guides via PolyJet 
technology, and sterilized with autoclave (heat/steam sterilization) and 
VHP. They reported that all 3D printed objects that underwent autoclave 
and VHP sterilization had indicated shape deformation, and larger dif-
ferences were observed with autoclave sterilization compared with VHP 
sterilization [16]. 

Unlike to conventional medical devices manufacturing techniques, 
such as machining and injection moulding, 3D printing is an additive 
method and the material is consequently added in each layer as a thin 
cross section of a 3D object. This layering process results in various 
changes in the physical, mechanical, thermal properties of the objects. 
Several studies have compared the property differences of polymers, 
including polycarbonate urethane [17], ABS [18], resulted from 3D 
printing and traditional manufacturing methods. 

This current multi-disciplinary study characterises material proper-
ties of 3D printed and injection moulded Marlex (HDPE) and 3D printed 
Grilon (Polyamide 6) samples post terminal VHP and E-beam steriliza-
tion. The physical, chemical and thermal properties of the samples were 
investigated via colorimetry, rheometry, fourier transfer infrared spec-
troscopy (FTIR), dynamic mechanical thermal analysis (DMTA), differ-
ential scanning calorimetry (DSC), thermogravimetric analysis (TGA), 
and tensile testing. Surface modifications induced by sterilization were 
studied by scanning electron microscopy (SEM) and goniometry. 

2. Materials and methods 

2.1. Materials 

High density polyethylene (HDPE) (Marlex® HHM 5502BN Poly-
ethylene) was obtained from Chevron Philips Chemical Company LP 
(Woodlands, US). Polyamide 6 (Grilon F 40 NL) was supplied by EMS- 
CHEMIE AG (Switzerland). All materials were used as received. 

2.2. Injection moulding 

ASTM Standard tensile test samples were injection moulded by 
Arburg™ All-rounder 221K (Arburg, Lossburg, Germany), with the 
maximal clamping force of 350 kN, a screw diameter of 25 mm, a 
theoretical stroke volume of 49 cm3 and a maximum injected part 
weight of 41 g. Marlex was dried at 70 �C for 8 h prior to injection 
moulding. The temperature profile for injection moulding increased 
from 160 �C at the hopper to 200 �C at the nozzle with injection speed of 
100 mm/s. The holding pressure used was 600 bar with a holding time of 
6.5 s. The cooling time was 10 s with a back pressure of 50 bar. Poly-
amide 6 Grilon F 40 NL is an extrusion grade polymer and as such 
inaccurate geometries were obtained from injection moulding. There-
fore, the comparison between 3D printed and injection moulded was 
conducted using Marlex samples only, with the comparative effects of 
VHP and E-beam on 3D printed parts assessed using both Marlex and 
Grilon samples. 

2.3. 3D printing 

3D printed dumbbell-shaped tensile test samples were printed by 
ARBURG Plastic Freeforming (AKF) (ARBURG GmbH & CO KG, Ger-
many). Marlex samples were printed at 200 �C and Grilon samples were 
printed at 250 �C. AKF allows molten plastic droplets with a diameter 
between 0.2 and 0.4 mm to be generated by a stationary nozzle that 
relies on piezoelectric closure system and deposited on a moving plat-
form to build up 3D objects layer by layer [19]. 
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2.4. Vaporized hydrogen peroxide (VHP) 

The test samples were treated with VHP in a STERIS VHP® LTS-V 
industrial sterilizer using STERIS VAPROX® hydrogen peroxide (35%) 
sterilant. The process consisted of a four VHP pulse injection cycle 
performed in vacuum environment conditions at 30 �C. The process was 
performed at STERIS Applied Sterilization Technologies, Tullamore, 
Ireland. 

2.5. E-beam 

The test specimens were irradiated with E-beam process in STERIS 
with a Mevex Linac E-beam 10 MeV, 20 kW at a dose of circa 30 kGy in 
air at ambient temperature. All the specimens were irradiated by E-beam 
from both sides. The process was performed at STERIS Applied Sterili-
zation Technologies, Tullamore, Ireland. 

2.6. Colorimetry 

Colour measurements (L*, a*, b* values) of the specimens was 
determined by using a Lovibond RT Series Reflectance Tintometer 
(Amesbury, UK) with OnColor software. Prior to measuring the colour of 
the specimens, the instrument was standardized by placing black and 
white standard plates and L*, a* and b* colour values were recorded. 
The L* values correspond to lightness/darkness (0 for black and 100 for 
white), the a* values correspond to the specimen’s colour dimension 
from red to green (the greater a* value, the redder), the b* values 
correspond to the specimen’s colour dimension from yellow to blue (the 
greater b* value, the yellower). 

2.7. Surface wettability 

The surface wettability of all the specimens was assessed using a First 
10 Å, FTA32 goniometer (Virginia, US). In this test, the Sessile Drop 
contact angle technique was utilised with distilled water as the probe 
liquid and the contact angle value of each specimen was recorded. 

2.8. Fourier transfer infrared spectroscopy 

Attenuated total reflectance Fourier transform infrared spectroscopy 
(FTIR) was carried out on a PerkinElmer Spectrum One (Waltham, US) 
fitted with a universal ATR sampling accessory. All data were recorded 
at 21 �C in the spectral range of 4000–520 cm� 1 against air as back-
ground, utilising a 4 scan per sample cycle at a resolution of 0.5 cm� 1 

and a fixed universal compression force of 70–80 N. Subsequent analysis 
was carried out using Spectrum software. 

2.9. Differential scanning calorimetry 

Differential scanning calorimetry (DSC) was carried out using a DSC 
2920 Modulated DSC (TA Instruments, New Castle, US) with a nitrogen 
flow rate of 20 ml/min to prevent oxidation. Calibration of the instru-
ment was performed using indium as standard. All the samples were 
dried at 60 �C for 8 h prior to testing. Test specimens weighed between 8 
and 12 mg were measured on a Sartorius scales (MC 210 P), capable of 
being read to five decimal places. Samples were crimped in non- 
perforated aluminium pans, with an empty crimped aluminium pan 
used as the reference. The thermal history of Marlex samples was 
removed by heating samples from 20 �C to 200 �C at the rate of 30 �C/ 
min, and then held isothermally at 200 �C for 10 min. The samples were 
then cooled down from 200 �C to 0 �C at 30 �C/min. Finally, the thermal 
properties of the Marlex samples were recorded by heating the samples 
from 0 �C to 200 �C at the rate of 10 �C/min. Similarly, the Grilon 
samples were heated initially from 20 �C to 250 �C at the rate of 30 �C/ 
min, then held isothermally at 250 �C for 10 min, followed by cooling 
down from 250 �C to 0 �C at 30 �C/min. Finally, the Grilon samples were 
heated again from 0 �C to 250 �C at the rate of 10 �C/min for testing 
thermal properties. Crystallinity and melting temperature of each sam-
ple were analysed. For calculating percentage crystallinity, the melt 
enthalpy of completely crystalline Marlex was 286.7 J/g and 83 J/g for 
Grilon. 

2.10. Rheometry 

An oscillatory rheometer TA Discovery Hybrid Rheometer 2 (New 
Castle, US) was used for the rheologic analysis of all the samples. The 
parallel plate rheometer was fitted and calibrated with a geometry of 
25 mm diameter steel plate. An amplitude of 1% was applied and pre-
viously verified by an amplitude sweep at a frequency of 1.0 Hz. Oscil-
lation frequency sweeps were conducted from 0.1 to 20 rad/s angular 
frequency at a constant temperature of 260 �C for the Grilon samples and 
250 �C for the Marlex samples. 

2.11. Dynamic mechanical thermal analysis (DMTA) 

The Dynamic mechanical thermal analysis (DMTA) analysis was 
carried out using PerkinElmer DMA 8000 Analyser (Waltham, US) with 
Multi-Frequency module – Storage modulus and Strain. The heating 
profile for Marlex samples was from � 150 to 10 �C at 3 �C/min, and the 
heating profile for Grilon samples was from � 10 to 100 �C at 3 �C/min. 
The storage modulus and loss modulus of all samples were recorded. 

2.12. Thermogravimetric analysis 

Thermogravimetric analysis (TGA) tests were conducted using Per-
kinElmer TGA 7 Thermogravimetric Analyzer (Waltham, US), coupled 

Fig. 1. The b value from colorimetry for Marlex and Grilon samples.  

Fig. 2. The ΔE from colorimetry for Marlex and Grilon samples.  
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Fig. 3. Contact angle measurements of 3D printed and injection moulded Marlex and Grilon samples upon VHP and E-beam sterilization.  

Fig. 4. A: FTIR spectra of Marlex 3D printed samples.  
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with a PerkinElmer Thermal Analysis controller TAC7/DX under nitro-
gen atmosphere. The tests were run from 30 �C to 600 �C, at a heating 
rate of 10 �C/min. the onset degradation temperature of each sample 
was recorded. 

2.13. Morphology 

Scanning electron microscopy (SEM) was performed using a Mira 
XMU SEM (Tescan™, Czech Republic) in back scattered electron mode 
for surface analysis. The accelerating voltages utilised were 5 kV and 
10 kV. Prior to analysis, test samples were placed on an aluminum stub, 
and the samples were sputtered with a gold using Baltec SCD 005 for 
110 s at 0.1 mbar vacuum before testing. 

2.14. Mechanical testing 

The mechanical properties of the samples were characterised by 
tensile tests. Tensile testing was carried out on a Lloyd Lr10k tensometer 
(Ametek Ltd., West Sussex, UK) using a 2.5 kN load cell on ASTM 
standard test specimens at a strain rate of 5 mm/min for both 3D printed 
and injection moulded Marlex samples and 120 mm/min for Grilon 
samples. Data was recorded using Nexygen™ software. The tensile tests 
were carried out in adherence to ASTM D 882. Five replicates were 
analysed per group and prior to testing the thickness of each sample was 
measured. The percentage strain at maximum load and Young’s 
Modulus of each sample were recorded. 

2.15. Statistical analysis 

Statistical analysis was performed using one way analysis of variance 
(ANOVA) with a Tukey Post hoc test to determine differences. Differ-
ences were considered significant when p � 0.05. The software used to 

perform statistical analysis was SPSS (IBM Version 22) for Windows. All 
data collected in this study were expressed as mean � standard devia-
tion. Sample size of 10 was used for colorimetry and contact angle test, 
while sample size of 5 was used for tensile testing. 

3. Results 

3.1. Colorimetry 

Both VHP and E-beam sterilization processes caused all the specimen 
turn yellow, and E-beam treated specimen appeared yellower than VHP 
treated specimen. This was supported by the colorimetric test results, 
where the b values and ΔE measurements increased dramatically, 
especially after E-beam treatment, shown in Fig. 1 and Fig. 2 (p < 0.05 
for all comparison). The b values correspond to the colour of yellow, the 
greater b value, the yellower. 

3.2. Surface wettability 

Wettability is the tendency of a material to attract water to its sur-
face, or absorb the water. Contact angle was measured to analyse the 
wettability of each sample. It can be clearly seen from Fig. 3 that VHP 
and E-beam sterilization methods decreased the contact angle of 3D 
printed Marlex samples, injection moulded Marlex samples and 3D 
printed Grilon samples (p ¼ 0.021 for all comparison). 

3.3. Fourier transfer infrared spectroscopy 

A new peak at 3299 cm� 1, which is related to oxidation, appeared in 
the E-beam treated 3D printed Marlex sample; new peaks at 2022 and 
2167 cm� 1 related to C–––C bonding appeared in both E-beam and VHP 
treated 3D printed Marlex samples, and new peaks at 1541 and 

Fig. 5. FTIR spectra of Marlex injection moulded samples.  
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1640 cm� 1 asociated with C ¼ C strech appeared in E-beam treated 3D 
printed Marlex samples, shown in Fig. 4. The mentioned new peaks at 
3299, 2022 and 2167 cm� 1 appeared in E-beam treated 3D printed 
Marlex samples, but not in the E-beam treated injection moulded Marlex 
samples, shown in Fig. 5. Fig. 6 revealed the chemical bonding in Grilon 
samples upon VHP and E-beam processes and no great difference can be 
found. 

3.4. Differential scanning calorimetry 

DSC was carried out to investigate the thermal characteristics of the 
test samples. VHP and E-beam processes did not change the Tm of any 
Marlex samples, but reduced the Tc of injection moulded Marlex sam-
ples from 111 �C of reference samples to 108 �C of VHP treated samples 
and 105 �C of E-beam treated samples, shown in Table 1, Figs. 7 and 8. In 
addition, it was found that injection moulded Marlex samples had higher 
degree of crystallinity Xc (%) than 3D printed Marlex samples, and the 
VHP and E-beam processes increased the Xc of 3D printed Marlex 

samples from 64% to 66% and 83% respectively, while the VHP and E- 
beam processes did not cause a dramatic increase in the injection 
moulded Marlex samples with 79% for pre-sterilization, 83% after VHP 
treatment and 81% after E-beam process. Fig. 9 illustrated the DSC 
curves of the 3D printed Grilon samples. Similarly, the Tc and Tm of 
Grilon samples remained unchanged at 178 and 220 �C respectively, and 
sterilization processes increased the percentage of crystallinity slightly, 
with 72% for reference, 78% for VHP treated and 76% for E-beam 
treated 3D printed Grilon samples. 

3.5. Rheometry & dynamic mechanical thermal analysis 

The plastic deformation of all the samples were analysed by rhe-
ometry and DMTA. The complex viscosity, storage modulus and loss 
modulus of both 3D printed and injection moulded Marlex and 3D 
printed Grilon samples increased on both VHP and E-beam sterilization 
processes. Compared to VHP, E-beam process resulted in higher complex 
viscosity, storage modulus and loss modulus in all three groups, shown 
in Figs. 10–12. 

3.6. Thermogravimetric analysis 

The thermal stability of both 3D printed and injection moulded 
Marlex and 3D printed Grilon samples was evaluated by TGA. The 
degradation onset temperature of the injection moulded Marlex samples 
was 420 �C, which was higher than that of 3D printed Marlex samples 
(406 �C), shown in Fig. 13. VHP or E-beam processes did not affect the 
degradation onset temperature of injection moulded Marlex samples, 3D 
printed Marlex samples and 3D printed Grilon samples (447 �C), shown 
in Figs. 13 and 14. 

Fig. 6. FTIR spectra of Grilon 3D printed samples.  

Table 1 
DSC results of 3D printed and injection moulded Marlex and Grilon samples 
upon VHP and E-beam sterilization.  

Samples Tm Tc Xc % 

Marlex 3D ref 135 109 64 
Marlex 3D VHP 133 111 66 
Marlex 3D E-beam 133 110 83 
Marlex inject ref 135 111 79 
Marlex inject VHP 134 108 83 
Marlex inject E-beam 134 105 81 
Grilon 3D ref 220 178 72 
Grilon 3D VHP 222 178 78 
Grilon 3D E-beam 221 176 76  
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3.7. Morphology 

No noticeable change (i.e. cracks) was found on the surface of 
reference, VHP or E-beam treated samples, according to the SEM images, 
shown in Fig. 15. 

3.8. Mechanical testing 

Fig. 16 illustrated the tensile test results of 3D printed and injection 
moulded Marlex samples. It clearly showed that the injection moulded 
Marlex samples have higher Young’s modulus than the 3D printed 
Marlex samples, but with much lower percentage strain. VHP and E- 
beam processes did not cause significant change in Young’s modulus (E) 

of 3D printed Marlex (309 � 73 MPa, p ¼ 0.996), injection moulded 
Marlex (385 � 35 MPa, p ¼ 0.998) or 3D printed Grilon samples 
(286 � 96 MPa, p ¼ 0.699). Similarly, VHP and E-beam did not cause 
significant change in their elongations either, with a percentage strain at 
maximum of 28 � 1.8, 18.4 � 1.7 and 375 � 34 respectively (p ¼ 1 for 
all comparison) (see Fig. 17). 

4. Discussion 

Oxidation occurred to all the samples after VHP and E-beam sterili-
zation treatments, because all the samples turned yellow post steriliza-
tion. The free radicals produced by sterilization reacted with the oxygen 
diffusing through the material and caused bleaching of the radical based 

Fig. 7. DSC curves of 3D printed Marlex samples.  

Fig. 8. DSC curves of injection moulded Marlex samples.  
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colour centres [20]. These free radicals were also responsible for the 
increasing hydrophilicity of the material, due to the formation of hy-
drophilic groups on the material surface by the radicals [11,19]. In some 

cases, the material became opaque as a consequence of sterilization, but 
most treated materials changed colour to yellow or brown [9,10]. In this 
study, E-beam treated samples appeared yellower than VHP treated 
samples, which may indicate that the E-beam process resulted in more 
severe oxidation than VHP process. 

This can also be proved by FTIR results, where corresponding peaks 
for oxidation in the range of 3500 and 3100 cm� 1 [23] were found in 
E-beam treated Marlex samples, but not in VHP treated Marlex samples. 
FTIR results also revealed that the sterilization processes resulted in 
crosslinking. The alkyl and allyl radicals are the predominant free rad-
icals in polyethylene, which are able to bridge two long molecular 
chains by forming C - C intermolecular bonds or cross-linking that 
enhance the inter-chain interaction. The cross-linking mechanism of 
polyethylene involves two main stages. The first stage is the breakdown 
of the C–H bond on the polyethylene chains to produce hydrogen gas. 
The second stage is the free radicals react and join together to form 
cross-linking network [24]. Because some of the peaks related to 
crosslinking appeared in the E-beam treated 3D printed Marlex samples 
but not in the E-beam treated injection moulded Marlex samples, it 
might indicate that the injection moulded samples were more 
stable than 3D printed samples upon E-beam sterilization process. 

The results from DSC also supported that injection moulded samples 

Fig. 9. DSC curves of 3D printed Grilon samples.  

Fig. 10. Complex viscosity of 3D printed and injection moulded Marlex sam-
ples and 3D printed Grilon samples. 

Fig. 11. Storage modulus of 3D printed and injection moulded Marlex samples 
and 3D printed Grilon samples. 

Fig. 12. Loss modulus of 3D printed and injection moulded Marlex samples and 
3D printed Grilon samples. 
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Fig. 13. TGA curves of both 3D printed and injection moulded Marlex samples.  

Fig. 14. TGA curve of Grilon samples.  
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were more stable than 3D printed samples upon sterilization processes. 
The E-beam treatment did not influence the percentage of crystallinity of 
injection moulded samples, but increased that of 3D printed samples 
dramatically. This can be attributed to the different structures due to the 
different manufacturing processes. Injection moulded samples have very 
tight structure due to the high pressure during the manufacturing pro-
cess, while 3D printed samples are loosely packed with melt droplets. 
Therefore, there are more voids in 3D printed samples than injection 
moulded samples, and the voids allow more intermolecular crosslinking 
occur upon sterilization processes. The heavily cross-linked polymer 
chains in 3D printed samples hindered the mobility of the chains, 

resulting in the increase in the percentage of crystallinity [12–15]. 
Compared to 3D printed Marlex samples, 3D printed Grilon samples did 
not display a dramatic increase in the percentage of crystallinity. The 
explanation would be that polyamide 6 tends to be stable upon sterili-
zation methods within the limited cycles of sterilization processes [12, 
15]. 

Crosslinking after sterilization was also detected by rehometry and 
DMTA, where the viscosity, storage modulus and loss modulus increased 
after both VHP and E-beam processes. Viscosity refers to the resistance 
of the molten polymer to flow; the storage modulus and loss modulus are 
energy stored and energy dissipated in the material, when a deformation 

Fig. 15. SEM images of 3D printed and injection moulded Marlex samples and 3D printed Grilon samples.  

Fig. 16. Tensile test results of Marlex samples.  
Fig. 17. Tensile test results of Grilon samples.  
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has been imposed. Crosslinking caused extra bonding between polymer 
chains, resulting in a reduction of molecular chains mobility in the 
interfacial region, hence causing interfacial stiffness which consequently 
increased the viscosity and improved the storage modulus of the mate-
rial [29]. Yakacki et al. also mentioned that crosslinking of the shape 
memory polymers after gamma irradiation hindered the segmental 
motion of the polymer chains and resulted in the increase in rubbery 
modulus of the material [23]. This thermal properties study also 
revealed that E-beam treatment resulted in higher viscosity, storage 
modulus and loss modulus than VHP process, which indicated that 
E-beam process leads to more severe crosslinking effect than VHP 
treatment. 

Despite the oxidation and crosslinking caused by VHP and E-beam 
treatments, the bulk properties of the samples were not affected, 
including thermal stability, mechanical properties and surface structure. 
The explanations are: 1) VHP sterilization process usually cause hy-
drolytic degradation of the samples, since Marlex and Grilon samples did 
not absorb moistures during VHP process, the hydrolytic degradation 
did not occur. It was reported that the molecular weight of polylactic 
acid (PLA) reduced significantly due to hydrolytic degradation when 
exposed to VHP treatment, because PLA is hygroscopic [30]; 2) The 
E-beam dosage of 30 kGy was not high enough to alternate the bulk 
properties. With a radiation dosage from 100 to 150 kGy, the thermal 
degradation of HDPE occured [31], small cracks were clearly observed 
on the surface of HDPE, the tensile strength and elongation at break of 
HDPE were increased due to crosslinking [13]. A rougher (flaky/scaly) 
surface of LDPE subsequent to E-beam irradiation at 400 kGy due to 
oxidative degradation was reported [22]. When the radiation dosage up 
to 500 kGy, the tensile strength and elongation at break of HDPE 
reduced significantly due to chain scission [13]. While polyamide 6 was 
reported not affected with single low radiation dosage, but the hardness, 
tensile strength, flexural strength and impact resistance of polyamide 6 
were improved with the E-beam radiation up to 600 kGy, due to the 
increased cross-linking caused by radiation [32]. However, high irra-
diation dosage is not recommonded for sterilization purpose, and in 
general 25 kGy is a typical dose commonly employed to destroy the 
microbial load [7]. 

The tensile test results also revealed that the injection moulded 
Marlex samples had higher Young’s modulus than the 3D printed Marlex 
samples, but had much lower percentage strain. The weaker mechanical 
properties of 3D printed objects compared to injection moulded objects 
can be explained by the layering manufacturing method of the 3D 
printing technology. The adhesion between layers or polymer strands 
plays a critical role in the mechanical properties of the 3D printed ob-
jects. Shaffer et al. reported that by improving the adhesion between 
polymer strands the chemical resistance and toughness of the 3D printed 
objected can be significantly improved [33]. In addition, the injection 
moulded Marlex samples had higher degree of crystallinity than 3D 
printed Marlex samples detected by DSC. The polymer chains of the 
injection moulded Marlex samples were pushed into highly organized 
structure with high pressure and cooled down quickly to form the shape, 
which results in high crystallinity, high mechanical strength, but low 
elongation. While the polymer chains of the 3D printed Marlex samples 
can move freely and cooled down slowly at room temperature, which 
results in relatively low crystallinity, low mechanical strength, but high 
elongation. This structure difference between injection moulded and 3D 
printed samples determined the different responds to VHP and E-beam 
processes as discussed above. 

5. Conclusion 

With the objective to investigate the effects of VHP and E-beam 
terminal sterilization processes on the 3D printed objects, this research 
studied the physical, chemical and thermal properties of 3D printed and 
injection moulded Marlex, and 3D printed Grilon samples upon VHP and 
E-beam terminal sterilization processes. The main findings were: 

1. Oxidation occurred after both VHP and E-beam sterilization. Evi-
dences included the discoloration and increased wettability due to 
the free radicals on the surface.  

2. Crosslinking was caused by both VHP and E-beam sterilization 
treatment, evidenced with free hydroxyl radicals and intermolecular 
carbon bonding detected by FTIR; increased viscosity, storage 
modulus and loss modulus due to crosslinking.  

3. E-beam treatment caused more severe oxidation than VHP process. 
Because the E-beam process resulted in more severe discoloration 
than VHP process, and the oxidation corresponding peaks detected 
by FTIR in E-beam treated samples, but not in VHP treated samples. 

4. E-beam treatment caused more severe crosslinking than VHP pro-
cess. Since E-beam process resulted in higher increase in viscosity, 
storage modulus and loss modulus than VHP treatment studied by 
rheometry and DMTA.  

5. The 3D printed samples were less stable than injection moulded 
samples upon sterilization processes. Because more crosslinking 
associated peaks were detected by FTIR in 3D printed samples than 
in injection moulded samples, and E-beam process caused more 
dramatic increase in the degree of crystallinity of 3D printed samples 
than injection moulded samples. 

6. Since the 3D printed objects were less stable than traditional man-
ufactured objects, there may be a need to consider a reduction of 
sterilization parameters, especially for E-beam process, provided 
sterility assurance achieved.  

7. Compared to 3D printed samples, the injection moulded samples 
exhibited higher tensile strength, higher degree of crystallinity, 
lower ductility, and higher thermal stability due to the tightly packed 
structures caused by injection moulding.  

8. All the samples displayed a relatively good resistance to single cycle 
of VHP and E-beam process, evidenced with unaffected tensile 
properties, thermal stability and surface structure of all the samples. 
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Abstract: Fungal pathogens cause significant human morbidity and mortality globally, where there is
a propensity to infect vulnerable people such as the immunocompromised ones. There is increasing
evidence of resistance to antifungal drugs, which has significant implications for cutaneous, invasive
and bloodstream infections. The World Health Organization (WHO) published a priority list of
fungal pathogens in October 2022, thus, highlighting that a crisis point has been reached where
there is a pressing need to address the solutions. This review provides a timely insight into the
challenges and implications on the topic of antifungal drug resistance along with discussing the
effectiveness of established disease mitigation modalities and approaches. There is also a need to
elucidate the cellular and molecular mechanisms of fungal resistance to inform effective solutions.
The established fungal decontamination approaches are effective for medical device processing and
sterilization, but the presence of pathogenic fungi in recalcitrant biofilms can lead to challenges,
particularly during cleaning. Future design ideas for implantable and reusable medical devices
should consider antifungal materials and appropriates for disinfection, and where it is relevant,
sterilization. Preventing the growth of mycotoxin-producing fungi on foods through the use of
appropriate end-to-end processes is advisable, as mycotoxins are recalcitrant and challenging to
eliminate once they have formed.

Keywords: fungi; antifungal drug resistance; decontamination; disease prevention; one health;
risk mitigation

1. Introduction

Fungi are eukaryotic microbial species that present in either yeast, mould or dimor-
phic forms. Yeasts are single celled, and they reproduce by budding, whereas fungi are
multicellular with long filaments that are termed hyphae which grow via an apical exten-
sion. Fungi are abundant in the natural environment including water, soil and air, and
they proliferate easily in warm and humid climates [1]. Indeed, fungi are the primary
decomposers present in many ecosystems, releasing degradative enzymes for decomposing
actions. Non-pathogenic endophyte fungal species are present in most forms of plant life
between the plant cells, where they produce alkaloid toxins which act as insecticides and
against other invertebrate animals and vertebrates [2]. Nycorrhizal fungi have a symbi-
otic relationship with plants, affecting nutrient and water uptake, while other species are
plant pathogens, and they are associated with crop destruction, thereby impacting food
security [3]. Fungal species are increasingly associated with morbidity and mortality, and
they have become a significant public health risk [4]. Annually, fungal pathogens are the
cause of approximately 13 million infections and 1.5 million deaths globally [5]. As they
are traditionally associated with severe infections of immunocompromised persons, fungal
infections are increasingly being associated with immunocompetent persons, with high
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mortality rates [1]. Species such as Cryptococcus, Candida, Aspergillus, and Pneumocystis
are associated with immunocompromised persons, with the dimorphic fungi including
Histoplasma, Blastomyces, Coccidioides and Paracoccidioides, which affect immunocompetent
persons [6].

As the primary or opportunistic pathogens of humans, the resultant disease or my-
cosis can be superficial, such as infection of skin, hair, nail, mucosal surfaces, and allergic
reactions, or invasive fungal infections (IFIs) that affect the internal organs, which are pro-
gressive and often fatal [7]. Defects in cell-mediated immunity typically result in a decrease
in the activity of CD4+ lymphocytes in HIV patients, and this is the major risk factor for
Pneumocystis pneumonia [7]. To be classified as an invasive fungal disease (IFD), tissue dam-
age must be observed via a histopathological exam, with the causative agent isolated from
clinical samples and cultured [8]. Advances in medical procedures and increasing occur-
rences of medical surgical procedures and therapeutic treatment protocols have increased
the rate of identifying opportunistic infections during intensive treatments [9]. Furthermore,
fungal infectious diseases can complicate chronic conditions or co-morbidities in patients
with asthma, cirrhosis, diabetes, cystic fibrosis (CF), chronic obstructive pulmonary disease
(COPD), cancer, and infectious diseases, including COVID-19 and tuberculosis (TB) [5].
Co-infections with viral pathogens are particularly problematic, and the fungal species
Aspergillus and Mucor are associated with increased mortality in patients presenting with
COVID-19 [10]. Fungal meningitis resulting from Aspergillus fumigatus has been associated
with parenteral injections of corticosteroids, while Sarocladium kiliense was detected in
fungaemia in oncology patients receiving IV antinausea medication [7]. Blood cancers
such as leukemia render the patients at high risk of invasive fungal diseases due to their
prolonged and severe neutropenia as a result of anticancer therapeutic treatment [11]. The
high prevalence of morbidity and mortality are observed in transplant patients, cancer
patients, patients in intensive care units (ICU), and HIV, influenza and COVID-19 pa-
tients [12]. The emergence of fungal pathogens is related to climate change, agricultural
techniques, occupational hazard, forest erosion, human migration patterns, and soil disper-
sion, patient immunosuppression, improved disease recognition, and diagnostic tests [13].
Antifungal resistance, antifungal drug tolerance, and biofilm formation directly contribute
to rising cases of fungal morbidity and mortality [4]. Antifungal resistance is an absence
of a discernable toxic effect on treated fungal species; whereas, antifungal tolerance is the
emergence of a partial growth after 24 h that can be seen in susceptibility testing, including
at inhibitory drug concentrations [12]. Resistance to one or more of the four antifungal
drug classes, polyene, azoles, allylamines and echinocandins, is frequently observed [14].
The chemical structure formulae of related antifungal drugs can be sourced from published
reviews [15,16].

In October 2022, the World Health Organisation (WHO) released their fungal pri-
ority pathogen list (FPPL), detailing the medium, high, and critically important fungal
pathogens [17], highlighting the extent of the public health risk associated with fungal
infectious diseases and the antimicrobial resistance (AMR) of major pathogens (Table 1).
This timely and important report has three main areas for action including strengthening
laboratory capacity and surveillance, sustainable research, development, and innovation,
and public health interventions [17]. The rapid diagnosis of fungal diseases is a key factor
in the early prevention and control, where tissue cultures and biopsies are the gold standard
for diagnosing IFDs [1]. Fungal infections remain frequently underdiagnosed, which results
in variable outcomes for patients. This review aims to highlight the clinically important
fungal pathogens in line with the WHO FPPL, antifungal resistance, and the importance of
preventative and diagnostic procedures to protect public health.
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Table 1. WHO priority pathogens, at risk patients, mortality rates, and AMR profile.

Priority Pathogen At Risk Patients Mortality AMR

M
ed

iu
m

Scedosporium spp. Cystic fibrosis [18] and organ
transplant recipients [19]

50% of organ transplant
patients [19] Itraconazole [12]

Lomentospora prolificans

Cystic fibrosis patients [18],
immunocompetent, and

immune-suppressed
people [13]

46.9% and 87.5% of patients
with disseminated disease [13] MDR, pan resistant [13]

Coccidioides spp.

COVID-19-infected,
pregnant and

immunocompromised
people [20]

70% of immunocompromised
people [20] Azoles

Pichia kudriavzeveii
(Candida krusei)

Neonates in ICU and
immunocompromised

people
30% [21]

Innately to fluconazole;
Echinocandin resistance

often evident [21]

Cryptococcus gattii AIDS/HIV patients [7] 10% [22] Echinocandins [4]

Talaromyces marneffei AIDS/HIV patients [23] 13.3% [23] N/A

Pneumocystis jirovecii AIDS/HIV and [5]
Cytomegalovirus [7] patients

50% of immunocompromised
persons [24]

Polyenes-amphotericin B
(AMP B) and azoles [4]

Paracoccidioides spp
AIDS/HIV and

immunocompromised [25]
patients

from 6.2% to 27% [25]
AMP B, ketoconazole,

fluconazole, itraconazole,
and sulfamethoxazole [26]

H
ig

h

Nakaseomyces glabrata
(Candida glabrata)

Renal failure and ICU
patients [27] 54% [27] Fluconazole, echinocandins

[12], and echinocandins [4]

Histoplasma spp. AIDS/HIV patients and TB
patients [7] 60% of AIDS/HIV patients Azole

Eumycetoma-Madurella
mycetomatis

Barefoot walking
populations of tropical and
subtropical countries [28]

Very rare [29]
Prolong treatment needed
which can lead to toxicity

and surgery [29]

Mucorales
Immunocompromised,

COVID-19-infected [5], and
diabetes mellitus patients [7]

80% [4] Echinocandins [4]

Fusarium spp.
Immunosuppressed,
oncology, and organ

transplant patients [30]

37%; disseminated fusariosis
cases: 83% [30]

MDR (Garvey et al., 2022),
intrinsically to azoles [30]

Candida tropicalis Nosocomial patients and
oncology patients [31] 64–86% at 10–30 days [31] Echinocandins [4]

Candida parapsilosis Nosocomial patients [32] 26% [32] Echinocandins [4]

C
ri

ti
ca

l

Cryptococcus neoformans AIDS/HIV patients and TB
patients [7] 20%, or 100% if untreated [4] Fluconazole [12],

flucytosine [4]

Candida auris Neonates, elderly, chronically
ill, and on-therapy patients 70% [4]

Azoles, lower sensitivity to
the polyene amphotericin

B, MDR [12],
echinocandins, and

flucytosine [4]

Aspergillus fumigatus

Cystic fibrosis [18],
COVID-19-infected [5],

COPD, Cytomegalovirus, TB
[7], and transplant

patients [33]

70% of immunocompromised
patients [4]

Triazole resistance [12] and
echinocandins [4]

Candida albicans TB [7] 30–40% [4]) Echinocandins,
flucytosine [4]
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2. Clinical Significance of WHO Pathogen List

Like other microbial species, fungi possess impressive genetic plasticity, allowing
them to adapt to their environmental niche and rapidly display resistance to chemical
insults and AMR [34]. Fungal traits including a short generation time, a broad range of
natural habits, and a eukaryotic cell structure makes them extremely virulent, thereby
increasing their pathogenicity [12]. Their eukaryotic cell greatly hinders the therapeutic
treatments as it predisposes the humans to the toxic side effects of antifungal drugs due to
a decrease in the number of selective drug targets [4]. Fungi are associated with cutaneous
infections, invasive fungal infections, and nosocomial blood infections or fungemia. Sepsis
from fungemia also contributes to high mortality rates, particularly where Candida is the
causative agent of the disease [35]. Antifungal and biocidal resistance and a lack of biocom-
patible therapeutic options for IFIs contributes greatly to the disease prevalence, where
MDR and pan drug resistance is common amongst many nosocomial species including
Candida albicans, non-albicans Candida strains (NAC), Cryptococcus, Aspergillus, and numer-
ous dermatophyte species [4]. As such, emerging IFDs are associated with the difficulty in
treating the infections and high rates of mortality globally [7].

2.1. Cutaneous Infection

Cutaneous mycoses are superficial fungal infections of the skin, hair, or nails (ony-
chomycosis), which are the most important causative agents of disease, including der-
matophytes species (Microsporum, Trichophyton, and Epidermophyton), Malassezia furfur, and
Candida (albicans and non-albicans Candida). The prevalence rate of cutaneous or superficial
fungal infections (SFI) is approximately 20–25% globally [36]. Immunocompromised per-
sons are high risk of cutaneous infections, where homeless persons are an often-overlooked
high risk group due to malnutrition, lack of healthcare, injury, and co-morbidities [37].
Homeless patients are also high risk for cutaneous fungal infection related complications
including cellulitis and osteomyelitis [37]. Importantly, deep cutaneous fungal infections
(DCFIs) have high rates of morbidity and mortality, particularly amongst immunocompro-
mised patients, with mortality rates of 4% to 10% in localized infections and ca. 83% to
94% in disseminated cases [38]. Clinically, the diagnosis of cutaneous etiological agents
involves both mycological and histological findings [39].

Most of the dermatophyte species are zoonotic, and they are also transmitted via
soil and from person to person with associated conditions including tinea capitis, tinea
corporis, tinea pedis, tinea unguium, and tinea faciei [40]. Dermatophytes invade the
stratum corneum of the epidermis, and they are not typically associated with invasive
diseases [41]. The treatment of extensive or invasive dermatophytosis relies on systemic an-
tifungal therapy including griseofulvin, terbinafine, ketoconazole, fluconazole, itraconazole,
posaconazole, voriconazole, and ravuconazole antifungals [39]. The dermal commensals
Malassezia species are the causative agents of pityriasis versicolor (PV), Malassezia folliculitis,
and seborrheic dermatitis [36]. Topical antifungal creams including zinc pyrithione, ke-
toconazole, and terbinafine are the primary treatment for PV with oral itraconazole and
fluconazole, which is prescribed for persistent cases [42]. Candida is associated with oral
thrush, vaginal candidiasis, oropharyngeal candidiasis, cutaneous candidiasis, paronychia,
and onychomycosis [36]. Aspergillus species, namely, A. fumigatus or A. flavus, with A. terreus
are associated with cutaneous infections, as they are primary or secondary pathogens [41].
Primary Aspergillus disease is related to skin abrasion due to injury, surgery, organ trans-
plant, or burn wounds with secondary diseases associated with an invasive disease of
the lungs [41]. Importantly, Candida and Aspergillus fumigatus are both listed as critically
important on the WHO FPPL. Atopic dermatitis (AD) is a prevalent inflammatory skin
disease, where chronic conditions can be associated with microbial infection-inducing bac-
terial and viral species. Studies have observed that the fungal species Malassezia, Candida,
and dermatophyte species can be associated with chronic conditions [43]. Mycetoma is
a WHO-recognized neglected tropical disease that is caused by the fungi eumycetoma,
and the disease manifests as subcutaneous chronic granulomatous progressively morbid
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inflammatory disease affecting the skin, subcutaneous tissue, deep structures, and bones,
resulting in the destruction, deformity, loss of function, and it may lead to mortality [29].
The clinical symptoms of skin mycosis can vary across species, and cutaneous infections
are often misdiagnosed as skin neoplasms or necrotizing lesions resulting from a lack of a
suitable treatment [38].

2.2. Invasive Infection

Aspergillus, Cryptococcus, and Candida spp. are the main fungal species associated
with invasive fungal infections of the lungs, brain, and bloodstream, respectively [12].
Disseminated infections are typically caused by Blastomyces, Coccidioides, Paracoccidioides,
Histoplasma, and Cryptococcus spp. [44]. The pulmonary system (lungs) are the most com-
mon site of IFIs [45]. Triazole-resistant A. fumigatus and MDR yeast including Candida
glabrata and Candida auris are of particular concern [46]. IFIs are separated from superficial
mycoses due to the involvement of blood and other sterile body tissues or organs, and
they are categorized as serious, deep, deep-seated, disseminated, and systemic fungal
infections [47]. To cause an IFI in a patient, the fungi must have the ability to grow at or
above 37 ◦C to reach internal tissues, the ability to lyse tissues and absorb their components,
and they must be able to evade the host’s immune system [7]. Clinically invasive fungal
diseases affect many organs and deep tissues, causing endocarditis, meningitis, and respi-
ratory infections, and they are not often detected in blood cultures [46,48]. Furthermore,
the insertion of venous catheters and intravascular devices and medical interventions allow
for infections with nosocomial IFDs [7]. Cryptococcal meningitis caused by Cryptococcus
neoformans or Cryptococcus gattii is common in HIV patients, where both of the species
possess an innate resistance to fluconazole, where a combination therapy with flucytosine
is implemented to improve the fungal clearance [12]. Additionally, ca. 7% of systemic
Candida infections display reduced azole susceptibility [44]. For invasive aspergillosis,
voriconazole is typically administered, and amphotericin B (AMPB) and the echinocandins
also show anti-aspergillus activity, whereas the Aspergillus species possess a resistance to
fluconazole [41]. The effective treatment of IFIs is also impacted by the lack of an accurate
diagnosis. The diagnosis of IFIs is challenging, as the tests are slow, with limited sensitivity
and specificity, and they are typically quite expensive [46]. IFI diagnosis consists of three
elements: clinical symptoms (fever, a cough, dyspnea, chest pain, and hemoptysis), which
are not always present, imaging results, and the detection of the causative agent [45]. The
diagnosis of pulmonary invasive aspergillosis, for example, is achieved via a computed
tomography (CT) scan of the chest in a patient with the appropriate risk factors to observe
the nodules that are surrounded by a halo, which is a radiological feature [33]. Many A.
fumigatus isolates are resistant to triazoles and possess pan-azole resistance. A. niger, for
example, has resistance to oral itraconazole and isovuconazole drugs, with Aspergillus.
terreus and Asperguillus nidulans possessing a resistance to AMPB [49]. The FDA suggests
that AMPB is the safest antifungal agent for the treatment of systemic fungal infections,
irrespective of its side effects, long half-life, and liver and kidney toxicity [44].

2.3. Bloodstream Infection

The number of bloodstream infections (BSIs) with fungal etiological agents has in-
creased in recent years. Candida species are responsible for 90% of the fungal BSIs, and they
result in late-onset sepsis etiologies amongst neonates [50]. Candida BSIs have a mortality
rate of 30–40%, regardless of the therapeutic treatments [51]. Interestingly, studies describe
higher mortality rates among countries and regions, where Latin American has a rate of ca.
60% compared to 20% in Spain [52]. Additionally, 80% of Candida BSIs occur in immuno-
competent patients with nosocomial co-morbidities [7]. Studies have demonstrated the risk
factors including diabetes, neoplasm, neutropenia, renal insufficiency, immunosuppression,
cardiovascular disease, surgery, and age for fungal BSIs [51]. The incidence rates of BSIs
with fungal pathogens are ca. 4.1% and ca. 0.69% in ICU patients in developing and
developed countries, respectively [53], and this is directly related to the use of antifungal
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drugs, immunosuppression, steroids, placement of central venous catheters, and the low
immunity of patients [51]. Echinomycin is recommended for fungal infections, fluconazole,
however, is commonly used, particularly in developing countries, and it is associated
with high rates of candidemia mortality due to azole resistance [54]. Non-albicans Candida
species are more and more commonly associated with fungal BSIs, which are causative
agents, Candida parapsilosis is associated with BSIs or candidemia in younger populations,
with C. glabrata and Candidatropicalis being associated with elderly patient cohorts [51].
C. tropicalis is often associated with severe and fatal candidiasis, while C. parapsilosis is
associated with lower mortality rates [52].

The widespread use of antifungal agents and increasing AMR has encouraged the
emergence of non-albicans Candida BSIs, and studies have reported the use of echinocandins
and azoles in the emergence of C. parapsilosis and C. glabrata, respectively [50]. Indeed, the
multi-antifungal resistant, emerging, biofilm-forming Candida auris is listed as critically
important by the WHO FPPL, and it is associated with fungal BSIs with high mortality
rates [4]. Importantly, the health authorities recognize that C. auris is one of the most
high-risk nosocomial pathogens due to its high transmissibility, AMR, and biocidal resis-
tance [55]. The occurrence of MDR in fungal species has increased since 2017, particularly
in C. auris and C. glabrata, which demonstrate resistance to the echinocandin drug class
and fluconazole, which are the two first-line mono-therapeutic drugs for invasive can-
didiasis [44]. Aspergillus BSIs are not common, and they are typically associated with the
dissemination of invasive lung aspergillosis or the infection of critically ill patients [56]. The
initiation of a fungal therapy is linked to mortality rates; studies have demonstrated that
the effective treatment of fungal BSIs after 12 h of withdrawing blood samples is linked to
high mortality rates, while the initiation of therapy within a 12 h period of blood sampling
is linked to lower mortality rates [57]. Furthermore, optimal dosing, dosing intervals, and
the duration of the treatment are important factors in drug efficacy, reduced patient toxicity,
and the prevention of fungal resistance [57].

3. Efficacy of Disinfection Strategies for Addressing Fungal Pathogens
3.1. Reusable Medical Devices and Surgical Instruments

Despite advances in medicine and innovations in many underpinning fields including
disease prevention and control, the Spaulding classification system, which was originally
proposed in 1957, remains widely used for defining the disinfection and sterilization of
contaminated re-usable medical devices and surgical instruments [58]. Medical devices
are a common source of hospital acquired infections (HAIs), and they have accounted for
between 60% and 80% of all bloodstream-, urinary tract-, and pneumonia-related HAIs [59].
For example, at least 18 million gastrointestinal endoscopies are conducted each year in
the United States [60]. Each of these procedures involves use of surgical instruments or
medical devices that contact the patient’s sterile tissue or mucous membrane [61]. However,
there is a marked lack of published information on the relevance of priority WHO fungal
pathogens and the contamination of reusable medical devices in terms of transmission
post-processing and sterilization. Notably, fungal infections cause over 1.5 million deaths
per year, and a quarter million of these deaths are caused by the genus Candida [62]. The
mortality rate of invasive candidiasis (infections by Candida) can be greater than 40% due
to there being limited treatment options and increased antifungal resistance [4,62]. To
mitigate the risk of HAIs, the current methods for the safe processing of medical devices
still rely upon the guiding classification system of Dr E. H. Spaulding, which was originally
conceived and published over 50 years ago [61].

Spaulding’s underpinning hypothesis was that healthcare facilities should apply
appropriate disinfection and sterilization methods to process medical devices and surgical
instruments based on the degree of the patients’ risk of acquiring an infection due to their
use. Spaulding’s system divides all of the medical devices into three discrete categories
based on the severity of the perceived risk to the patients of acquiring an infection from
their use.
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Critical use items: Where a device enters the sterile tissue and must be sterile, which
is defined as being free from viable microorganisms [58]. Items contaminated with any
microorganism (including fungal species) are referred to as high risk to the patients if they
are contaminated and enter the sterile tissue or vascular system, and they have a high
potential for causing disease transmission [61]. Such items should be sterile, such as by
using steam sterilization where it is possible. The examples include surgical instruments.
Given that many items contain heat-sensitive materials, other appropriate sterilization
modalities should be applied, including vaporized hydrogen peroxide (VH2O2), VH2O2
gas plasma, and ethylene oxide gas [63]. The use of liquid chemical sterilants may also be
considered appropriate, such as formulations based on glutaraldehyde (GTA), peracetic
acid (PA), hydrogen peroxide (HP), or ortho-phthalaldehyde (OPA) [61,63].

Semi-critical use items: When a device only comes into contact with the intact mu-
cus membranes or nonintact skin, it should also be subjected to sterilization, or if this is
not feasible due to its sensitive material composition or complex design features, then a
high-level disinfection (HLD) process must be deployed at a minimum level that would
be expected to kill all of the microorganisms, except for the bacterial endospores [63].
The examples of semi-critical items including “respiratory therapy, anaesthesia equip-
ment, some endoscopes, laryngoscope blades and handles, esophageal manometry probes,
endocavitary probes, nasopharyngoscopes, prostate biopsy probes, infrared coagulation
devices, anorectal manometry catheters, cystoscopies, and diaphragm fitting rings” [61].
Depending on the regional claim requirements, disinfectants should demonstrate a broad
spectrum of antimicrobial activity, and typically, the ability to eliminate at least 106 (or
6-logs) of the mycobacterial cells on the contaminated surfaces of the medical devices. For
the fungi of concern, mycobacteria are typically deemed to exhibit greater resistance to
high-quality disinfectants, thus, mycobacterial cells are recognized as being representative
(or bio-indicators) of the HLD process efficacy. The examples of chemical disinfectants
authorized in the USA for HLD use include biocides such as GTA HP, OPA, hypochlorite,
and PA with HP [64].

Non-critical use items: Which includes devices that are in contact with intact skin (but
not mucous membranes), requiring low-level-to-intermediate-level disinfection [64]. The
skin contains intact integumentary layers, and as such, it provides a natural barrier to the
microorganisms. There remains a risk to the skin as a result of cross-contamination from
the devices, but this risk is considered to be low. These risks can be practically reduced by
the combination of physical removal and disinfection [63]. The examples of non-critical
use items include blood pressure cuffs, bed surfaces and rails, patient furniture, and so
forth [61].

Figure 1 illustrates the microbial resistance profile to applied disinfection and steriliza-
tion modalities. It should be noted that the overall pattern of resistance to applied lethal
technologies may vary depending on the modality. Microorganisms with higher resistance
are widely used to challenge and test the effectiveness of disinfection and sterilization
methods. Mycobacterial cells and Bacillus endospores have been used as indicators of HLD
and sterilization, respectively [61]. Fungi exhibit greater biocidal resistance to enveloped
viruses (such as HIV and SARS-COV-2) and to Gram-positive and -negative vegetative
bacterial cells. Fungi present in vegetative- and spore-forming morphologies can be further
differentiated based upon these morphologies with increasing exposure to these applied
lethal stresses. For example, Aspergillus spores are more tolerant to higher doses of UV-
irradiation due to the protective peak absorption of pigments at a similar UV-C wavelength
to that of DNA (ca. from 250 to 260 nm) [65,66]. However, fungi are considered to be more
susceptible to high-level disinfection (HLD) compared to similarly treated non-enveloped
viruses (such as norovirus), mycobacterial cells, and parasitic oocysts (Cryptosporidium
species), or cysts (Giardia species) [67–69].
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Figure 1. Pyramid of increasing microbial resistance to medical device processing and steriliza-
tion stressors.

Over the last few decades, there has been increasing amounts of genomic evidence
of innate and adaptive microbial resistance to chemical disinfectant methods along with
adaptive tolerance to environmental stresses. For example, this has been particularly
evident in bacteria that are exposed to food processing (such as osmotic, acid, heat or
UV-stressors) [70] or chemical biocide stresses [71], where the tolerance has been attributed
to the expression of specific molecular determinants, ranging from protective stress protein
synthesis to antimicrobial efflux pumps. The best published evidence argues that estab-
lished HLD treatment and sterilization modalities effectively kill the free living fungi [72],
however, the presence of fungi in recalcitrant biofilms may harbor these pathogens on the
medical devices in the processing conditions used [62,73–75]. This area requires attention
in future research. There is also a commensurate need to investigate the efficacy of HLD
and sterilization in parallel with new medical design features, material compatibility, and
cleaning regimes [76,77].

To reduce these risks of biofilm-mediated infections (including fungal) which are
transmitted via contaminated medical devices, it is proposed that we should review the
achievable and appropriate instructions of the manufacturers in the cleaning and processing
of complex devices, where there can be as many as 100 steps to address by healthcare
workers in the Sterile Services Department [61]. This brings the margin of error to near zero,
which represents a higher risk to the patients. For example, it has been proposed that we
should elevate the classification of high-risk flexible endoscopes (such as duodenoscopes)
from semi-critical to critical use, which entails a transition to using low-temperature
sterilization modalities instead of routinely using high-level disinfection, thus, increasing
the margin of safety for endoscope processing. Gastrointestinal (GI) endoscopes can
become highly contaminated during their use, where the internal long narrow lumen can
contain between 7 to 10 log10 enteric microorganisms, and the microbial load of colon is
ca. 9 to 12 log10/mL [61]. Outbreaks have been associated with medical device transmission
where there were no reported links to“inadequate cleaning, inappropriate disinfection,
and damaged endoscopes, or flaws in the design of endoscopes or automated endoscope
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re-processor” [61]. Often, these devices have also been highlighted as causative agents
in outbreaks of multidrug-resistant organisms (MDROs), in which there were no obvious
breaches in the endoscope reprocessing procedures [78–85]. However, the role of fungal
infections arising from transmission by contaminated reusable medical devices through
biofilms needs further research, as where there is a need to co-develop clinical diagnostics
may be underappreciated.

3.2. Central Venous and Urinary Catheters

Modern technology has allowed us to use a wider and newer variety of medical
devices. The combination of an increasingly aging population and a consistently growing
number of inserted devices is likely to escalate the occurrence of infectious complications
related to medical devices [86]. The number of indwelling medical devices is increasing,
and an increasing proportion of device-related infections are being caused by Candida spp.
Candida spp. produce biofilms on synthetic materials, which facilitates the adhesion of the
organisms to the devices and renders them relatively refractory to medical therapy. The
management of device-related Candida infections can be challenging. The removal of the
infected device is generally needed to cure the Candida infections caused by the medical
devices. However, since the pathogenesis of Candida bloodstream infection is complicated,
more studies are necessary to determine the role of catheter exchange in patients with
both gastrointestinal tract mucositis and indwelling catheters. Kojaic and coworkers [86]
noted that C. albicans biofilm formation has three developmental phases: the adherence of
yeast cells to the device’s surface (early phase), the formation of a matrix with dimorphic
switching from yeast to hyphal forms (intermediate phase), and the increase in the amount
of the matrix material, taking on a three-dimensional architecture (maturation phase). Fully
mature Candida biofilms have a mixture of morphological forms, and they consist of a dense
network of yeasts, hyphae, and pseudohyphae in a matrix of polysaccharides, carbohydrate,
protein, and unknown components. The organisms in biofilms behave differently from
freely suspended cells with respect to antimicrobial resistance. Both the bacteria and
Candida cells within biofilms are markedly resistant to antimicrobial agents [86].

C. auris has become a global threat as it can colonize the skin, medical devices, and
hospital environments, causing nosocomial outbreaks of blood and urinary tract infections
worldwide [62]. Candida auris can spread among patients in hospitals, and it is intrinsically
resistant to one or more classes of antifungals, which makes it particularly difficult to treat
in healthcare settings. Comparative genomics has demonstrated that C. auris has expanded
families of transporters and lipases, as well as mutations and copy number variants, in
genes/enzymes linked to increased resistance and virulence [2]. Understanding the evolu-
tion of emerging fungal pathogens such as C. auris will be useful for the design of antifungal
drugs and therapies for susceptible patients, potentially improving the clinical outcomes.

Piktel et al. [87] reported on the number of antimicrobial agents with the ability to pre-
vent device-associated infections, and these have been proposed as biomaterials coatings.
Alternative methods are constantly being developed using established antimicrobial agents.
A large number of these applications involve the coating of medical device surfaces with
metallic nanoparticles, such as zinc oxide (ZnO NPs)6, silver (Ag NPs)7, copper (Cu NPs),
or titanium (TiO2 NPs), and the mechanism of protective effects of those nanomaterials
includes mostly the disruption of the microbial membranes and the prevention of microbial
proliferation of the surface of the device or implant. Slamborova et al. [88] combined silver,
copper, and titanium dioxide nanoparticles to establish long-term, broad-spectrum antifun-
gal and antibacterial coverage, while maintaining the appropriate mechanical properties of
the coating itself. Piktel et al. [87] revealed that a relatively low dose of nanomaterials, i.e.,
ranging from 0.78 to 0.625 ng mL−1, should be considered as fungicidal and bactericidal,
as has been demonstrated for C. albicans. Importantly, the minimum biofilm inhibitory
concentrations (MBIC) were not significantly higher than the bactericidal ones were; for
the majority of strains, the MBIC value was not greater than 0.625 ng mL−1. Owing to
their unique physicochemical features and low cytotoxicity, gold nanoparticles (Au NPs)
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have been widely used in biological and biotechnological applications as biocidal agents,
drug delivery systems, photosensitizer, and molecular diagnostic tools [8]. Piktel et al. [87]
assessed the antimicrobial efficiency of non-spherical gold nanoparticles in the shapes of
rods (AuR NPs), peanuts (AuP NPs), and stars (AuS NPs), as well as porous spherical-
like nanoparticles (AuSph (70C) NPs), which exhibited potent antifungal effects, which
contrasts those of previous reports including microgram concentrations (µg mL−1) of
gold nanoparticles.

4. Knowledge Gap in Molecular and Cellular Mechanisms Underpinning Disinfection
of Fungal Pathogens including AMR Post-Treatment Modalities

Advanced studies on cell survival following antimicrobial processes also are of inter-
est [89]. As an example, Farrell et al. [90] highlighted the potential of addressing a single
composite study to address the relationship between the use of pulsed UV light irradiation
and the simultaneous occurrence of molecular and cellular damage in clinical strains of
C. albicans. This is particularly relevant, and it showed that the occurrence of late apoptotic
and necrotic cell phonotypes can be detected in real-time using specific representative
biomarkers. This coincides with the occurrence of irreversible fungal cell death, which may
potentially supplement or replace the lengthy standard culture-based methods where there
was good agreement between these indirect biomarker and direct culture-base enumeration
approaches. Notably, this constituted the first study to investigate the mechanisms of cell
destruction caused by pulsed UV using a sequential and simultaneous microbial protein
leakage assay and the lipid hydroperoxidation in the cell membranes, specific patterns of
reactive oxygen species generation, and nuclear damage of treated microbial cells using
a Comet assay, along with the detection of specific apoptotic and necrotic stages. Design,
testing, and validating the real-time markers to demonstrate irreversible fungal death will
prove the effectiveness of the disinfection modalities.

5. Need for Improved In Vitro and In Vivo Compatibility Tests for Medical Devices
Encompassing Antifungal and Disinfection Efficacy

Researchers have noted that the limitations of in vitro and animal models of chronic
device-related infections are important in the context of advancing the med-tech sector, with
implications for pressing research and clinical practice [74]. Ramstedt et al. [75] evaluated
the efficacy of antimicrobial and antifouling materials for a urinary tract medical device that
also enabled the transmission of fungal infections. These authors addressed the challenges
of antimicrobial material testing, including surface characterization, biocompatibility, cyto-
toxicity, in vitro and in vivo tests, microbial strain selection, and hydrodynamic conditions,
from the perspective of complying to the complex pathology of device-associated urinary
tract infections. Standard assays should be developed that enable us to make comparisons
between the inter-laboratory generated results of industries and academia to perform
harmonized assessments of the antimicrobial properties of urinary tract devices in a reliable
way that includes improving in vitro and in vivo biocompatibility testing. Moreover, the
high risk of infection and its associated costs clearly underlines the need to provide patients
with devices with the lowest possible risk of infection, and it emphasizes the need for
innovative products that reduce the incidence rate of device-associated UTIs. Although
standards are available for guiding the development of new devices with respect to bio-
compatibility (ISO 10993) and material characterization, no such guidance exists for the
development of antimicrobial devices [75].

6. Mycotoxins and Appropriate Decontamination Strategies

Mycotoxins are secondary metabolites of mold and fungi; they are generally toxic to
living organisms. This term, by general consensus, is used almost exclusively for fungi
associated with food products and animal feed, excluding the toxins produced by mush-
rooms. Mycotoxins are secondary metabolites with no apparent function in the normal
metabolism of fungi [91]. They are produced mainly, although not exclusively, when the
fungus reaches maturity [91]. They are molecules with structures which vary from simple
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heterocyclic rings with molecular weights of up to 50 Da to groups with 6–8 irregularly
arranged heterocylic rings with a total molecular weight of >500 Da, and they do not
show immunogenicity. Studies have revealed the existence of at least around 400 differ-
ent mycotoxins [92]. Hundreds of mycotoxins have been identified thus far, with some
of them, such as aflatoxins, ochratoxins, trichothecenes, zearalenone, fumonisins, and
patulin, being considered agro-economically important [91]. Several factors contribute
to the presence of mycotoxins in food, such as climatic conditions, pest infestation, and
poor harvest and storage practices. Exposure to mycotoxins, which occurs mostly by
ingestion, leads to various diseases, such as mycotoxicoses and mycoses, which may even-
tually result in death [91,93]. Mycotoxins can enter the human and animal food chains
through direct or indirect contamination. The indirect contamination of foodstuffs and
animal feed occurs when any ingredient has been previously contaminated with a toxigenic
fungus, and even though the fungus has been eliminated during the process, the myco-
toxins remain in the final product [92]. Direct contamination, on the other hand, occurs
when the product, food, or feed becomes infected with a toxigenic fungus, resulting in
the subsequent formation of mycotoxins [94]. Thus, more than a hundred mycotoxins are
known, and most of them are produced by some of the species belonging to one of three
fungi genera: Aspergillus, Penicillium, and/or Fusarium [95]. According to the available
literature the “presence of the following mycotoxins in pollen has been investigated or
proved with appropriate analytical methods and analysis: Aflatoxins (AFs), ochratoxins
(OTs), fumonisins (FBs), zearalenone (ZEN), deoxynivalenol (DON), and its acetoxy deriva-
tive, T-2 toxin (T-2), HT-2 toxin, fusarenon-X, diacetoxyscirpenol, nivalenol, neosolaniol,
roridin A, verrucarrin A, α-β-dehydrocurvularin, phomalactone,6-(1-propenyl)-3,4,5,6-
tetrahydro-5-hydroxy-4H-pyran-2-one, 5-[1-(1hydroxibut-2-enyl)]-dihydrofuran-2-one and
5-[1-(1-hydroxibut-2-enyl)]-furan-2-one” [96].

The main aflatoxins that are known about are called B1, B2, G1, and G2 based on their
fluorescence under ultraviolet light (B = Blue; G = Green) and their mobility during thin-
layer chromatography [92]. They are mainly produced by A. flavus and Aspergillus parasiticus.
It is known that only 50% of the strains of these species produce aflatoxins and that some of
the aflatoxigenic isolates produce up to 106 µg/kg of aflatoxins [92]. Due to their capacity
to bind with the DNA of cells, aflatoxins affect protein synthesis besides contributing
to the occurrence of thymic aplasia (congenital absence of thymus and the parathyroids,
with a consequent deficiency in the cell immunity, which is also known as DiGeorge’s
syndrome) [92]. Aflatoxins have oncogenic and immunosuppressive properties, inducing
infections in people who have been contaminated with these substances. Ochratoxin A
is a metabolite of Aspergillus ochraceus, and it has a chemical structure similar to that of
aflatoxins. It is associated with nephropathy in all of the animals that have been studied to
date [97]. Besides being recognized as nephrotoxic, ochratoxin A, it also shows hepatoxic,
immunosuppressive, teratogenic, and carcinogenic behaviors [92].

Fumonisins are produced by several species of the genus Fusarium, especially by Fusar-
ium verticillioides (previously classified as Fusarium moniliforme), Fusarium proliferatum and
Fusarium nygamai, besides Alternaria alternata f.sp. lycopersici [92]. The presence of fumon-
isins in corn grains has been associated with cases of oesophageal cancer [98]. Fumonisins
are also responsible for leukoencephalomacia in equine species and rabbits [92,99], and
hepatotoxic, carcinogenic, and apoptosis (programmed cell death) effects in the livers of
rats [100]. Patulin is isolated from Penicillium griseofluvum, and albeit inconclusively, it is
considered to be toxic to animals and plants [92]. Other mycotoxins of notoriety include
ergot alkaloids and trichothecenes, which have been extensively reviewed (such as [91]).

The fungal contamination of different feed/food, including pollen will be more fre-
quent as a result of the occurrence of intensive climatic changes [96]. The quality of pollen
can be significantly influenced by the presence of toxigenic fungi. Since it has been proved
that the absence of microbial contamination in pollen does not exclude the presence of my-
cotoxins, mycotoxicological analyses should also be included as a regular control measure,
together with microbiological tests. Since aflatoxins and ochratoxins have been proven to be
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carcinogenic substances, their presence in pollen is extremely undesirable. Therefore, it is
important to monitor the mold and mycotoxin levels in feed/food in order to avoid adverse
health effects. The contamination of food and feed by mycotoxins represents a serious
health problem for humans and animals, as well as a considerable economic obstacle in
African, Asian, and Latin American countries, where the trade balance is based on the
exportation of commodities. The recognition of problems caused by mycotoxins in foods
destined for human and animal consumption is undoubtedly the first step toward the
implementation of programs which enable the adoption of appropriate measures for the
prevention and reduction of this problem [92]. The chemical structures of the principal
mycotoxins can be found in many published reviews [91,92].

Thus, the consumption of mycotoxins-contaminated feed causes a plethora of harmful
responses from acute toxicity to many persistent health disorders with lethal outcomes,
such as mycotoxicosis when it is ingested by animals. Therefore, the main task for feed
producers is to minimize the concentration of mycotoxins by applying different strategies
that are aimed at minimizing the risk of the mycotoxin effects on animal and human health.
However, once the mycotoxins enter the production chain, it is hard to eliminate or inacti-
vate them [93]. Notably, mycotoxin-producing fungi are readily destroyed by moderate
levels of disinfection. However, given the recalcitrant nature of mycotoxins, emphasis
should be placed on ensuring appropriate end-to-end food production and management to
prevent the growth of mycotoxin-producing organisms, such as cleaning the grains and
removing the kernels that harbor molds. The use of feed additives or supplements that
decrease the risk of animal exposure to mycotoxins can be viewed as a means of enhancing
animal welfare. These feed supplements are referred to as the substances blended into
feed (e.g., mineral clay, microorganism, and yeast cell wall), adsorbing or detoxifying the
mycotoxins in the digestive tract of animals (biological detoxification) [93]. In general,
mycotoxins are mainly stable compounds under thermal processing conditions used in
feed and food [101]. However, the different thermal food and feed treatments that can have
different impacts on the mycotoxins include extrusion, cooking, frying, baking, canning,
crumbling, pelleting, roasting, flaking, and alkaline cooking. Among the thermal treat-
ments, the utilization of high-temperature processes demonstrates the greatest potential for
mycotoxin reduction [93]. Kabak [102] noted that the application of extrusion at a temper-
ature that is higher than 150 ◦C has a significant impact on the reduction of zearalenone
and fumonisins, while the same conditions led to the moderate reduction of aflatoxins
and deoxynivalenol. Oxidizing agents such as ozone and hydrogen peroxide have been
used to decontaminate mycotoxin-contaminated raw feed and compound feed [103]. The
application of microorganisms or enzyme systems to contaminated feeds can detoxify the
mycotoxins by metabolism or degradation in their gastrointestinal tract. This process is
an irreversible and environmentally friendly method of detoxification, as it does not leave
toxic residues or unwanted by-products [93]. However, the levels of particular mycotox-
ins in feeds have been reduced, but so far, no single technique has been established that
is equally efficient against the broad variety of mycotoxins that can co-occur in various
commodities [93]. Furthermore, the procedures of detoxication that appear to be efficient
in vitro will not necessarily maintain their effectiveness in an in vivo test.

7. Conclusions

Fungal pathogens represent a serious public health risk, where AMR-incorporating
biocidal resistance has proliferated the issue. The WHO has announced a fungal priority
pathogen list, further highlighting the seriousness of the disease risk of these potentially
life-threatening organisms. Antifungal resistance is further augmented by a lack of novel
antifungal therapeutic options and associated biocompatibility issues, thereby limiting the
medical applications. Without efficient control measures, the critically important WHO
listed pathogens such as C. auris and C. neoformans will continue to result in unacceptably
high rates of mortality. Additionally, the emergence of new species such as the non-ablicans
Candida BSIs will increase, leading to the proliferation of AMR and increasing the death
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rates, particularly in immunocompromised persons. As with all of the infectious diseases,
prevention is the optimal way to mitigate disease outbreak and transmission. The applica-
tion of effective disinfection and sterilization regimes, particularly in hospital settings, is
vitally important, where a focus on fungal biofilm formation on indwelling medical devices
is important. Currently, there is an ongoing drug resistance crisis globally, where fungal
AMR is often overlooked in terms of diagnosis and pathogen monitoring. In order to more
accurately monitor and respond to the actual number of fungal-mediated infections that
is underestimated, there is a need to improve fungal diagnostic and detection methods
along with effective communication of same to clinicians. The widespread application of
antimicrobial therapeutics without having conducted more investigative studies should not
be applied. There is a pressing need to understand the cellular and molecular mechanistic
relationship between device reprocessing and the inactivation of biofilm-forming fungi in
order to mitigate device-related transmission. Semi-critical devices should be reviewed
to reduce the risk to the patient, where there is an unreasonable number of cleaning and
processing steps to satisfy the margin of safety in the healthcare setting. Preventing the
growth of mycotoxin-producing fungi on foods through the performance of appropriate
end-to-end processes is advisable, as mycotoxins are recalcitrant and challenging to elim-
inate once they have been formed. Adopting the OneHealth approach will support and
enable solutions to address this complex societal challenge.
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• Fungal infections represent an under
recognised threat to public health.

• Mycosis represents high incidence of
mortality.

• Antifungal resistance is increasing
globally.

• New alternative eco-solutions to address
pathogenic fungi are needed.

A B S T R A C TA R T I C L E I N F O

Editor: Damia Barcelo

Keywords:
Pathogenic fungi
Drug resistance
Environmental toxicity
Disinfection- sterilization
Sustainability

Fungal pathogens contribute to significant disease burden globally; however, the fact that fungi are eukaryotes has
greatly complicated their role in fungal-mediated infections and alleviation. Antifungal drugs are often toxic to host
cells and there is increasing evidence of adaptive resistance in animals and humans. Existing fungal diagnostic and
treatment regimens have limitations that has contributed to the alarming highmortality rates and prolongedmorbidity
seen in immunocompromised cohorts caused by opportunistic invasive infections as evidenced during HIV and
COVID-19 pandemics. There is a need to develop real-time monitoring and diagnostic methods for fungal pathogens
and to create a greater awareness as to the contribution of fungal pathogens in disease causation. Greater information
is required on the appropriate selection and dose of antifungal drugs including factors governing resistance where
there is commensurate need to discover more appropriate and effective solutions. Popular azole fungal drugs are
widely detected in surface water and sediment due to incomplete removal in wastewater treatment plants where
they are resistant to microbial degradation and may cause toxic effects on aquatic organisms such as algae and fish.
UV has limited effectiveness in destruction of anti-fungal drugs where there is increased interest in the combination
approaches such as novel use of pulsed-plasma gas-discharge technologies for environmental waste management.
There is growing interest in developing alternative and complementary green eco-biocides and disinfection innova-
tion. Fungi present challenges for cleaning, disinfection and sterilization of reusable medical devices such as endo-
scopes where they (example, Aspergillus and Candida species) can be protected when harboured in build-up biofilm
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from lethal processing. Information on the efficacy of established disinfection and sterilization technologies to address
fungal pathogens including bottleneck areas that present high risk to patients is lacking. There is a need to address risk
mitigation and modelling to inform efficacy of appropriate intervention technologies that must consider all contribut-
ing factors where there is potential to adopt digital technologies to enable real-time analysis of big data, such as use of
artificial intelligence and machine learning. International consensus on standardised protocols for developing and
reporting on appropriate alternative eco-solutions must be reached, particularly in order to address fungi with increas-
ing drug resistance where research and innovation can be enabled using a One Health approach.
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1. Introduction

Fungi represent one of the most diverse groups of organisms on the
planet with an essential role in ecosystem processes and functioning
(Hyde, 2022). The numbers of fungi have always been an intriguing
topic; however, 150,000 innocuous, beneficial and harmful fungal species
have been described to date enabled by using new DNA sequencing tech-
nologies. Despite the fact that problematical fungi infect billions of people
annually, there is a significant under appreciation of their aetiological con-
tribution to worldwide diseases (Bongomin et al., 2017). Fungal infections
are a significant contributor to sepsis that has increased by 200 % in the
United States since 1991 (van der Poll et al., 2017), and is the second
most common pathogen to cause cancer related infections (Lortholary
et al., 2017). Invasive fungal infections (IFIs) have increased with the wide-
spread use of broad-spectrum antibiotics, immunosuppressive agents, anti-
neoplastic drugs, and in-depth development of organ transplantation, and
various invasive diagnostic techniques. Candida, Aspergillus, Pneumocystis,
and Cryptococcus neoformans are the primary pathogens causing fungal in-
fections, with Candida responsible for the largest number of cases, where
the infection rates of Aspergillus, Pneumocystis, and C. neoformans have
increased.

These IFIs primarily occur in patients with severe underlying diseases,
malignant tumours, and other severe diseases compromising immune func-
tion and in those undergoing organ transplantation. Fungal infection
termed mycosis is increasing globally in immunocompromised and immu-
nocompetent persons, affecting 1 billion people with 1 million deaths
yearly (Lass-Flörl et al., 2021). Thus, the immune status of the patient deter-
mines the severity of fungal disease, ranging from hypersensitivity, dermal
infection, subcutaneous, invasive to disseminated systemic infections
(Martinez-Rossi et al., 2018). Candida for example, is one of the most com-
mon fungal pathogens causing nosocomial bloodstream infections (BSI) or

fungemia having amortality rate of 30–40% despite an availability of ther-
apeutic options (Galia et al., 2022). Fungal therapeutics consist of 4 classes
of antifungal drugs: the polyenes (amphotericin B and nystatin), azoles
(fluconazole, itraconazole, voriconazole, posaconazole and isavuconazole),
echinocandins (caspofungin, micafungin and anidulafungin) and the py-
rimidine analogue 5-flucytosine (Fisher et al., 2022). Bacteraemia and
fungemia are the second leading causes of mortality in patients of end
stage renal disease receiving dialysis where incidence rates of 4.7 %
bacteraemia and fungemia were detected in renal disease patients
(Dalgaard et al., 2016).

Fungemia and bacteraemia also lead to severe cases of sepsis in affected
patients due to the presence of microbial toxins (Valencia-Shelton and
Loeffelholz, 2014).

Similar to bacterial pathogens, fungal pathogens are also displaying
alarming rates of antimicrobial resistance (AMR). AMR is the innate or ac-
quired ability of a microbial species (viral, bacterial, fungal, parasitic) to re-
sist antimicrobial therapy, where biocidal resistance is also common
amongst AMR pathogens (Meade et al., 2021a, 2021b, 2021c). AMR relates
tomolecular mechanisms of resistance including efflux pumps, degradative
enzymes, target and drug modification, alterations in membrane perme-
ability, biofilm formation and spores (Meade et al., 2021c). Efflux pumps
associated with the ATP binding cassette (ABC) transporter superfamily
are commonly associated with azole resistance in many fungal species
(Nagy et al., 2021).While AMR is a naturally occurring event, the industrial
production and mass use of antimicrobials in clinical, veterinary and food
production has proliferated the issue beyond measure, making antimicro-
bials a non-renewable resource. Antifungal and biocidal resistance repre-
sents a significant threat to the treatment, transmission, and control of
fungal pathogens. Multidrug resistance (MDR) is common in fungal patho-
gens including Candida albicans, non-albicans Candida strains (NAC),
Cryptococcus,Aspergillus, and numerous dermatophyte species. Importantly,
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fungal pathogens are often also extensively drug resistant (XDR), being de-
fined as having resistance to more than one therapeutic agent in three or
more antifungal classes (Galia et al., 2022). Importantly, therapeutic failure
also relates to antifungal drug properties such as drug pharmacokinetics,
pharmacodynamics and drug–drug interactions (Fisher et al., 2022).

The Global Action Plan on AMR and the Global AMR Surveillance Sys-
tem (GLASS) aims to promote standardised AMR surveillance using patient,
laboratory, and epidemiology data to analyse the global impact of AMR
(World Health, 2019). While bacterial AMR is commonly accepted,
GLASS also recognises fungal AMR as a growing major threat where a
lack of data increases the risk to public health. Surveillance issues relating
to fungal species include poor recovery from blood samples, a lack of accu-
rate identification, lack of susceptibility testing, and a lack of species-
specific antifungal breakpoints. Surveillance studies, however, have dem-
onstrated the presence of MDR C. albicans and NAC isolates being resistant
to more than one therapeutic agent in two antifungal drug classes (Galia
et al., 2022). The threat of AMR is recognised at a global scale as having
negative impacts on health and wellbeing. The WHO has called for urgent
action aligned with the Sustainable Development Goals (SDGs) with AMR
listed in the top 10 dangers to public health, along with climate change
and global warming (Masterson et al., 2021). The AMR global action plan
established by the WHO in 2015 encouraged the United Nations (UN)
members to develop and implement national action plans aimed at reduc-
ing the emergence and transmission of AMR species (Dutescu, 2021). Un-
doubtedly, a unified and coordinated action plan is needed to combat the
threat of AMR. Additionally, the WHO has called for the establishment of
a fungal priority pathogen list (Table 1) to include the following species:
Candida auris; azole-resistant Candida spp., azole-resistant Aspergillus
fumigatus, Cryptococcus neoformans, Pneumocystis jirovecii, and Mucorales
due to their AMR ability (World Health, 2020). As we move further into a
post pandemic era, bacterial and fungal pathogens may be overlooked as
medical sectors strive to develop viral vaccine and treatment regimes.
Fungal pathogens, and zoonotic cross over species, however, remain an
important public health consideration within the One Health approach. A
One Health approach is vital to establish the impact of AMR on the
Anthropocene (planet, biosphere, atmosphere) and the consequences of
the rising consumption rate of antimicrobial agents. Fungal infections of
sporotrichosis, histoplasmosis and chromoblastomycosis and MDR
dermatophytosis remain important as zoonotic fungal pathogens. Further-
more, the impact of global warmingwill undoubtedly promote a rise in fun-
gal infectious disease globally negatively impacting public health and food
security (Nnadi and Carter, 2021).

2. Growing crisis of antimicrobial resistance (AMR)

AMR is directly responsible for clinical expenses, treatment failures,
morbidity, mortality, and economic costs. Reports indicate AMR costs the
European Union (EU) healthcare sector approximately €1.5 billion annu-
ally with estimates from The World Bank suggesting an annual gross do-
mestic product (GDP) loss of 6.1 trillion dollars by 2050 (Nasereddin,
2021). Reports highlight the mortality of AMR with ca. 5 million deaths
involving resistant bacterial species in 2019with 1.3million deaths directly
related to AMR species (Murray et al., 2022) significantly more than tuber-
culosis (TB), acquired immune deficiency syndrome (AIDS) and malaria
(Iyer et al., 2021). Indeed, predictive modelling studies suggest that
10 million deaths per year will occur due to AMR by 2050, globally
(Hillock et al., 2022). The crisis of AMR, therefore, requires a multisectoral
approach to mitigation including monitoring, surveillance, novel therapeu-
tic options and optimal prevention and control strategies. While national
and global policies have impacted antimicrobial use, studies have shown
a startling 65 % increase in antimicrobial use in the period of 2000 to
2015 alone (Dutescu, 2021). Furthermore, developed countries with higher
incomes have increased levels of AMR species (Kirby andHerbert, 2013) in-
dicating the effects of neoliberalism on economic policy, the emergence of
AMR and the development and production of therapeutics by profit moti-
vated pharmaceutical companies (Dutescu, 2021). Furthermore, theTa

bl
e
1

O
ut
lin

in
g
an

tif
un

ga
ld

ru
g
th
er
ap

y
op

tio
ns
,m

od
e
of

ac
tio

n
an

d
re
si
st
an

ce
pr
ofi

le
of

in
va
si
ve

fu
ng

al
pa

th
og

en
s
to

be
lis
te
d
as

pr
io
ri
ty

pa
th
og

en
s
by

th
e
W
H
O
.

D
ru
g
cl
as
s
(d
ru
gs

us
ed

in
cl
in
ic
al

pr
ac
tic

e)
M
od

e
of

ac
ti
on

R
es
is
ta
nt

sp
ec
ie
s

R
es
is
ta
nc

e
m
ec
ha

ni
sm

s
A
dd

it
io
na

lc
on

si
de

ra
ti
on

s

Po
ly
en

es
(A

M
P
B)

D
ep

le
te
s
m
em

br
an

e
er
go

st
er
ol

(I
ye

r
et

al
.,
20

21
)

Pn
eu
m
oc
ys
tis

jir
ov
ec
ii

A
bs
en

ce
of

er
go

st
er
ol

in
ce
ll
m
em

br
an

e
(H

el
w
eg

-L
ar
se
n
et

al
.,
20

17
)

A
M
P
B
ne

ph
ro
to
xi
ci
ty
,u

se
d
in

co
m
bi
na

ti
on

w
it
h
fl
uc

yt
os
in
e,

us
ed

fo
r
tr
ea
tm

en
to

fM
uc

or
m
yc
os
is
in

hu
m
an

s
(D

an
na

ou
i,
20

17
)

A
zo
le
s
(T
ri
az
ol
es
,i
tr
ac
on

az
ol
e,

po
sa
co
na

zo
le
,v

or
ic
on

az
ol
e,

is
av

uc
on

az
ol
e)

Bl
oc
k
er
go

st
er
ol

bi
os
yn

th
es
is

C
ry
pt
oc
oc
cu
s
sp
p.

(L
ee

et
al
.,
20

20
)

A
sp
er
gi
llu

s
sp
p.

C
an

di
da

al
bi
ca
ns

an
d
N
A
C

Pn
eu
m
oc
ys
tis

jir
ov
ec
ii

U
pr
eg

ul
at
io
n
of

th
e
az
ol
e
ta
rg
et

ge
ne

ER
G
11

,d
ru
g
ef
fl
ux

pu
m
ps
,

ge
ne

ti
c
pl
as
ti
ci
ty

(I
ye

r
et

al
.,
20

21
),
ex
op

ol
ys
ac
ch

ar
id
e
ca
ps
ul
e,

fo
rm

at
io
n
of

la
rg
e
po

ly
pl
oi
d
ti
ta
n
ce
lls

(Z
af
ar

et
al
.,
20

19
)

M
ut
at
io
ns

in
th
e
cy
p5

1A
(R

om
er
o
et

al
.,
20

19
)
TR

34
/L
98

H
m
ut
at
io
n,

TR
46

/Y
12

1F
/T

28
9A

m
ut
an

ts
(P
in
to

et
al
.,
20

18
)

ER
G
11

po
in
tm

ut
at
io
ns

(W
ie
de

rh
ol
d,

20
17

),
ef
fl
ux

pu
m
p

A
bs
en

ce
of

er
go

st
er
ol

in
ce
ll
(H

el
w
eg

-L
ar
se
n
et

al
.,
20

17
)

In
cr
ea
se
d
ex
pr
es
si
on

of
m
em

br
an

e
tr
an

sp
or
te
rs

an
d
ef
fl
ux

pu
m
ps

(C
aC

D
R
1
an

d
C
aC

D
R
2)

co
rr
el
at
es

w
it
h
az
ol
e
re
si
st
an

ce
in

m
an

y
fu
ng

al
sp
ec
ie
s

A
TP

(a
de

no
si
ne

tr
ip
ho

sp
ha

te
)-
bi
nd

in
g
ca
ss
et
te

(A
BC

)f
am

ily
an

d
th
e

m
aj
or

fa
ci
lit
at
or

su
pe

rf
am

ily
(M

FS
)
of

ef
fl
ux

pu
m
ps

al
so

co
nf
er

bi
oc
id
al

re
si
st
an

ce
in

m
an

y
m
ic
ro
bi
al

sp
ec
ie
s
(M

ea
de

et
al
.,
20

21
c)

Po
sa
co
na

zo
le

an
d
is
av

uc
on

az
ol
e
us
ed

to
tr
ea
tM

uc
or
m
yc
os
is

(D
an

na
ou

i,
20

17
)

Ec
hi
no

ca
nd

in
s
(a
ni
du

la
fu
ng

in
,

ca
sp
of
un

gi
n,

m
ic
af
un

gi
n)

D
is
ru
pt

ce
ll
st
ru
ct
ur
al

in
te
gr
it
y

C
ry
pt
oc
oc
cu
s
sp
p.

(L
ee

et
al
.,
20

20
)

A
sp
er
gi
llu

s
sp
p.

C
an

di
da

sp
p.

M
uc
or
al
es

sp
p.

In
tr
in
si
c
re
si
st
an

ce
to

ca
sp
of
un

gi
n
(M

ea
de

et
al
.,
20

21
c)

Ef
fl
ux

pu
m
ps

N
o
in

vi
tr
o
ac
ti
vi
ty

(D
an

na
ou

i,
20

17
)

Po
te
nt

in
vi
tr
o
ac
ti
vi
ty

ag
ai
ns
tC

an
di
da

is
ol
at
es

re
si
st
an

tt
o

fl
uc

on
az
ol
e
(W

ie
de

rh
ol
d,

20
17

)
C
as
po

fu
ng

in
us
ed

in
co
m
bi
na

ti
on

w
it
h
cl
in
da

m
yc
in

to
tr
ea
t

Pn
eu
m
oc
ys
tis

jir
ov
ec
ii
(L
ie

t
al
.,
20

16
)

Py
ri
m
id
in
e
an

al
og

ue
(fl
uc

yt
os
in
e)

A
nt
im

et
ab

ol
it
e
–
bl
oc
ks

D
N
A

sy
nt
he

si
s

C
ry
pt
oc
oc
cu
s
sp
p.

C
an

di
da

sp
p.

A
lt
er
at
io
ns

in
ca
ps
ul
e
bi
os
yn

th
es
is
in

C
ry
pt
oc
oc
cu
s

M
ut
at
io
ns

in
FC

Y
1,

FC
Y
2,

an
d
FU

R
1
ge

ne
s
(B
ill
m
yr
e
et

al
.,
20

20
)

5-
Fl
uo

ro
cy
to
si
ne

is
a
pr
od

ru
g
co
nv

er
te
d
in
to

to
xi
c
5F

U
by

cy
to
si
ne

de
am

in
as
e,

a
fu
ng

is
pe

ci
fi
c
en

zy
m
e
(B
ill
m
yr
e
et

al
.,
20

20
)

M. Garvey et al. Science of the Total Environment 851 (2022) 158284

3382



national political and economic situation impacts on the provision of
healthcare and distribution of pharmaceuticals in public and private
healthcare settings where the latter may prioritise financial gain over
AMR stewardship (Broom et al., 2021). Indeed, in our determination to ex-
tend human life, reduce morbidity and obtain optimal healthcare, micro-
bial species are portrayed as loathsome with their commensal and
beneficial interactions often overlooked. The extensive use of antimicrobial
therapy negatively impacts gastrointestinal (GIT) microbiota, resulting in
dysbiosis and associated diseases (autoimmunity, cancer,mental health dis-
orders) leading to morbidity and economic impacts which may be avoided
with the absence of prolonged antimicrobial therapy resulting from AMR
infections (Meade et al., 2020a). The extensive use of antimicrobial ther-
apy, emergence and re-emergence of resistant microbes has resulted in in-
creasing rates of nosocomial disease where clinician's repertoire of
therapeutic options is greatly diminished (Meade et al., 2021a, 2021b,
2021c).

WHO reports indicate nosocomial pathogens including Escherichia coli
andmethicillin resistant Staphylococcus aureus frequently display resistance
to 3rd generation cephalosporins and fluoroquinolones with the Gram neg-
ative Klebsiella pneumoniae also displaying resistance to carbapenems
(Founou et al., 2017). The ESKAPE pathogens Enterococcus spp., S. aureus,
K. pneumoniae,Acinetobacter baumannii, Pseudomonas aeruginosa and Entero-
bacter spp. represent a significant risk to public health with decreasing
treatment options available. Indeed, these species are classed as the most
prevalent of the life-threatening pathogens isolated from 72 % of patients
in clinical settings (Benkő et al., 2020). Hospital acquired infections
(HAIs) or nosocomial infections involving MDR-ESKAPE pathogens are in-
creasing (Zhen et al., 2019) particularly in immune-compromised patients
in intensive care units (ICUs) due to non-communicable disease. Emerging
and re-emerging pathogens are also unpredictable in their levels of AMR
and rates of mortality. Borrelia burgdorferi the emerging causative agent of
Lyme disease for example displays AMR or antibiotic tolerance (Hodzic,
2015) and is associated with increasing prevalence and chronic morbidity.
Advocacy of the continued and proliferating threat of AMR has been some-
what successful, in promoting awareness, driving research, and spurring
government and organizations into action, globally. There remains how-
ever, a strong focus on antibiotic resistance and bacterial pathogens with
fungal species often overlooked in both clinical and in agriculture settings.
Even with the evident high mortality rates of fungal infections and ubiqui-
tous nature of mycosis, insufficient funding into the diagnosis and therapy
of fungal disease has prevailed for decades (Stone et al., 2021).

2.1. Clinical relevance of fungal AMR – a major underappreciated challenge

Fungal infectious diseases are commonly classified as opportunistic or
primary affecting immunocompromised and immunocompetent person re-
spectively, either locally or systemically. Local dermal infections are typi-
cally caused by dermatophytes (requiring keratin) and Malassezia spp.
(requiring fatty acids from host lipids) (White et al., 2014). Systemic fungal
infections often involve the opportunistic Candida, Aspergilla,Mucorale and
Fusarium species. With primary pathogens including Coccidioides,
Histoplasma, Blastomyces and Cryptococcus causing localised lung infection
followed by systemic mycosis in immune competent persons post

inhalation of fungal spores. Increasing prevalence of mycosis relates to sev-
eral factors including increased number of immunocompromised patients,
increased longevity, affluence, fungal AMR/MDR, zoonosis and improve-
ment in fungal detection methods (Firacative, 2020). The issue is further
proliferated by the increasing number of emerging fungal pathogens in-
cluding MDR Candida auris, Fusarium spp. and Mucorales (Yousfi et al.,
2019). Additionally, rare and emerging moulds including Lomentospora
spp. and Scedosporium species have innate AMR and represent a significant
challenge in detection and diagnostics (Hoenigl et al, n.d.). Zoonosis is
highly prevalent in fungal species (Table 2) withmany species transmitting
from food producing and companion animals (Meade et al., 2020b; Meade
et al., 2019). The most common species associated with invasive infection,
morbidity and mortality include C. albicans, Cryptococcus neoformans,
Aspergillus fumigatus, Pneumocystis jirovecii and Mucoromycetes (Firacative,
2020). Invasive mycosis is a significant challenge in clinical settings due
to the vast array of fungal pathogens, limited number of antifungal drug-
options, drug biocompatibility and absorption issues in the host.

When the terms funguria or fungal urinary tract infection are used, most
physicians are referring to candiduria and urinary tract infections due to
Candida species (Kauffman, 2014). Other fungi, including yeasts and
moulds can involve the kidney during the course of disseminated infection,
but rarely cause symptoms referable to the urinary tract. Candida species
appear to be unique in their ability to both colonize and cause invasive dis-
ease in the urinary tract. Candiduria is commonly seen in hospitalized pa-
tients and most of the patients are asymptomatic, but it may be due to
cystitis, pyelonephritis, prostatitis, epididymo-orchitis or disseminated can-
didiasis (Odabasi and Mert, 2020). Major risk factors are diabetes mellitus,
indwelling urinary catheters, use of broad-spectrum antibiotics, urinary ob-
struction, and admission to ICUs. Candida urinary tract infections can be
caused by hematogenous spread following candidemia, or retrograde
route via the urethra. Candida auris, which was first isolated in 2009, has
now become a global health threat with mortality rates of ca. 72 %
(Hillock et al., 2022).While C. albicans is the leading cause of BSIs, diagnos-
tics increasingly reportC. glabrata as the cause of invasive fungemia in older
patients (Kauffman and Yoshikawa, 2001). Importantly, C. glabrata possess
innate resistance to fluconazole requiring treatment with echinocandin as
drug therapy.

Cryptococcus neoformans and C. gattii are the predominant species asso-
ciated with cryptococcosis where inhalation of the fungal spores leads to
pneumonia with dissemination to the central nervous system (CNS) causing
meningitis. In immunocompetent persons, the disease is often self-limiting
due to the action of innate (neutrophils) and adaptive immunity, like TB;
however, persistent infection with chronic systems can occur (Zafar et al.,
2019).

Cryptococcus has a 20%mortality rate in immunocompromised HIV pa-
tients (Pasquier et al., 2018) increasing to 100% if left untreated (Iyer et al.,
2021). Furthermore, Cryptococcus species are innately resistant to the
echinocandins, have acquired resistance to azoles; therefore, treatment is
limited to the nephrotoxic amphotericin B (AMPB) (Lee et al., 2020). Efforts
to reduce AMP B toxicity and increase efficacy have led to the development
of a combination therapywithflucytosine, a liposomebilayer-coated AMPB
formulation, and an encochleated oral AMPB a lipid-containing crystal
nanoparticle for delivery to the CNS in the treatment of meningitis (Jarvis

Table 2
Zoonotic pathogenic fungal species isolated from food producing and companion animals, where AMR profilesa and route of zoonosis are listed.

Isolate Disease AMR profilea Route of zoonosis

Fungal species Candida albicans Canine cutaneous candidiasis Resistant to FCZ, AMP B and CAS (Meade et al., 2019) Close contact to the animal, animal
bedding and/or excrementCandida krusei Canine candiduria Resistant to FCZ, AMP B and CAS (Meade et al., 2019)

Aspergillus niger Canine otomycosis Resistant to FCZ (Meade et al., 2021a, 2021b, 2021c)
Malassezia
pachydermatis

Canine dermatitis Resistant to FCZ, AMP B and CAS (Meade et al., 2021a, 2021b, 2021c)

Cryptococcus neoformans Bovine mastitis Resistant to FCZ, AMP B and CAS (Meade et al., 2020b) Close contact to the animal, consumption
of contaminated milk/dairy

Abbreviations: FCZ - Fluconazole, AMP B - Amphotericin B, CAS - Caspofungin.
a AMR profile established via selective agars, and standard disk diffusion and microdilution methods in accordance with EUCAST guidelines.
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et al., 2019; Lu et al., 2019). Clinical trials are ongoing where initial studies
show promising results (Iyer et al., 2021).

Aspergillus has 4 main manifestations of disease including allergic bron-
chopulmonary aspergillosis, chronic necrotising pneumonia, aspergilloma
(mycetoma) and an invasive aspergillosis (Metodiev, 2012). Invasive asper-
gillosis commonly resultant from A. fumigatus infection has a mortality rate
of ca. 70 % in immunocompromised patients (Firacative, 2020) where neu-
trophil dysfunction and neutropenia are risk factors for disease progression.
Importantly,Aspergillus pneumonia can result in a chronic necrotizing infec-
tion with a mortality rate of 40% (Latgé and Chamilos, 2019) increasing to
100 % in undiagnosed patients with dissemination to the CNS (Fosses
Vuong andWaymack, 2022). Dissemination of aspergillosis resultant in en-
docarditis, endophthalmitis and abscesses on many organs, soft tissue and
bone is also possible (Metodiev, 2012). There is increasing prevalence of
azole resistance (fluconazole) in A. fumigatus isolates globally (Romero
et al., 2019) with this class of drug being the primary treatment option
for aspergillosis due to its oral administration, improved biocompatibility,
and cost (Wiederhold, 2017). Pneumocystis jirovecii is an opportunistic path-
ogen and the causative agent of Pneumocystis Jirovecii Pneumonia (PJP) a
potentially life-threatening pneumonia having a mortality rate of 50 % in
immunocompromised persons (Truong and Ashurst, 2022) such as those
suffering congenital immunodeficiency, AIDS, or receiving organ trans-
plants (Lee et al., 2015). P. jirovecii can be carried asymptomatically
by immunocompetent persons who act as reservoirs for transmission. Im-
portantly, ergosterol is absent from the plasma membrane of P. jirovecii
making many antifungal agents including AMPB and the azoles redundant
in the treatment of PJP where anti-protozoan drugs where the mainstay of
treatment (Helweg-Larsen et al., 2017).

Currently, standard treatment involves cotrimoxazole which contains
sulfamethoxazole (SMX) and trimethoprim (TMP), SMX resistance, how-
ever, has become a concern in P. jirovecii (Lee et al., 2015). Both these anti-
microbial's target the essential enzymes dihydrofolate reductase (DHFR)
required for purine synthesis and dihydropteroate synthase. This makes
them excellent antimicrobial drug targets, as disruption of thymine synthe-
sis leads to cell death in many microorganisms (Ahmad et al., 1998). Muta-
tions in the DHFR gene, however, confer TMP resistance in many microbial
species including P. jirovecii (Leidner et al., 2021). In non-responsive PCP
patients, treatment with a combination of caspofungin and clindamycin
may offer some benefit (Li et al., 2016). Additionally, adverse drug reac-
tions are common with cotrimoxazole treatment including fever, nausea,
vomiting, neutropenia, thrombocytopenia, and epidermal necrolysis that
can be fatal in some cases (Kaplan et al., 2009).

Mucoromycetes are a group of environmental moulds the Mucorales
(Rhizopus, Apophysomyces, Mucor, and Lichtheimia species) associated with
Mucormycosis (previously zygomycosis) a rare, severe, and often fatal fun-
gal infection in humans having an 80 % mortality rate. The incidence of
Mucormycosis is increasing however, as the population of immunocompro-
mised patients increases (Skiada et al., 2020). Mucormycosis recently came
to light in India in an infection outbreak in thousands of Covid-19 patients
(Stone et al., 2021). Prolonged antibiotic and corticosteroid therapy are
predisposing factors for Mucormycosis in Covid patients (SeyedAlinaghi
et al., 2022) with diabetic patients and patients with hematological malig-
nancies also at risk. A chronic progressive infection caused by Mucor
irregularis has emerged in immunocompetent persons in China (Skiada
et al., 2020). Mucormycosis targets numerous organs including the nasal
cavity, paranasal sinuses, orbit fossa, CNS, pulmonary system, GIT, cutane-
ous, disseminated, and mediastinum (Nagy et al., 2021). The Mucorales
have high levels of antifungal resistance with current treatments AMP B,
posaconazole and isavuconazole only displaying suboptimal efficacy
(Dannaoui, 2017). Drug therapy is therefore often in combination with sur-
gical intervention.

2.2. Food security and fungal AMR

Agriculture is particularly susceptible to fungal infection and destruc-
tion leading to loss of production, national economic impacts, and impacts

on human health (Gehlot and Singh, 2018). Contamination of the agricul-
tural food chain with fungal species and/or their mycotoxins can result in
food wastage, disease outbreak, morbidity, and economic burden. To miti-
gate the risk of fungal agricultural impacts azole-based fungicides (predom-
inately imidazoles and triazoles) have been in use for decades (Jørgensen
and Heick, 2021). Indeed, from a One Health perspective azoles offer effec-
tive management of many fungal disease in plants, animals and humans en-
suring food security (Verweij et al., 2020). Environmental exposure to the
azoles however, used as fungicides in agriculture, has promoted azole resis-
tance in clinical fungal species including Aspergillus (Wiederhold, 2017).
Such AMR has been observed in A. fumigatus which is harmless to plants
but causes invasive fungal disease in humans, often fatal in immunocom-
promised patients (Verweij et al., 2020). Furthermore, diseasemanagement
is an emerging issue in agriculture as azole resistance occurs in many plant
fungal pathogens including Zymoseptoria tritici, Pyrenophora teres and
Ramularia collocygni (Rehfus et al., 2019). Indeed, the abundant use of fun-
gicidal agents in agriculture promotes AMR to all classes of antifungal
agents including benzimidazoles, anilinopyrimidines, strobilurins, succi-
nate dehydrogenase inhibitors and the sterol demethylation inhibitors
(DMIs) (Fisher et al., 2022). While azole use in agriculture varies globally,
patterns emerge between the use of azoles and rate of azole resistant strains.
Holland for example, where azoles are used abundantly in tulip farming has
one of the highest rates of azole resistance strains of A. fumigatus (van der
Linden et al., 2013). As food security and zero hunger are goals of the UN
SDGs there is a need to protect and enhance food production systems in a
sustainable way. The introduction of mycopesticides to control insect spe-
cies as part of sustainable agriculture is one suchmethod. The use of fungal
species non-pathogenic to humans may reduce the emergence of AMR spe-
cies. Mycopesticides used as mycoherbicides (Collectrichum gloesporioides,
Phytophthora palmivoraa), mycoinsecticides (Beauveria bassiana) and
mycofungicides (Trichoderma) certainly offers some benefits towards sus-
tainable agriculture practices (Gehlot and Singh, 2018). The use of
entomopathogens has proven beneficial as alternatives to chemical pesti-
cides due to their broad activity, environmental safety, lack of residual on
food and safety for human contact. The entomopathogenic fungus
Beauveria bassiana and bacteria Bacillus thuringiensis have displayed a
range of possibilities as biopesticides for numerous crop pests (Wang
et al., 2021). Entomopathogenic fungi are important regulators of insect
populations and biotransformation of ecosystems aiding in biodiversity reg-
ulation (Niu et al., 2019). These fungi destroy insect species thereby lower-
ing insect density on crops, preventing crop losses. They are common soil
dwellers in natural habitats. Undesirable killings by entomopathogenic
fungi are a risk however, where excess usage of these biopesticidesmay dis-
rupt the biodiversity of soil or harm beneficial insects such as pollinators
(Yaman, 2017). Laboratory studies demonstrated that some Beauveria
and Metarhizium isolates cause significant mortality to honeybees, but
this has not been verified in an environmental setting (Bava et al., 2022).
It is essential to fully establish the impact of these fungi on biodiversity
and essential species such as pollinators before increasing their widespread
application. Additionally, such biopesticides may pose a risk to immuno-
compromised persons, require approximately 2weeks towork and have ex-
pensive manufacture and storage requirements (Gehlot and Singh, 2018).

2.3. Biocidal AMR considerations

The extensive use of anthropogenic chemicals as biocides represents a
great risk to environmental, animal, and human health (Massei et al.,
2018). Depending on their application, biocides are categorised as disinfec-
tants, preservatives, pesticides, and other biocidal products such as anti-
fouling agents (Levinskaite, 2012). Such chemical pollution is a
significant problem resulting inwater and soil pollution, loss of soil fertility,
loss of biodiversity, loss of ecosystems and bioaccumulation of fat-soluble
chemicals and associated toxicity. Additionally, chemical pollution is be-
lieved to have resulted in 9 million premature deaths in 2015 and contrib-
ute to the growing trend in neuro-development issues in children including
autism, attention deficit disorder, mental retardation, and cerebral palsy

M. Garvey et al. Science of the Total Environment 851 (2022) 158284

5384



(Brack et al., 2022). The European Union (EU) implemented the EU
Biocidal Products Regulation (BPR) No 528/2012 to regulate the market
and use of biocidal products in order to mitigate environmental pollution.
Certain unsafe biocides have been withdrawn from use and others are
under investigation under this important regulation. Chemical risk assess-
ment is key to establishing the safety profile of biocides where routes of ex-
posure, hazard identification and safety levels are essential factors. The vast
range of anthropogenic chemicals and their unpredictable combinations in
the environment; however, makes such analysis extremely difficult. The
rate of environmental pollution with persistent antimicrobial chemicals
such as chlorine and quaternary ammonia compounds (QACs) is extensive,
particularly in hotspot locations such as hospital effluent. QACs, which are
broad spectrum antimicrobials, are toxic to aquatic species fish, algae and
daphnids have been detected in surface and wastewater at 60 ppm
(Meade et al., 2021a, 2021b, 2021c). The prevalence of biocidal resistance
in AMR species bacterial and fungal (Table 3) is also an alarming trend
where resistance to QACs has been shown to promote AMR in species in-
cluding E. coli (Garvey, 2022). Studies report strains of Pseudomonas
aeruginosa, which were 12 times more tolerant to certain QACs, were also
265 times more resistant to ciprofloxacin due to mutations in the gyrA
gene (Chen et al., 2021). Indeed, many microbial species display biocidal re-
sistance or tolerance to EPA approved disinfectants evident by increasing
minimum inhibitory concentrations (MICs). Exposure to suboptimal or suble-
thal concentrations allows for the acquisition of AMR in bacterial and fungal
species to many of the standard disinfectants including QACs, phenols and
chlorine-based solutions (Levinskaite, 2012). The development of alternative
green biocides for disinfection purposes may offer some benefits in reducing
environmental pollution from disinfection activities (Garvey, 2022).

3. Efficacy of front-line infection preventive interventions

There are several front-line approaches used to inactivate fungal patho-
gens that vary in efficacy depending on the type of technology used, species
of fungi treated, and environmental processing conditions. Emphasis is
based on breaking the chain of infection using appropriate technologies
and interventions that can be informed by predictive modelling (Rowan
et al., 1999) and risk mitigation tools. This is an established HACCP ap-
proach that was also successfully used to prevent and control mycotoxins
in grains (Matumba et al., 2021) and to addressing important supply
chain disruption issues during the COVID-19 pandemic (Rowan and
Laffey, 2020; Rowan and Laffey, 2021; Rowan and Moral, 2021). Preven-
tion of fungal infections arising from reuse of medical devices is addressed
by appropriate cleaning and reprocessing by the healthcare provider based
on following manufacturer's instructions for use (MIFU), which is a highly
regulated industry. However, if improperly cleaned and stored, reusable
medical devices (such as contaminated endoscopes) can harbour fungal
species (such as Aspergillus sp., Candida sp.) (Marchese et al., 2021) in
build-up biofilm that can tolerate reprocessing including use of chemical
or gaseous high-level chemical disinfection (Alfa, 2019; Alfa and Singh,
2020; Kwakman et al., 2022). Where appropriate, medical devices are sub-
jected to physical terminal sterilization modalities (such as electron beam,
gamma and x-ray irradiation), based on the complexity of design features
and heat-sensitive material composition (Chen et al., 2019; McEvoy and
Rowan, 2019). The healthcare Sterile Services Department follows MIFUs
to understand and apply appropriate cleaning and reprocessing that in-
cludes conducting verification testing using artificial soiling procedures
(Giles et al., 2018; Alfa, 2019).

Selection of appropriate medical device disinfection or sterilization ap-
proaches is informed by the Spaulding Classification system,which is based
on the perceived risk to patient acquiring an infection due to use of a con-
taminated device (Fig. 1). Josephs-Spaulding and Singh, 2021 “Critical
(items that contact sterile tissue, such as surgical instruments), semi-
critical (items that contact mucous membrane, such as endoscopes), and
non-critical (devices that contact only intact skin, such as stethoscopes),
items require sterilization, high-level disinfection, and low-level
disinfection, respectively” (Rutala, 2019). In terms of the hierarchyTa
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of susceptibility of different microbial species to the various applied lethal
processing technologies, fungal spores are generally considered to be mod-
erately resistant. Yeast cells are of similar resistance to vegetative bacterial
cells when exposed to disinfection treatments (Fig. 1). While planktonic
occurring yeast are typically killed by low-level disinfection, high-level
disinfection or sterilization processes may be required to kill similar yeast
species in build-up biofilm on improperly maintained medical devices,
such as endoscopes. However, such yeast may survive device reprocessing
if improper cleaning precedes high-level disinfection or sterilization. In
situ healthcare, and terminal sterilization industry apply the principle

of 12 D (Decimal Reduction Time) to ensure all medical devices are steril-
ized, which is a significantly over-kill approach based upon probability of
achieving lethality where biological indicators (such as Geobacillus
stearothermophilus or Bacillus atrophaeus) are treatedwith high levels of ster-
ilant typically treated for these regulated modalities (Fig. 2). While there is
a need to consider the sustainability of sterilant usage, there is also a signif-
icant lack of published work on the use of fungi in medical device
reprocessing and sterilization.

Indwelling catheters are a high risk of colonization by systemic fungal
infections (Kazemzadeh-Narbat et al., 2021). Giles et al. (2018) has

Fig. 1. Pyramid of increasing microbial and infectious agent resistance to disinfection and sterilization.

Fig. 2. 12-D microbial inactivation plot for establishing sterility assurance levels in treated devices (adopted from McEvoy and Rowan, 2019).
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reported that there is increasing evidence fungal species, particularly
Candida, can contribute tomedical device infections that relate to coloniza-
tion of devices such as indwelling catheters post insertion in patient. Fungal
species can harbour in build-up biofilms that occur in improperly main-
tained reusable endoscopes where they are protected from high-level
disinfection;moreover, these contaminated devices can cause infection par-
ticularly in compromised patients (Marchese et al., 2021; Kwakman et al.,
2022). High-level disinfection is verified by reducing a pre-determined
population ofMycobacterial species by 6 log orders; it does not destroy bac-
terial endospores Thus, there is a clear need for effective preventative mea-
sures, such as thin coatings that can be applied ontomedical devices to stop
the attachment, proliferation, and formation of device-associated biofilms
(Masterson et al., 2021). However, fungi being eukaryotes, the challenge
is greater than for bacterial infections because antifungal agents are often
toxic towards eukaryotic host cells. While there is extensive literature on
antibacterial coatings, a far lesser body of literature exists on surfaces or
coatings that prevent attachment and biofilm formation onmedical devices
by fungal pathogens. Other emerging technologies used in healthcare and
adjacent areas to prevent fungal diseases are as follows:

3.1. Light based disinfection technologies

Light based technologies for effectively destroying microbial pathogens
including fungal spores have been low-pressure fixed UV (256 nm), broad-
spectrum pulsed light (200 to 1100 nm) (Hayes et al., 2012a; Rowan, 2019;
Garvey et al., 2010), and more recently, blue light (400 to 500 nm, or fixed
at 405 nm) (Trzaska et al., 2017). These are non-thermal technologies that
leave no unwanted chemical residuals and have been used for both contact
surface and air disinfection (Garvey and Rowan, 2015). Reliable and re-
peatable destruction of fungal spores depends on duration of exposure,
dose, fungal bioburden or population and presence of interfering material
or milieu such as organic deposits or biofilm (Farrell et al., 2009; Garvey
et al., 2015a). Therefore, prior cleaning of surfaces significantly enhances
disinfection performance of light-based technologies, which equally applies
for achieving appropriate sterility assurance levels for all modalities
(McEvoy and Rowan, 2019). An understanding of inactivation kinetic
modelling and performance of UV light sources is critical to achieve appro-
priate log-reductions in the intended target (Rowan and Moral, 2021;
Rowan et al., 2015).

Low pressure,fixedwavelength (256 nm) UV light (LPUV) sources have
been used for decades for disinfection of fungal spores on contact surfaces
and relies upon the disruptive nature of UV to specifically target and irre-
versibly damage DNA (Fitzhenry et al., 2019). However, technical draw-
backs to using fixed UV light sources include safety to operator due to UV
exposure, adaptive molecular and cellular repair mechanisms in treated
fungi, and the presence of spore pigmentation that absorbs UV light at the
same or similar wavelength to 256 nm protecting the fungus (Anderson
et al., 2000). Development of effective adaptive responses by fungi to UV
irradiation is well understood given that UV is a constitute wavelength
found in sunlight. Fixed-wavelength UV sources is mainly used for inactiva-
tion of waterborne pathogens including fungal spores (Wan et al., 2020).
There is a gap in knowledge as to whether fungi exhibiting resistance to
front-line antifungal drugs are more resistant; however, this is unlikely
given LPUV focuses on DNA.

Pulsed UV light (PL) have been reported to effectively destroy a broad
range of fungal pathogens, but this has been limited to contact surface dis-
infection due to safety exposure risk to operators. PL has been approved by
the FDA in the production, processing and handling of foods since 1996 up
to cumulative UV dose or fluence of 12 J cm−2 where emission spectra is to
be kept between 200 and 1100 nm and pulse duration at≤2 ms (Food and
Drug, 1994). It is used for commercial scale food packaging. The technolog-
ical principle of pulsed light disinfection is based upon the accumulation of
high discharge voltage in a capacitor, where the stored energy is delivered
in ultra-short pulses through a light source filled with xenon gas (Hayes
et al., 2012b). This xenon-light source emits a broad-spectrum light flash
typically in the range of ca. 200–1100 nm, with approximately 25 % in

the UV range (Bradley et al., 2012). It is considered that PL disinfection ef-
ficiency is higher compared with continuous-wave low-pressure UV irradi-
ation (CW-UV) due to its high peak power along with the ability to deliver
its stored energy over short durations, typically 1 to 10 pulses per second
(Rowan, 2019). The main parameters governing effective PL operational
for disinfection are the fluence [J cm−2] over exposure time [s], number
of pulsed applied [n], pulsed width [τ], frequency [Hz], and the peak
power [W] (Rowan, 2019; Hayes et al., 2013; Garvey et al., 2015b). Future
sustainability surrounding the development of PL treatment is likely to en-
tail use of different light sources such as LEDs (Kim et al., 2017) along with
using different configuration in treatment chambers design that deliver
pulsed light at multiple angles to overcome shaded areas (Chen et al.,
2017). Murray et al. (2018) suggested that additional advantages of using
LEDs are the potential to use a range of different wavelengths such as UV-
C thereby providing a possible synergistic antimicrobial action (Murray
et al., 2018). This approach may be particularly applicable for inactivating
complex pathogens, such as fungi or parasites, where other wavelengths in
the pulsed spectrum may also contribute by destroying important cellular
macromolecules and structures,(Garvey et al., 2013).

Farrell et al. (2011) reported on the relationship between pulsed UV
light (PL) irradiation and the simultaneous occurrence ofmolecular and cel-
lular damage in clinical strains of Candida albicans (Farrell et al., 2011). Mi-
crobial protein leakage and propidium iodide (PI) uptake assays
demonstrated significant increases in cell membrane permeability in PL-
treated yeast that depended on the amount of UV pulses applied. This find-
ing correlated well with the measurement of increased levels of lipid
hydroperoxidation in the cell membrane of PL-treated yeast. PL-treated
yeast cells also displayed a specific pattern of intracellular reactive oxygen
species (ROS) generation, where ROS were initially localised in the mito-
chondria after low levels of pulsing (UV dose 0.82 μJ/cm2) before more
wide-spread cytosolic ROS production occurred with enhanced pulsing. In-
tracellular ROS levels were measured using the specific mitochondrial per-
oxide stain dihydrorhodamine 123 and the cytosolic oxidation stain
dichloroflurescin diacetate. Use of the dihydroethidium stain also revealed
increased levels of intracellular superoxide as a consequence of augmented
pulsing. The ROS bursts observed during the initial phases of PL treatment
was consistent with the occurrence of apoptotic cells as confirmed by detec-
tion of specific apoptotic markers, abnormal chromatin condensation and
externalisation of cell membrane lipid phosphatidylserine. Increased
amount of PL-irradiation (ca. UV does 1.24–1.65 μJ/cm2) also resulted in
the occurrence of late apoptotic and necrotic yeast phenotypes, which coin-
cided with the transition from mitochondrial to cytosolic localisation of
ROS and with irreversible cell membrane leakage. Use of the comet assay
also revealed significant nuclear damage in similarly treated PL samples.
Although some level of cellular repair was observed during sub-lethal expo-
sure to PL-treatments (≤20 pulses or UV dose 0.55 μJ/cm2), this was ab-
sent in similar samples exposed to increased amounts of pulsing.
Therefore, PL-irradiation inactivates C. albicans through a multi-targeted
process with no evidence of microbial ability to support cell growth after
≤20 pulses. Interesting, the identification of the onset of apoptosis in
treated yeast coincided with irreversible cell death, which may be poten-
tially used as a rapid diagnostic test for confirming their destruction, thus
alleviating reliance on culture-based enumeration techniques that requires
several days to confirm effectiveness (Farrell et al., 2011; Farrell et al.,
2009).

Blue light is an emerging technology for destruction of fungal pathogens
using spectral wavelengths that are safe for human exposure (Moorhead
et al., 2016). Maclean et al. (2009) first reported on the inactivation of bac-
terial pathogens following exposure to light from a 405 nm light emitting
diode, where Gram positive bacteria were more susceptible than similarly
treated Gram negative bacteria (Maclean et al., 2009). Trzaska et al.
(2017) exposed six-common trauma-associated fungal pathogens
(Rhizopus microsporus, Mucor cirinelloides, Scedosporium apiosspermum,
Scedosporium prolificans, Fusarium oxysporum, Fusarium solari) along with
Candida albicans to blue light treatments at 405 nm (Trzaska et al., 2017).
While blue light was shown to be highly effective against Scedosporium
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and Fusarium spp., time lapse imaging revealed that Rhizopus microsporus,
Mucor circinelloides and C. albicans eventually recovered full growth capac-
ity. The authors noted that once established in the host, IFIs are very diffi-
cult to treat and are associated with high levels of morbidity and
mortality where they recommended appropriate solutions to decontami-
nate hospital air, decolonize hospital surfaces to reduce opportunities for
wound infection. Blue light appears to be effective against a range of path-
ogens, including certain fungi, and does not require the need for exogenous
photosensitizer that are used in combinational photodynamic therapy
(PTD). Zhang and co-workers (2014) demonstrated efficacy of blue light
against antibiotic-resistant Acinetobacter baumannii in a mouse burn model
of infection (Zhang et al., 2014). These authors also demonstrated that bac-
teria are more susceptible to blue light than keratinocytes, suggesting po-
tential applications in topical treatments. The proposed mechanisms
underpinning mechanistic action of blue light is photoexcitation of endog-
enous porphyrins, generating the production of ROS and cell death; how-
ever, this has yet to be elucidated (Moorhead et al., 2016). Moorhead
et al. (2016) demonstrated efficacy of blue light for destroying Trichophyton
and Aspergillus conidia by violet-blue light exposure (3380–480 nm)
(Moorhead et al., 2016). Blue light technology that underpins High-
Intensity Narrow-Spectrum light Environmental Decontamination System
(HINS-light EDS) have now been deployed in many hospitals worldwide
for the safe disinfection of air (Bache et al., 2012;MacLean et al., 2013). Re-
cently, this technologywas proven to completely inactivate the blood borne
parasite Trypanosoma cruzi (that causes Chagas disease) in stored human
platelet concentrates and plasma, which highlights potential for preventing
adjacent fungal infections (Jankowska et al., 2020).

3.2. Other established and emerging interventions for preventing fungal infections

Flash heat pasteurization has been successfully used to treat microbial
pathogens including fungi for the dairy industry for decades (Garnier
et al., 2017), which is particularly relevant for species associated with caus-
ing mastitis (Kalińska et al., 2017). However, these authors also reported
that prevention and control of the occurrence of fungi is a major concern
for industrials and scientists that are looking for efficient eco-solutions. Sev-
eral traditional methods, also called traditional hurdle technologies, are im-
plemented and combined to prevent and fungal control include good
manufacturing and hygiene practices, air filtration, and decontamination
systems, while linked control methods encompassing inactivation treat-
ments, and temperature control. While the use of inappropriate and exces-
sive use of antibiotics in dairy cows has contributed to increased resistance
of mastitis pathogens (Jamali et al., 2014), the contribution of fungi to dis-
ease burden is significantly underestimated and underappreciated as they
are frequently overlooked. Other physical emerging technologies consid-
ered for reducing fungal pathogens in the environment includes the use of
pulsed-plasma gas-discharge (PPGD) treatments, such as for industrial ef-
fluents (Rowan et al., 2007), and pulsed electric fields (PEF) (MacGregor
et al., 2000; Beveridge et al., 2002). However, Hayes et al. (2013) reported
that PPGD treatment can be unsafe for treating industrial effluents as this
technology can produce considerable significant cytotoxic properties (as
determined byMTT and neutral red assays), genotoxic properties (as deter-
mined by comet and Ames assays), and ecotoxic properties (as determined
byMicrotox™, Thamnotox™ and Daphnotox™ assays), whichwas attributed
to corrosion of the electrodes over time (Hayes et al., 2013). However, Kang
et al. (2015) reported on the effective inactivation of fungal spores in water
and on seeds by using ozone and arc discharge plasma (Kang et al., 2015).
Whereas Dehghani et al. (2007) previously reported on an ultrasound reac-
tor technology to reduce fungi in sewage (Dehghani et al., 2007). The chal-
lenges with novel and new emerging technologies are gaining consensus
internationally on agreed methodology that will produce harmonized find-
ings that will inform verification for validation of modalities by regulators.
This will also impact upon investors for bringing new technologies, includ-
ing new green-deal innovations to market (Rowan and Galanakis, 2020;
Galanakis et al., 2021).

There is commensurate interest the development of antifungal coatings
to prevent medical device infections, particularly for Candida species (Giles
et al., 2018). These authors report that fungal species can form biofilms by
themselves or by participating in polymicrobial biofilms with bacteria.
Thus, there is a clear need for effective preventative measures, such as
thin coatings that can be applied onto medical devices to stop the attach-
ment, proliferation, and formation of device-associated biofilms. However,
as fungi are eukaryotes, there is a greater challenge than treating other mi-
crobial pathogens as antifungal agents are often toxic towards eukaryotic
host cells. These authors noted thatwhile there is extensive literature on an-
tibacterial coatings, a far lesser body of literature exists on surfaces or coat-
ings that prevent attachment and biofilm formation on medical devices by
fungal pathogens. A greater appreciation of themolecular understanding of
fungal recognition of, and attachment to, suitable surfaces, and of ensuing
metabolic changes, is essential for designing rational approaches towards
effective antifungal coatings, rather than empirical trial of coatings. With
increasing complexity in the design of medical devices comes a commensu-
rate challenge in the effective decontamination and sterilization, including
devices for reuse (McEvoy and Rowan, 2019). There is a pressing need to
establish appropriate real-time diagnostic technologies that will confirm ef-
ficacy of terminal sterilization processes for next-generation medical de-
vices that balances microbial inactivation with maintaining effective
material and design functionality of these devices post treatments
(McEvoy et al., 2021).

Interest in the development of immunotherapies for addressing com-
plex microbial infections has increased, particularly over the past decade,
where invasive infections occur mainly as a result of altered immune status
(Armstrong-James et al., 2017; Murphy et al., 2020; Murphy et al., 2021;
Casalini et al., 2021). The incidence of IFIs has increased mainly due to
the widespread use of immunosuppressive drugs, invasive medical
interventions, HIV (Armstrong-James et al., 2017) and COVID-19
(Casalini et al., 2021; Roudbary et al., 2021). Thus, fungal diseases cause
life-threatening infections in the context of primary and acquired immuno-
deficiencies all over the world. Invasive fungal diseases are associated with
>50 % mortality that stems mainly from inadequate diagnosis and from
clinical shortcomings of existing antifungal drugs (Armstrong-James
et al., 2017; Vallabhaneni et al., 2016). However, no clinical vaccine exists
for the main genera of fungi causing invasive diseases (Aspergillus, Candida,
Cryptococcus and Pneumocystis) (Armstrong-James et al., 2017). The close
relationship between infection susceptibility and immunocompromised
status, combined with poor outcomes and increasing resistance to conven-
tional antifungal chemotherapy, has intensified interest in immunothera-
pies. The rapid progress in clinical immunotherapy research is creating
unprecedented opportunities to exploit existing approaches for treatment
of fungal disease—from recombinant cytokines to vaccines, monoclonal
antibodies, and engineered T cells (Armstrong-James et al., 2017). How-
ever, these authors advocated that the biggest challenge in the next decade
will be to test the use of immunotherapy for fungal diseases in carefully de-
signed clinical trials (Armstrong-James et al., 2017). The central role of
phagocytic cells in protective innate host response and in the development
of adaptive immunity is increasing in focus, where phagocytes are thera-
peutic targets as their activities can be influenced by soluble immunomod-
ulatory mediators (Wüthrich et al., 2012). The incidence of mycoses is
rising because immunomodulatory drugs are increasingly used to treat au-
toimmune diseases and cancer. New classes of antifungal drugs have only
been partly successful in improving the prognosis for patients with fungal
infection. Armstrong-James et al. (2017) advocated that adjunctive host-
directed therapy is therefore believed to be the only option to further im-
prove patient outcomes (Armstrong-James et al., 2017). Recent advances
in the understanding of complex interactions between fungi and host
have led to the design and exploration of novel therapeutic strategies in cy-
tokine therapy, vaccines, and cellular immunotherapy, each of which
might become viable adjuncts to existing antifungal regimens. However,
outcomes of several studies support an association between genetic poly-
morphisms and increased risk of fungal infections such as patients who
have received transplants (Maskarinec et al., 2016), where Armstrong-
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James et al. (2017) suggested stratifying patient risk on the basis of immu-
nogenetics (Armstrong-James et al., 2017). In doing so, intensive diagnos-
tic screening alone or combined with prophylactic antifungal therapy can
inform targeted immunotherapy to address this issue. Immunotherapy
can potentially circumvent increasing prevalence of increased resistance
to front line antifungal drugs in infected animals and humans.

3.3. Occurrence, fate and ecological risk of anti-fungal drugs and personal care
products

Currently, 400,000 tons of fungicides are applied to food crops globally,
which represents 17.5 % of pesticide applications (Gikas et al., 2022).
Researchers have reported that popular azole fungicides may reach the
receiving environment by direct or indirect discharge of wastewaters;
thus, posing significant potential risks to organisms in aquatic ecosystems
(Chen and Ying, 2015; Bhagat et al., 2021). Azole fungicides are widely de-
tected in surface water and in sediment of the aquatic environment arising
from incomplete destruction or removal in wastewater treatment plants.
Assress et al. (2021) reported that azole antifungals may enter the environ-
ment through the discharge of domestic, industrial and hospital wastewa-
ters, agricultural runoffs and as leachates in waste-disposal sites. These
authors noted that the presence of the azole antifungals poses potential tox-
icity risks to non-target organisms and plays a critical role in the evolution
and/or selection of azole resistant fungal strains in the environment. These
fungal drugs were reported to be resistant to microbial degradation but un-
dergo photolysis during exposure to UV irradiation (Chen and Ying, 2015).
However, photolysis of azole and effect of its derivatives need to be further
studied. Due to variance in physicochemical properties and environmental
persistence, these azole drugs could cause toxicity to aquatic organisms
such as algae (Nong et al., 2021) and fish (Bhagat et al., 2021). Azole fun-
gicides were recently reported to be potent disrupting chemicals for fish
that can significantly affected their reproductive system; moreover, steroid
hormone disruption may be novel toxicity in fish (Huang et al., 2022).
Toxicities such as inhibition of algal growth, endocrine disruption in fish,
CYP450-effected steroidogenesis, modulating sex differentiation in frogs,
and reduction of larval body mass and growth rate have been related to
azole antifungals (Assress et al., 2021). In addition, the isolation of azole re-
sistant fungi such asAspergillus fumigatus in both the environment and clinic
retaining similar mode of molecular drug resistance mechanism has drawn
the attention of many researchers (Assress et al., 2021). Therefore, the in-
vestigation of the occurrence and distribution of azole antifungals as well
as azole resistant environmental isolates of fungi is merited. New solutions
are pressing in order to effective remove azole fungicides potentially
through alternative treatment technologies such as pulsed plasma gas dis-
charge technologies along with better understanding environmental fate
and toxic pathways in aquatic organisms. Multigenerational studies with
environmentally relevant concentrations of antifungal drugs such as azole
need to be considered (Bhagat et al., 2021). Indeed, based on current
knowledge and studies reporting adverse biological effects of antifungal
azole on fish, considerable attention is required for better management
and effective ecological risk assessment of these emerging contaminants.

3.4. Established and emerging control strategies

Use of antifungal drugs remain the main control intervention for the
treatment of disease where this market commands a demand of over $4 bil-
lion per year. Based on review of the total market demand, the main anti-
fungal drugs used are azoles that represent over half of this market along
with echinocandins and polyenes. However, despite the huge demand for
appropriate and effective antifungal drugs, only one anti-fungal drug has
been approved for therapeutic use over the past decade (Alanio and Dd,
2020). Approved antimycotics inhibit 1,3-β-d-glucan synthase, lanosterol
14-α-demethylase, protein, and deoxyribonucleic acid biosynthesis, or se-
questrate ergosterol (Houšť et al., 2020). These authors reviewed licensed
antifungal drugs and summarised their mechanisms of action, pharmaco-
logical profiles and susceptibility to specific fungi. The most severe side

effects of antifungal drugs are hepatotoxicity, nephrotoxicity, and
myelotoxicity. Whereas triazoles exhibit the most significant drug–drug in-
teractions, echinocandins exhibit almost none. The antifungal resistance
may be developed across most pathogens and includes drug target overex-
pression, efflux pump activation, and amino acid substitution (Houšť et al.,
2020). These authors advocated that siderophores in the Trojan horse ap-
proach, or the application of siderophore biosynthesis enzyme inhibitors
represent, the most promising emerging antifungal therapies. Sousa et al.
(2020) reported that the high incidence of fungal infections has become a
major public health issue (Sousa et al., 2020). These authors noted that de-
spite the availability of drugs on the market to treat these diseases, their ef-
ficiency is questionable, and their side effects cannot be neglected.
Consequently, it is important to synthetize new and innovative carriers
for these antifungal drugs that addresses the emerging fungal infections
along with the issue of increased in drug-resistant strains. Sousa et al.
(2020) reported that new nano-based drug delivery systems and cellular
targets/compounds with antifungal potential are under development
(Sousa et al., 2020). However, there are pressing challenges in the transla-
tion of these natural compounds into the clinical pipeline.

Fungal urinary tract infections (funguria) are rare in community medi-
cine, but common in hospitals, where 10 to 30 % of urine cultures isolate
Candida species. Clinical features vary from asymptomatic urinary tract col-
onization (the most common situation) to cystitis, pyelonephritis, or even
severe sepsis with fungemia (Etienne and Caron, 2007). The pathologic na-
ture of funguria is closely relates to host factors, and management depends
mainly on the patient's underlying health status. Microbiological diagnosis
of funguria is usually based on a fungal concentration of >103/mm3 in
urine. No cut-off point has been defined for leukocyte concentration in
urine. Candida albicans is the most commonly isolated species but previous
antifungal treatment and previous hospitalization affect both species and
susceptibility to antifungal agents. Treatment is recommended only when
funguria is symptomatic or in cases of fungal colonizationwhen host factors
increase the risk of fungemia. The antifungal agents used for funguria are
mainly fluconazole and amphotericin B deoxycholate because other drugs
have extremely low concentrations in urine. Primary and secondary pre-
ventions are essential. The reduction of risk factors requires removing uri-
nary catheters, limiting antibiotic treatment, and optimizing diabetes
mellitus treatment.

The presence of Candida species in urine in asymptomatic patients does
not warrant antifungal therapy except neutropenic patients, very low-birth-
weight infants and patients undergoing urologic procedures. Fluconazole is
the treatment of choice for symptomatic infections, it achieves high urinary
levels. The other azole antifungals and echinocandins do not reach suffi-
cient urine levels. Amphotericin B deoxycholate is the alternative antifun-
gal agent if fluconazole cannot be used because of resistance, allergy or
failure.

Fungal pathogens, and zoonotic cross over species, however, remain an
important public health consideration within the One Health approach. A
One Health approach is vital to address the impact of AMR by way of
identifying appropriate alternative solutions and to raise an awareness of
the antimicrobial resistance crisis (Masterson et al., 2021). Fungal infec-
tions of sporotrichosis, histoplasmosis and chromoblastomycosis and
MDR dermatophytosis remain important as zoonotic fungal pathogens.
Furthermore, the impact of global warming will undoubtedly promote a
rise in fungal infectious disease globally negatively impacting public health
and food security.

Emerging opportunities now potentially exist for the development of
specific phage therapies to address fungal pathogens (Górski et al., 2019).
These authors reported that while the true value of phage therapy (PT) in
human bacterial infections still awaits formal confirmation by clinical tri-
als, new data have been accumulating indicating that in the future phage
therapy may be applied in the treatment of non-bacterial infections, such
as against Aspergillus that affect CF patients. Phage therapy will be poten-
tially accelerated by hurdling uncertainty surrounding legal classification
of phase therapy from a regulatory approval perspective in the Europe.
Species-specific phages can be developed and applied for systemic and for
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topical administration.While phages have been developed to treat a variety
of significant bacterial infections in animals including poultry, cattle, pigs,
sheep, swine, horses and fish (Alomari et al., 2021; Garvey, 2020); the topic
remains to be properly advanced as producers are not harmonized where
selection of phages is complicated. Xu et al. (2022) have recently reported
on the use of phage nanoparticles as a carrier for controlling fungal infec-
tions (Xu et al., 2022).

3.5. Detection of fungal species is important in proper diagnosis and treatment

Fungal infections are typically diagnosed late or by chance due to gap of
appropriate highly sensitive and specific diagnostic assays (Wen et al.,
2020). Moreover, the clinical manifestations of IFIs are frequently
non-specific and easily masked by primary underlying diseases (Wen
et al., 2020). Early diagnosis is difficult, often resulting in delayed diagno-
sis, misdiagnosis, and delayed treatment. It is notable that IFIs have a poor
prognosis and are associated with high mortality (Ibáñez-Martínez et al.,
2017) as attested by ca.1.4 million deaths globally per annum (Sanglard,
2016). Sun et al. (2015) reported that the total mortality rate with invasive
fungal species is 13.4 % (Sun et al., 2015), reported that the mortality rates
associatedwith invasive candidiasis (IC) and invasive aspergillosis are 36%
to 63 % and 70 % respectively (Barnes, 2008), which supports the need for
improvements in detection methods. Laboratory detection of invasive fun-
gal species mainly involves traditional detection methods including direct
microscopy, culture, and histopathology (Clancy and Nguyen, 2013). It is
notable that traditional methods have a low positive detection rate along
with poor sensitivity that does not enable real time clinical diagnosis
(Garey et al., 2006). Serological analysis typically includes use of 1,3-β-D-
glucan test (G test), galactomannan test (GM test), and latex agglutination
test. While these approaches potentially enable early diagnosis of fungal in-
fections, false-positive results do occur (Taccone et al., 2015) and they are
not accurately detecting fungal species. Molecular biology technologies
based on PCR have been widely used to detect (Powers-Fletcher and Han-
son, 2016). Wen et al. (2020) recently reports on the use of fluorescence
PCR melting curve analysis (MCA) as an emerging detection method for
identifying fungal species without sequencing (Wen et al., 2020). These au-
thors report that MCA has a high sensitivity, throughput, speed, and accu-
racy that is cost effective and is applicable for detecting fungal infections.
Lengerova and co-workers (2014) noted that this method is based on the
principle that different double-stranded DNA molecules have different Tm
values, and changes in the shape of the melting curve can be monitored
usingfluorescent dyes or probes to detect and identify various fungi rapidly
and accurately (Lengerova et al., 2014). Researchers have demonstrated
efficacy for using combined probe-high resolution melting analysis for de-
tecting Candida, Cryptococcus, Aspergillus Mucor, Rhizopus, and endemic
diseased-related fungi (Wen et al., 2020; Alonso et al., 2012).

3.6. Mycosis and co-morbidity of COVID-19

Casalini et al. (2021) commensurately reported that IFIs can complicate
the clinical course of COVID-19 and are associated with a significant in-
crease in mortality, especially in critically ill patients admitted to an ICU
(Casalini et al., 2021). The authors reviewed 4099 cases of IFIs in 58,784
COVID-19 patients involved in 168 studies. COVID-19-associated invasive
pulmonary aspergillosis (CAPA) is a diagnostic challenge because its non-
specific clinical/imaging features and the fact that the proposed clinically
diagnostic algorithms do not really apply to COVID-19 patients. Forty-
seven observational studies and 41 case reports have described a total of
478 CAPA cases that were mainly diagnosed based on cultured respiratory
specimens and/or biomarkers/molecular biology, usually without histopa-
thological confirmation. Candidemia is a widely described secondary infec-
tion in critically ill patients undergoing prolonged hospitalization, and the
case reports and observational studies of 401 cases indicate high crudemor-
tality rates of 56.1 % and 74.8 %, respectively. COVID-19 patients are often
characterised by the presence of known risk factors for candidemia such as
in-dwelling vascular catheters,mechanical ventilation, and broad-spectrum

antibiotics. Studies also describe 3185 cases of mucormycosis (including
1549 cases of rhino-orbital mucormycosis (48.6 %)), for which the main
risk factor is a history of poorly controlled diabetes mellitus (>76%). Its di-
agnosis involves a histopathological examination of tissue biopsies, and its
treatment requires anti-fungal therapy combined with aggressive surgical
resection/debridement, but crude mortality rates are again high: 50.8 %
in case reports and 16 % in observational studies. Roudbary et al. (2021)
also patients with severe COVID-19, such as individuals in ICU, are excep-
tionally susceptible to bacterial and fungal infections (Roudbary et al.,
2021). The most prevalent fungal infections are aspergillosis and
candidemia. Other fungal species (for instance, Histoplasma spp., Rhizopus
spp.,Mucor spp., Cryptococcus spp.) have recently been increasingly linked
to opportunistic fungal diseases in COVID-19 patients. These fungal co-
infections are described with rising incidence, severe illness, and death
that is associated with host immune response.

Roudbary and co-workers (2021) advocated creating greater awareness
of the high risks of the occurrence of fungal co-infections, particularly as to
downgrading any arrear in diagnosis and treatment to support the preven-
tion of severe illness and death directly related to these infections
(Roudbary et al., 2021). Since the onset of the COVID-19 pandemic, there
are still few data on the prevalence of co-infections in patients with
COVID-19 pneumonia. Yet, some studies already mention the problem of
co-infections and drug resistance, which is the case of Candida spp. and
COVID-19-associated superinfection mycosis, and its high potential for an-
tifungal resistance (Roudbary et al., 2021; Heard et al., 2020). Indeed,
around 21 % of patients who were under treatment with antifungals
(voriconazole, isavuconazole, and caspofungin) showed no survival benefit
(Rezasoltani et al., 2020). Zhou et al. reported that almost 50 % of mortal-
ities accrued in patients had secondary bacterial and fungal infections
(Zhou et al., 2020). This is the reason why antibiotics have been prescribed
for hospitalized patients, for example, as a prophylactic measure against
secondary infections, regardless of the susceptibility of the microorganism,
promoting the emergence of multiple drug-resistant microbial species
(Rawson et al., 2021). Roudbary et al. (2021) noted that COVID-19 was
highly associated with pulmonary aspergillosis and candidemia (invasive
candidiasis), which were increasingly recognised as the main fungal dis-
eases (Roudbary et al., 2021); however, a shift has been occurring towards
other fungal infections such as infections related toMucor andRhizopus gen-
era, Cryptococcus spp. and other less common species. Generally, these au-
thors noted that COVID-19 patients in ICU seem more susceptible to
fungal infections, when compared with patients without ICU admission,
due to their immunosuppression status (the same case of HIV patients). Sev-
eral predisposing factors including diabetes, previous respiratory pathol-
ogy, nosocomial infection sources and immunosuppressive therapy is
associated with co-infections (Roudbary et al., 2021).

4. Additional considerations for developing and labelling eco-friendly
biocides and other physical disease mitigation interventions

With such extensive application of fungicides globally to ensure food se-
curity and food safety, there must be awareness of the extent of environ-
mental impact of these compounds. Environmental concerns and the need
for associated protection have been influencing our approach to exploring
new eco-friendly solutions for addressing disease mitigation (Silva et al.,
2019; Rowan et al., 2021; Nallal et al., 2022). Both the hydrosphere and
biosphere have been experiencing the negative impact of many pollutants,
particularly when released to the marine environment (Tiedeken et al.,
2017; Silva et al., 2019). Development of new eco-friendly biocides for ad-
dressing fungal pathogens need to comply with EU Biocidal Products Reg-
ulation (BPR) standards. There is a commensurate need to apply the full
battery of ecotoxicology tests on these products that includes appropriate
use of in vitro cell culture (Garvey et al., 2015b; Rowan, 2019). Some re-
search has reported on partial use of ecotox batteries for important new in-
novation and processes (O'Neill et al., 2019), which requires further
expansion. Rowan et al. (2021) highlighted key parameters associated
with chemical biocides that must be considered for both efficacy and low
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environmental impact that included type of biocide, concentration, pH
There is growing interest in alternative or complimentary physical treat-
ments for eliminating pathogens in clinical, industrial and municipal efflu-
ent; however, caremust also be taken to ensure that thesemodalities do not
generate additional toxic residues that may form as part of the biocidal pro-
cess, such as through electrode erosion when using pulsed plasma gas dis-
charge (Hayes et al., 2013). Nallal et al. (2022) described eco-friendly
synthesis of multi-shaped crystalline silver nanoparticles using Hill garlic-
Malai Poondu extract along with their potential effective applications
against C. glabrata, C. tropicalis, C parapsilosis, C. krusei and C. albincas.
The latter research is representative of increasing activities to the synthesis
of metal nanoparticles using greener methodologies. For example,
Narayanan and Park (2014) reported on the synthesis of silver
nanopartilces using turnip leaf extract and its effectiveness against wood-
degrading fungal pathogens. There are increasing opportunities to align de-
velopment of eco-friendly biocides with sustainability tools such as life cycle
assessment, material flow analysis, principle component analysis and so
forth in order to provide companies with full risk assessments from a devel-
opment and business-model perspective, which will inform new Green Deal
era (Rowan and Pogue, 2021; Ruiz-Salmon et al., 2021; Laso et al., 2022).
There is also a commensurate need to comprehensively consider eco-
labelling of these products which are potential vast (Kahhonen and
Nordstron, 2008). There is strong potential for combining new eco-
friendly innovative biocides with biosurfactants that includes targeting com-
plex biofilms and to prevent biocorrosion (Plaza and Achal, 2020).

5. Other pressing topics associated with ensuring effective prevention
and control of fungal infections

Due to the enormity of the challenge at hand, there is a pressing need to
develop appropriate digital technologies that will enable end-to-end moni-
toring of the effectiveness of new prevention and control technologies, and
combinations thereof (Rowan et al., 2022). This will enable real-time mon-
itoring of effectiveness that will also inform appropriate design-thinking
that will positively transform interdisciplinarity efforts across manufactur-
ers, producers, end-users and regulators for new innovation uptake and reg-
ulatory approval. For example, there are opportunities to apply artificial
intelligence and to develop robotics in the area of device cleaning and
reprocessing that will help remove potential human operator error and
will increase the efficiency of reprocessing. Also, the introduction of
immersive technologies for upskilling and reskilling workforce that will
provide bespoke training to stakeholders including original equipment
manufacturers, healthcare staff (such as Sterile Services Department), and
external contract service providers (such as terminal sterilization). Candi-
date digital technologies are likely to emerge for adjacent additive
manufacturing, digital twin, agriculture 4.0 and industry 5.0 human centric
initiatives that includes digital twin (Rowan, 2020). Digital technologies
that will impact positively include internet of things (IoT), cloud-edge com-
puting, artificial intelligence including machine learning, robotics and use
of blockchain that will address security of data, risk mitigation and disrup-
tive business model development (Rowan et al., 2022). The generation,
modelling and analysis of data governing efficacy of fungal disinfection
will improve sustainability, such as by enabling greater reuse of important
medical devices alongwith less use of single-use disposables, whichwill im-
part positively on clinical waste management and cost-effectiveness.
MacNeill et al. (2020) noted that ‘take-make-waste’ is inherently unsustain-
ablemodel of production and consumption as this contributes to global eco-
logical destruction by depleting natural resources and generates excessive
solid waste, global greenhouse gases, and other harmful environmental
emissions. There is also a pressing need to use machine learning to help
apply solutions for real-time decision-making to unlock plethora of complex
factors influencing novel non-thermal processing of foods that includes an-
tifungal applications (Gómez-López et al., 2022). Commensurately, there is
a need to create a greater awareness in society about the prevalence and sig-
nificance of fungal diseases including increased resistance to front-line in-
terventions that will improve behaviour change and ultimately, decisions

by policy makers (Suanda et al., 2013; Domegan, 2021). Effectively ad-
dressing fungal pathogens will contribute significantly to meeting several
key Sustainable Development Goals of the United Nations (Rowan and
Casey, 2021; O'Neill et al., 2022) including zero hunger, good health and
well-being, quality education, industry, innovation and infrastructure,
and responsible consumption and production.

6. Concluding remarks

There is increased evidence of adaption and resistance of pathogenic
fungi to front-line anti-fungal drugs in animals and humans. IFIs can be par-
ticularly problematical in hosts that have a compromised immunity as evi-
denced by opportunistic IFIs in patients during HIV and COVID-19
pandemics. Greater information is required on appropriate selection and
dose of antifungal drugs along with discovering solutions such as immuno-
therapies. Many front-line biocides are effective for addressing fungal
spores; but, there is potential for cross-protection to antifungal drugs.
There is a lack of information on efficacy of established disinfection tech-
nologies, particularly in the appropriate cleaning of contaminated medical
devices that may contain biofilm harbouring infectious fungi. There is in-
tensive research emerging on the development of alternative and comple-
mentary innovation that has anti-fungal applications, such as using blue
light for air disinfection in healthcare including surgical theatres. Fungal
spores present challenges for cleaning and aseptic processing for medical
devices; however, the combinational use of terminal sterilization modali-
ties will ensure appropriate sterility assurance levels are achieved. There
is a pressing need to develop further appropriate real-time monitoring
and diagnostic methods for fungal pathogens and to create a greater
awareness as to contribution of fungal pathogens in disease causation, par-
ticularly co-infection in immunocompromised patients to improve out-
comes. There is also a need to address risk mitigation and modelling to
inform efficacy of appropriate intervention technologies that must consider
all contributing factors to break the chain of infection including appropriate
anti-fungal coatings on indwelling catheters. International consensus must
be reached on standardised protocols for developing and reporting on ap-
propriate intervention technologies that embraces emerging anti-fungal re-
sistant strains, such as using a One Health platform.
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• There is pressing need to find solutions
for reprocessing of PPE for COVID19

• Reprocessing of PPE is challenging as
made for one-time-use

• Most sterilization technologies are not
suitable for PPE reprocessing

• Use of vaporised hydrogenperoxide and
UV irradiation may prove effective for
PPE
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Coronavirus (COVID-19) is highly infectious agent that causes fatal respiratory illnesses, which is of great global
public health concern. Currently, there is no effective vaccine for tackling this COVID19 pandemic where disease
countermeasures rely upon preventing or slowing person-to-person transmission. Specifically, there is increas-
ing efforts to prevent or reduce transmission to front-line healthcare workers (HCW). However, there is growing
international concern regarding the shortage in supply chain of critical one-time-use personal and protective
equipment (PPE). PPE are heat sensitive and are not, by their manufacturer's design, intended for reprocessing.
Most conventional sterilization technologies used in hospitals, or in terminal medical device sterilization pro-
viders, cannot effectively reprocess PPE due to the nature and severity of sterilization modalities. Contingency
planning for PPE stock shortage is important. Solutions in the Republic of Ireland include use of smart communi-
cation channels to improve supply chain, bespoke production of PPE tomeets gaps, alongwith least preferred op-
tion, use of sterilization or high-level disinfection for PPE reprocessing. Reprocessing PPEmust consider material
composition, functionality post treatment, along with appropriate disinfection. Following original manufacturer
of PPE and regulatory guidance is important. Technologies deployed in the US, and for deployment in the Repub-
lic of Ireland, are eco-friendly, namely vaporised hydrogen peroxide (VHP), such as for filtering facepiece respi-
rators and UV irradiation and High-level liquid disinfection (Actichlor+) is also been pursed in Ireland.
Safeguarding supply chain of PPE will sustain vital healthcare provision and will help reduce mortality.

© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Coronaviruses (CoVs) (order Nidovirales, family Coronaviridae, sub-
family Coronavirinae) are enveloped viruses with a positive sense,
single-stranded RNA genome (Schoeman and Fielding, 2019). With
genome sizes ranging from 26 to 32 kilobases (kb) in length, CoVs
have the largest genomes for RNA viruses. Coronavirus is one of the
major pathogens that primarily targets the human respiratory system
(Rothan and Byrareddy, 2020). Previous outbreaks of coronaviruses
(CoVs) include the severe acute respiratory syndrome (SARS)-CoV and
theMiddle East respiratory syndrome (MERS)-CoV that are a great pub-
lic health threat (Carty and DiNicolantonio, 2020). A global pandemic
status has been recently declared by the World Health Organization
(WHO) for COVID19. The first number of cases were identified in
Wuhan, a large city of 11 million people in central China in December
2019, which were linked to the Huanan (Southern China) Seafood
WholesaleMarket (Rothan and Byrareddy, 2020). Thesewere identified
by local hospitals using a surveillance mechanism for “pneumonia of
unknown etiology”, which was established in the wake of the 2003 se-
vere acute respiratory syndrome (SARS) outbreak with the aim of
allowing timely identification of novel pathogens such as 2019-nCoV
(Li et al., 2020). Globally, the number of confirmed cases as of this writ-
ing (3 April 2020) has reached 1,000,249 including 51,515 deaths
(https://www.ecdc.europa.eu/en/geographical-distribution-2019-
ncov-cases) (Fig. 1). Covid19 is now globally distributed (Fig. 2), sug-
gesting that universal solutions are required to prevent or slowdown
its rapid spread until effective control measures are developed and de-
ployed, such as vaccine (Fig. 3). COVID19 is much more lethal than the
typical flu, where former has a mortality rate of about 2.92% (Carty
and DiNicolantonio, 2020). The annual flu has a mortality rate of just
0.05 to 0.1%, inferring that COVID-19 is around 30 to 60 times more le-
thal (Carty andDiNicolantonio, 2020). COVID19 causes an inflammatory
storm in the lungs and it is this inflammatory storm that leads to acute
respiratory distress, organ failure, and death.

Swaminathan et al. (2007) previously considered that while a new
influenza pandemic may appear inevitable, critical parameters of trans-
missibility and attack rate are uncertain. These authors reported that es-
timates based on extrapolations from the 3 influenza pandemics of the
20th century suggest that healthcare facilities in the United States
alone may be required to cope with 314,000–734,000 additional hospi-
talizations and 18–42 million outpatient visits (Meltzer et al., 1999).
During the early containment phase of a pandemic, patients with

suspected infection are likely to be referred to hospitals for isolation, di-
agnosis, and treatment until the transmissibility and virulence of the
pandemic strain are known. Although social distancing and school clo-
sures may reduce risk in the wider community, healthcare workers
(HCWs) are likely to encounter repeated close exposures. Swaminathan
et al. (2007) suggested that if hospitals are to continue to function ade-
quately, reliable access to effective personal protective equipment (PPE;
gowns, N95masks, gloves, and eye protection) and antiviral drug therapy
will be necessary for an unpredictable period. With awareness of the
recent severe acute respiratory syndrome (SARS) outbreak and
with growing concern about human deaths from avian influenza
(H5N1), governments worldwide have begun to stockpile PPE
and antiviral medication.

Key strategies to control the speed and extent of viral spread within
healthcare settings have been advocated bynational government guide-
lines and theWHO (Swaminathan et al. (2007). These include rigorous
infection control practices, prescriptive instructions for the use of PPE,
and dissemination of antiviral medication. These authors reported that
information regarding the required quantity and rate of use of these
valuable resources in an outbreak situation is lacking, thereby limiting
valid assessments of the adequacy of current stockpiles. This was cor-
roborated by a previous simulation study conducted by Mitchell et al.
(2012), where a patient with suspected avian or pandemic influenza
(API) sought treatment at 9 Australian hospital emergency departments
where patient–staff interactions during the first 6 h of hospitalization
were observed. Based on World Health Organization definitions and
guidelines, the mean number of “close contacts” of the patient was
12.3 (range 6–17; 85% HCWs); mean “exposures” were 19.3 (range
15–26). Overall, 20–25 PPE setswere required per patient, with variable
HCW compliance for wearing these items (93% N95 masks, 77% gowns,
83% gloves, and 73% eye protection). These data indicate that many cur-
rent national stockpiles of PPE and antiviral medication are likely inad-
equate for a pandemic.

At this time of writing, in the Republic of Ireland, there is a national
lockdown imposed by the Irish government where citizens are re-
quested to remain at home to prevent the spread of COVID-19 infection.
Where new positive COVID19 cases arise, the role of contact tracing and
data analytics are important. Social distancing and cocooning of the el-
derly and vulnerable groups has been adapted. Only essential services,
such as agriculture and fisheries, manufacturing and healthcare, have
been granted permission to travel. There is a concerted effort to slow
the rate of infection so as align with capacity of healthcare to meet

Fig. 1. Distribution of COVID19 worldwide, as of 3 April, 2020.
(Source https://www.ecdc.europa.eu/en/geographical-distribution-2019-ncov-cases)
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number of cases, thus avoiding a mismatch in early peak in infections
(Fig. 3). Given need for react quickly, solutions (where appropriate)
are based upon adaptation, blending and re-purposing of existing

products, processes, technologies and infrastructures. Solutions and
challenges to address shortage of PPE in a regional Irish hospital are
described.

Fig. 2. Geographic distribution of COVID19 worldwide, as of 3rd April, 2020.
(Source, https://www.ecdc.europa.eu/en/geographical-distribution-2019-ncov-cases)

Fig. 3. A sample epidemic curve, with and without social distancing.
(Image credit: Johannes Kalliauer/CC BY-SA 4.0)
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Use of smart software and networking with various distribution
channels to meet shortfall in PPE and infection prevention and control
(IPC) methods.

A new team of experts was formed (designated REA-PPE) to deploy
effective solutions in a short time frame, which included those from
across academia, healthcare, Enterprise Ireland-funded technology
gateways, Science-Foundation-Ireland (SFI)-funded Research Centres
(CURAM for Medical Device, COMMAND for software) and industry.
REA_PPE team also links with the Crisis Management Team in the re-
gional hospital where solutions is to implemented by manager of the
Hospital Sterile Services Department (HSSD). This REA_PPE team com-
prises experts representative of anaesthesia and intensive care, medical
device technology, infection control, hospital disinfection and steriliza-
tion, minimal processing; microbiology, toxicology, virology, material
science, software engineering, and social marketing Priority initially fo-
cused on delineating effective communication channels in order to in-
form stocks within healthcare from several routes that include use of
dedicated webpage [https: //covidmedsupply.org/] established by re-
searchers from NUI Galway and University of Limerick (Ireland) that
collects donations of PPE from regional industries and academic institu-
tions. Given volatility in the global supply chain for PPE, Ireland's Health
Service Executive (HSE) actively purse PPE orders from China and other
sources to meet specific requirements that are quality checked on ar-
rival. Upon arrival, PPE are distributed to primary healthcare, step-
back healthcare facilities or nursing homes. HCW arededicated to one
site to avoid risk of cross-infection. Aer Lingus (Ireland's main national
airline), made no-stop flights with a team of volunteer rotating pilots
to China in order to collect vital PPE stock, where this process was re-
peated several times in the same week. COVID19 pandemic caused un-
certainty to the established norm that is addressed by teamwork,
learning, adaptation and adjustment.

Stock usage will also be tracked through a new PPE mobile phone
app that uses (1) backend database to save all information on PPE
stock and distribution running on a cloud, such as AWS, (2) web-
server as a gateway between the mobile app and the database, such as
AWS, and (3) two functions for updating the database with latest PPE
status along with querying the same database. Provision has been
made for use of smart blockchain system to replace the database, if
the system becomes too complicated for mobile phone usage, such as
data immutability,

2. Bespokemanufacturing of PPE tomeet identified shortage in PPE

Where possible, where there was identified shortages in PPE, be-
spoke production occurred to make these items using medical grade
materials, such as Continuous Positive Airway Pressure (CPAP) helmets
for use in intensive care. CPAP provides the maximal amount of mean
airway pressure without intubation and promotes a more lung-
protective ventilation pattern. Various other bespoke manufacturing
initiatives have commenced in Ireland linked to international collabora-
tors that included use of crowdfunding by group of researchers and
scientists who raised €134,000 in order to develop an easy-to-build
and inexpensive ventilator for Covid-19 patients with first prototype
now in place (https://www.thejournal.ie/emergency-ventilators-irish-
researchers-crowdfund-5061521-Mar2020/). Other Irish researchers
in University College Dublin and IT Sligo made easy-to-assemble
ventilators using 3D printers and off-the-shelf components that will be
validated by Ireland's HSE (https://www.irishtimes.com/business/
health-pharma/irish-project-for-easy-to-assemble-covid-19-ventilators-
bears-fruit-1.4205999). Facial visors were also made using 3-D printers
for use in regional hospitals and nursing homes. At the time of writing,
it is uncertain as to what if not all bespoke manufactured PPE in Ireland
that will be inspected by HSE before deployment and usage by frontline
healthcare workers. The trend by many medical device manufacturers
and academic institutions to redeploy expertise and resources to make
PPE to address COVID19 crisis is also emerging in other international

countries (https://www.cam.ac.uk/business-and-enterprise/help-us-
tackle-covid-19).

3. Challenges and solutions for addressing the reprocessing of
single-use PPE

At this time ofwriting, there is a dearth in published literature on ef-
ficacy of innovations for reprocessing PPE. This is due to fact that PPE are
manufactured for single use. Threfore, there is reliance on information
generated by medical devicemanufacturers and related sterilization in-
dustries to help understand how best to address this shortage of PPE
and the need for reprocessing in a pandemic. Traditionally, limited
knowledge sharing occurs in the medical technology sector due to the
need to protect IPR, which is is understandable given nature of com-
merce and competitiveness. However, there is an increasing trend by
leading industries to publish findings that also assists in shaping ISO
standards, guidelines and regulations with a focus on future-proofing,
greater resource utilization and sustainability (McEvoy and Rowan,
2019; Chen et al., 2019). Original equipment manufacturers (OEMs) of
one-time-use PPE have recently provided new information on possible
methods for reprocessing these items given the universal need to con-
sider contingency plans arising from shortages during this pandemic
(such as 3M Science of Life, 2020).

PPE used in healthcare includes gloves, aprons, long sleeved gowns,
goggles, fluid-repellent surgical masks, eye, nose andmouth protection,
face visors and respirator masks. Healthcare workers should wear pro-
tective clothing when there is a risk of contact with blood, body fluids,
secretions and excretions. HCW should select the appropriate PPE
based on a risk assessment of the task to be carried out (Table 1).
There is particular focus airborne droplets (splatter) liberated through
breathing or expelled through sneezing of infected COVID19 patients
may travel severalmeters and remain suspended for ca 30min and sur-
vive on surfaces for potentially several days. Surface, or contact surface,
disinfection or sterilization of PPE will suffice, as coronavirus does not
penetrate materials. However, greatest challenge to reprocessing on
one-time-use PPE relates to ensuring material functionality post effec-
tive treatments.

If one considersmedical equipment designed for pre-processing, such
as endoscope, there is pre-cleaning stage to reduce bioburden in advance
of sterilization processes to ensure efficacy. This is relevant as unlike ther-
apeutics (such as vaccines and antibiotics) that rely on a specific mecha-
nistic target for model of action, sterilization modalities are non-specific
with reliance upon ensuring that processes run full cycles for achieving
sterility assurance level (SAL) of products (McEvoy and Rowan, 2019).
For example, the presence of organic matter may affect the oxidative
nature of gaseous sterilization processes, such as ethylene oxide (EtO or
vaporised hydrogen peroxide (VHP). Pre-cleaning presents an issue in
hospitals as there is commensurate need to decontaminate equipment
used in this process for COVID19. onsideration was given to use of
Actichlor plus as a wash/disinfection phase. To prevent the spread

Table 1
WHO recommendations for HCW barrier precautions, dependent on type of exposure.aa
(Adapted from Swaminathan et al., 2007)

HCW activity Recommended PPE set

Close contact (b1 m) with potential
API-infected patient within or outside
of the isolation room or area

Gloves, gown, N95 mask (or equivalent
particulate respirator), eye protection

Cleaning Gloves, either gown of apron
Patient transport within healthcare
facilities

Gown, gloves

Specimen transport and processing Not defined except to use ‘safe handling
practices’, interpreted as use of gloves
(minimum) and gown if opening
specimen bag

a WHO, World Health Organization; HCW, Healthcare worker; PPE, Personal and Pro-
tective Equipment, API, Avian or Pandemic Influenza.
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of health-care–associated infections, all heat-sensitive endoscopes
(e.g., gastrointestinal endoscopes, bronchoscopes, nasopharygoscopes)
must be properly cleaned and, at aminimum, subjected to high-level dis-
infection after eachuse.High-level disinfection canbe expected todestroy
all microorganisms, although when high numbers of bacterial spores are
present, a few spores might survive (CDC, 2008).

The medical device industry replies upon significant lethality of pre-
determined populations of a biological indicator (BI) that is typically a
recalcitrant bacterial endospore (such as Geobacillus stearothermophilus
or Bacillus atrophaeus). These BIs are carefully selected for this purpose
as they are more resistant to that of pathogenic microorganisms includ-
ing COVID19, which are typically orders of magnitude more sensitive to
same applied lethal stress (Fig. 4). These are a highly validated and con-
trolled sterilization processes. However, SAL for these sterilization are
endpoint-determination processes that rely upon 12 log reduction in
BIs that is excessive duration of treatment for reprocessing single-use
PPE (Fig. 5) (McEvoy and Rowan, 2019). There has been no reported
cases of patient illness arising from a terminal sterilization of medical
devices. Furthermore, sterilization technologies are validated for full
treatment regimes. There is an absence of publish knowledge as to the
efficacy of operating same sterilization modalities under reduced expo-
sure or cycle conditions, such as for the treatment of PPE. Therefore, use
of penetration technologies such as gamma, electron-beam and x-ray
will not be appropriate as likely to affect material and functionality of
PPE post treatments. Gas-plasma generated hydrogen peroxide vapour
will also be unsuitable as the plasma-process affects materials during
treatment. STERIS AST have commenced studies on the combined use
of real-time flow cytometry with conventional culture-based enumera-
tionmethods that will elucidate this gap, which includes frontiermicro-
bial inactivation kinetic modelling. Kinetic modelling is important for
informing changes in technologies, even for potential disruption poten-
tial in emerging innovations, such as in adjacent food industry (Rowan
et al., 2015). This pandemic situation will also present emerging mini-
mal treatment opportunities for materials and treatments in medtech
and sterilization industries, which will require greater flexibility in ap-
proach, such as for in situ 3D printing of medical devices in healthcare.

Future reduction in sterilization modality usage would also improve re-
source utilization and facilitate greater sustainability of the industries.
This would also have significant knock-on influence for parametric re-
lease of treated products, with quicker turn-around supply time to cli-
ents. However, it is essential that future reductions in sterilization
processes are informed by best evidence and do not compromise on
product safety, which require validation and regulatory approval before
usage.

It is appreciated that under pandemic situations, there is a need to do
things differently, alongwith urgency. However, thismust bemeasured,
appropriate and best informed by critical information such as that sup-
plied by original manufacturers of single-use devices (such as 3M
Announcement, 2020), along with international standards and regula-
tors, such as AAMI and the FDA. There is a gap in knowledge on exten-
sive studies relating to reprocessing by this source too. 3M™ stated
that “filtering facepiece respirators (FFRs), such as N95, FFP2, KN95,
and similar are commonly used to help provide respiratory protection
in a variety of workplaces, including healthcare settings. 3M™ reiter-
ated that a common infection prevention practice employed by
healthcare organizations is to utilize FFRs as one-time-use items when
worn in the presence of infected patients. In the face of a global pan-
demic, associated FFR shortage, and based on currently available data,
3M™ does not recommend or support attempts to sanitize, disinfect,
or sterilize 3M™ FFRs” (3M announcement, 2020). 3M™ reiterated
the importance that such reprocessing methods do not compromise
the respirator's filtration performance or the ability of the respirator to
seal to the wearer's face as intended. Albeit conducting additional re-
search, 3M did not recommend or support any specific FFR disinfection
method at this time (3M Science of Life, 2020). However, 3M™ noted
that the U.S. Centers for Disease Control and Prevention (CDC) has pub-
lished guidance on managing respirators during pandemics including
the reuse and extended use of respirators at: https://www.cdc.gov/
niosh/topics/hcwcontrols/recommendedguidanceextuse.html

What potential options are available for reprocessing of PPE to ad-
dress shortage of supply chain arising from this coronavirus disease
(COVID19) pandemic?

Fig. 4. Pyramid of resistance of increasing resistance to disinfection and sterilization.
(Adapted fromWendt et al., 2015)
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The contingency approach to be adapted by REA_PPE team in Ireland
will make provision for the deployment of vaporised hydrogen perox-
ide, such as for FFRs, on site at or near the hospital. This approach is to
align with Columbus-based Battelle process, where it has been reported
that up to10,000 N95 masks will be sterilized by VHP in the United
States, which has been authorised by the Food and Drug Administration
(FDA, 2020a; FDA, 2020b). Final report for the Bioquell hydrogen perox-
ide vapour decontamination for reuse of N95 respirators is available at
FDA (2020a). The FDA (2020b) also released details on enforcement
policy for face-masks and respirators during the coronavirus disease
(COVID19) public health emergency (revised April 2020) – guidelines
for industry and food and drug administration staff. These are important
documents to inform reprocessing of PPE. This Battelle approach in-
volves filling a room or enclosed environment (up to 200m3) with
VHP for the treatment of PPE. VHP is an emerging technology for the
medical device sterilization industry where its application, opportuni-
ties and discussed limitations by McEvoy and Rowan (2019). VHP tech-
nology is operative in Ireland now at STERIS AST. However, there is also
a pressing need for rapid turn-around for reprocessed PPE on site in the
hospitals, such as for critical support in ICU. VHP has potentially addi-
tional benefits over use of EtO (which currently sterilizes ca. 50% of
medical devices globally) as it is safer and environmentally acceptable
from a future sustainability perspective. Use of gamma irradiation and
EtO constitutes ca. 95% of the terminal sterilization market (McEvoy
and Rowan, 2019). VHP has great promise, but exhibits limitations
such as against cellulose-based medical materials whereas EtO has
broad material compatability (McEvoy and Rowan, 2019). There is still
uncertainty as to ensuring safe distribution of contaminated PPE for ex-
ternal contract VHP sterilization services for treatment that negates
reprocessing of PPE at plant level. The RAPPE team have placed an
order for BQ50 VHP system, similar to what is been deployed in the
US. Strict procurement rules on purchasing of assets over €25 k were

relaxed to enable rapid uptake of technologies during this pandemic.
Recent studies supports that RNA viruses, including coronavirus, are
highly susceptible to hydrogen peroxide exposure where significant le-
thality is achieved with 0.5% hydrogen peroxide (a fraction to what is
used in standard contact lens disinfection) in b1 min on glass. Studies
recently reported from China have also revealed that introducing hy-
drogen peroxide inhalation may improve COVID19 patient outcomes
(http://www.adledlight.com/news_show34.html).

REAPPE contingency plan also includes provision for deployingUV-C
at 254 nm (Nanoclave cabinet, Ireland) and broad-spectrum pulsed
light (Claranor, France) technologies for high-level disinfection of PPE.
UV-C technology is a very effective technology for disinfection and
used extensively by adjacent food andwater industries. Given that coro-
navirus (COV) and other respiratory viruses are significantly less resis-
tant to that of BIs used in sterilization modalities, the use of high to
moderate-level disinfection is conceivable sufficient to meet needs for
reprocessing of PPE (Fig. 3). These are also turnkey commercial technol-
ogies for ease of operation and integration within hospitals that also
considers usage by existing decontamination staff and by the manager
of HSSD. Efficacy of UV-irradiation technology is governed by the ap-
plied UV dose or fluence (W/m2) and is affected by shading where it
only inactivateswhat it irradiates – thus, PPEwill need to be turned dur-
ing treatments (Rowan, 2019). Nanoclave chamber has 32 × 30 W and
16 × 25 W Sylvania UVGI lamps that delivers a UV-C dose of 52 W/m2

for 60s. Nanoclave cabinet was shown to disinfect 3-log viral unit of Ad-
enovirus in 3 min at fixed wavelength of 254 nn that targets vital ge-
netic material, such as RNA (Moore et al., 2012). High intensity, pulsed
UV technology (PUV) uses broad spectrumpulsed light that is delivered
at ca. 50,000 times the intensity of sunlight at contact surface where
treatment time is exceptionally short duration, mere seconds (Farrell
et al., 2011; Barrett et al., 2016). Previous researchers have demon-
strated efficacy for extensive range of pathogens, but PUV also affected

Fig. 5. Sterility assurance level and example of the relationship between biological indicator and product bioburden. For illustration purposes, this graphical representation has been
obtained from AAMI TIR16:2017, which was also adapted from McEvoy and Rowan, 2019).
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by shading (Rowan et al., 2015; Rowan, 2019). PUV is currently been
used for high-throughput food packaging disinfection commercially
(Rowan, 2019). PUV has also been shown to be more effective and
environmentally-friendly as a surface disinfection system compared
with other minimal processing technologies tested, such as pulsed-
plasma gas-discharge that produced short-lived oxidising biocidal
water (Hayes et al., 2013; Garvey et al., 2015).

There has been limited studies on use of UV-disinfection technology
for PPE treatment. 3M™ recently referred to a previously published
study by Bergman et al. (2010) where these authors evaluated a multi-
ple (3-cycle) decontamination processing for filtering facepiece respira-
tors (FFRs) (3M Science of Life, 2020). The UV-germincidal-irradiation
(UVGI) method described was operated for 30 min at 254 nm (15-min
per side) for 3M™ 1860 and 1870 FFRs where straps on 1870 lost elas-
ticity with a strong burning odour, and the nosefoam compressed on
1860 FFR model. This study did not assess the efficiency of disinfection
method to inactivate microorganisms where it would be relevant to re-
port on UV dose over treatment regime. Prolonged and excessive expo-
sure using low-pressure UV light source can produce significant thermal
effects along with material damage over repeated use. Bergman et al.
(2010) also reported on the use various other unknown FFR makes
and models and reported no observable physical change using same
(1) UVGI for 15 min at 254 nm using one side of FFR facing lamp with
strap removed, (2) ethylene oxide for 1 h in 100% EtO Sterilizer, and
(3) VHP treatment for 15min dewell, 125min total cycle at 8 g/m3 con-
centration. However, it is also unclear as to what specific FFR models
were used and functionality post treatments. Fisher and Shaffer
(2011) reported on the development of a method to assess model-
specific parameters for ultraviolet-C (UV-C, 254 nm) decontamination
of filtering facepiece respirators (FFRs). UV-C transmittancewas quanti-
fied for the distinct composite layers of six N95 FFR models and used to
calculatemodel-specificα-values, thepercentage of the surfaceUV-C ir-
radiance available for the internal filteringmedium (IFM). Circular cou-
pons, excised from the FFRs, were exposed to aerosolized particles
containing MS2 coliphage and treated with IFM-specific UV-C doses
ranging from 38 to 4707 J/m2. Models exposed to a minimum IFM
dose of 1000 J/m2 demonstrated at least a 3 log reduction in viable
MS2. Model-specific exposure times to achieve this IFM dose ranged
from 2 to 266min. Overall, Fisher and Shaffer (2011) found UV-C trans-
mits into and through FFR materials. Log reduction of MS2 was a func-
tion of model-specific IFM UV-C doses. The supply of National Institute
for Occupational Safety and Health (NIOSH)-certified N95 filtering
facepiece respirators (FFRs) may become limited during an influenza
pandemic [Institute of Medicine (U.S.) Committee on the Development
of Reusable Facemasks for Use During an Influenza (cited in Fisher and
Shaffer, 2011). Extending the lifetime of FFRs for multiple uses (e.g.
multiple donnings) may help to alleviate the supply demand (Viscusi
et al., 2007, 2009a, 2009b). Fisher and Shaffer (2011) also advocated
that an option that may permit FFR reuse is the decontamination or re-
moval of the infectious material from the FFR through one or more
physical or chemical treatments. For this option to be practical, the de-
contamination treatment must maintain FFR fit and filtration perfor-
mance and not leave hazardous residues. Other desired attributes for a
decontamination method for FFR reuse would be low cost, high
throughput and ease of use (Viscusi et al., 2009b). UVGI technology
has been suggested as a viable option for FFR reprocessing application
where nine FFR models were evaluated for changes in physical appear-
ance, odour and laboratory performance (filter aerosol penetration and
filter airflow resistance) following simulated decontamination using
five different methods, including UVGI (Viscusi et al., 2009b). In latter
study, UV-C treatment did not affect the filter aerosol penetration, filter
airflow resistance or physical appearance of the FFRs. UV-C, as a decon-
tamination method, is affected by several parameters, including the to-
pography of the contaminated surface and the location of the micro-
organisms within the substrate. The use of UV-C for surfaces is mainly
for hard, nonporous substrates (Fisher and Shaffer, 2011). Therefore,

at this time of writing, while UVGI and PUVmethods appear promising,
no validated decontamination methods for FFRs exist.

Lessons can also be gleamed from best-published information and
hurdles arising from minimal processing technologies that have been
exploited by the food industry for commercial applications (Deng
et al., 2019). These technologies rely upon reduced severity of non-
thermal treatments that equate tomoderate of high-level decontamina-
tion (Franssen et al., 2019; Gerard et al., 2019). However, reviewof best-
published approaches suggest that these technologies, in their current
configurations, would not be suited for PPE reprocessing. These unsuit-
able technologies include high hydrostatic pressure, pulsed electric
fields, pulsed-plasma gas-discharge, ultrsound and so forth (Deng
et al., 2019). Also, the majority of chemical biocides deployed in the
food industry as liquid decontaminants for surface- treatments would
not be effective for PPE as these cannot be easily used in the hospital set-
ting. However, Kampf et al. (2020) recently reported that coronaviruses
persist on inanimate surfaces, such as glass, plastic and metal for up to
9 days, but they are efficiently inactivated on these surfaces with use
of 62–72% alcohol, 0.5% hydrogen peroxide, or 0.1% sodium hypochlo-
rite within 1 min exposure. Use of high level disinfection with
Actichlor-plus served as both a detergent and biocide for reprocessing
Starmed hoods used by COVID19 patients in ICU. Testing of Starmed
hoods in heated washer at 90°C caused damage to the PVC component.
High level disinfection was applied in advance of lead-time for VHP and
UV technologies arriving to HSSD and as use of sodium hypochlorite
was suggested as possible approach to cleaning and disinfecting 3M™
powered air purifying respirators following potential exposure to
coronaviruses (https://multimedia.3m.com/mws/media/1793956O/
cleaning-and-disinfecting-3m-paprs-following-potential-exposure-to-
coronaviruses.pdf). There is potential for use of combined HEPA filtra-
tion with UV light disinfection for air disinfection in critical areas that
will reduce aerobiology or airborne bioburden. However, consideration
wouldneed to be given to efficacy of reduction of COVID19 or similar re-
spiratory viruses.

Perceived benefits and future directions for the control of COVID19
with a focus on addressing shortages in supply chain.

The perceived indicative benefits of deploying solutions for
reprocessing PPE to address front-line shortage have listed in terms of
making potentially significant qualitative and quantitative difference
are listed in Table 2. The world, as we know it, will be a changed place
post COVID19, where there will be greater focus onmitigation planning
for managing pandemics nationally and transnationally with either in-
creased provision and/or less reliance on one-time-use medical devices
and PPE. Future provision in hospitals and healthcare will also consider
duality of sterilization treatments with reduced processing capability
for to deliver if required, high or moderate level of disinfection. There
will be increased emphasis on convergence of technologies and knowl-
edge from adjacent disciplines, such as the food industry, to improve
our understanding of minimal processing linked to sterilization. This
will be framed upon increased demand for evidence-based research
and shared publications so to inform validation and new regulations
using potentially new smart innovations and services or adapting
existing modalities. It is envisaged that there will be a commensurate
push to promote more eco-innovations, along with review of exiting
sterilization processes, for sustainability of resources and to meet
existing needs arising and emerging from this COVID19 pandemic.
This pandemic also highlights the value of converging areas of expertise
that will inform education and workforce training processes. This pan-
demic also highlights that despite staggering advancements in innova-
tion, society is still very vulnerable to global treats to our health from
what is a microscopic virus. Commensurately, our collective creativity
and ingenuity will enables us to countermeasure these challenges.

In summary, providing solutions for the shortages in supply chain
for one-time-use PPE is extremely complex. Preference would always
be for usage of single-use items as described by the manufacturers as
ensuring the safety of our healthcare workers is paramount. Logical
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first step solutions would be to improve communication lines for better
stockmanagement of PPE that exploits webpage andmobile phone app
development along with dual bespoke production of PPE using medical
gradematerials where gaps are identified, such as ventilators. However,
a pandemic foists untold and unexpected demands on society that in-
cludes provision or contingency planning for reprocessing PPE. Under
such situations, it is imperative to follow closely advice from original
manufacturer of PPE on material composition and design features
with view to making reprocessed PPE (where possible), fit for purpose.
This also includes adhering to close advice provided by regulators, such
as FDA. The majority of existing in house hospital, external terminal
sterilization and adjacent minimal processing technologies (as used in
food industry) will not be effective for reprocessing PPE. However, re-
view of best evidence suggest that preferred candidate methods for
meeting this gap appears to be use of vaporised hydrogen peroxide
(VHP) and UV irradiation technologies, which are likely be deployed
in the Republic of Ireland.
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H I G H L I G H T S

• Reprocessing of PPE during COVID-19
for healthcare occurs in many countries
under emergency crisis situations

• Social marketing will inform attitudes,
barriers and acceptance of PPE reuse by
healthcare workers.

• Appropriate decontamination and reuse
of face coverings by the public are im-
portant disease countermeasures.

• Post-COVID-19, the changes in medical
practice will drive high demand for PPE.

• Sustainable PPE, made from bioplastics,
will facilitate effective waste manage-
ment and inform technology disruption.
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Currently, there is no effective vaccine for tackling the ongoing COVID-19 pandemic caused by SARS-CoV-2 with
the occurrence of repeat waves of infection frequently stretching hospital resources beyond capacity. Disease
countermeasures rely upon preventing person-to-person transmission of SARS-CoV2 so as to protect front-line
healthcare workers (HCWs). COVID-19 brings enormous challenges in terms of sustaining the supply chain for
single-use-plastic personal and protective equipment (PPE). Post-COVID-19, the changes in medical practice
will drive high demand for PPE. Important countermeasures for preventing COVID-19 transmission include mit-
igating potential high risk aerosol transmission in healthcare setting using medical PPE (such as filtering
facepiece respirators (FFRs)) and the appropriate use of face coverings by the general public that carries a
lower transmission risk. PPE reuse is a potential short term solution during COVID-19 pandemic where there is
increased evidence for effective deployment of reprocessing methods such as vaporized hydrogen peroxide
(30 to 35% VH2O2) used alone or combined with ozone, ultraviolet light at 254 nm (2000 mJ/cm2) and moist
heat (60 °C at high humidity for 60 min). Barriers to PPE reuse include potentially trust and acceptance by
HCWs. Efficacy of face coverings are influenced by the appropriate wearing to cover the nose and mouth, type
of material used, number of layers, duration of wearing, and potentially superior use of ties over ear loops. Inser-
tion of a nose clip into cloth coverings may help with maintaining fit. Use of 60 °C for 60 min (such as, use of
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domestic washing machine and spin dryer) has been advocated for face covering decontamination. Risk of virus
infiltration in improvised face coverings is potentially increased by duration of wearing due to humidity, liquid
diffusion and virus retention. Future sustained use of PPE will be influenced by the availability of recyclable
PPE and by innovative biomedical waste management.

© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction

Since first reported as a cause of serious human pneumonia in
Wuhan, Hubei, China in December 2019, the novel coronavirus
COVID-19 has spread worldwide with devastating consequences. At
the time of writing (29th August 2020), there has been 25.1 million
cases of COVID-19 reported (in accordancewith the applied case defini-
tions and testing strategies in the affected countries) including 845,343
deaths (European Centre for Disease Control and Prevention, 2020).
There is evidence of resurgence of the SARS-CoV-2 globally with the
emergence of second waves of infection in many countries (European
Centre for Disease Control and Prevention, 2020). HongKong is address-
ing its third wave of COVID-19 infections, where Australia is battling a
second wave of infection having previously reduced viral transmission
cases close to zero. COVID-19 has also emerged strongly in developing
low-resource countries that already have significant healthcare chal-
lenges, such as across the African continent that is also challenged
with Acquired Immunodeficiency Syndrome (AIDS) andMycobacterium
tuberculosis as co-morbidities (African Centre for Disease Control and
Prevention, 2020).

Currently, there is still no effective vaccine or anti-viral therapy for
COVID-19 with reliance upon the prevention of transmission by way
of imposing a lockdown, cocooning, social distancing, and wearing of
facemasks in order to protect vulnerable groups and to safeguard front-
line healthcare professionals (Murphy et al., 2020) Epidemiological
studies show that social distancing prevents person-to-person trans-
mission of SARS-CoV-2, which is relevant given that there is growing
recognition that asymptomatic carriers may also contribute to this
transmission (Li et al., 2020). There is evidence to suggest that COVID-
19 is a super-spreader of infectious airborne viral particles where sev-
eral people can be infected at the same time (Li et al., 2020). Clusters
of COVID-19 infection reflect vulnerabilities, such as nursing homes

catering for the elderly or meat packing industry (Carswell, 2020),
where there are challenges in practicing appropriate safe social distanc-
ing. However, recent epidemiology studies for past 14 days from the
Health Service Executive in the Republic of Ireland shows that 55% of
COVID-19 occurred in people aged below 35 years of age that would
not have been considered to be a highly susceptible group earlier, thus
highlighting the challenges of reopening countries too quickly. Global
studies have revealed that there is insufficient herd immunity to
COVID-19 due to low exposure levels typically at ca. 5% of total popula-
tion (Carswell, 2020). Many countries have introduced innovative ap-
proaches to flattening the curve of infection, such as, in the Republic
of Ireland where a mobile phone COVID-19 tracker alerts users as to
the status of SARS-CoV-2 in the community.

In pandemic situations, such as the ongoing COVID-19 pandemic,
hospital resources are frequently stretched beyond capacity (Derraik
et al., 2020). There is a pressing need to sustain the supply chain of dis-
posable personal and protective equipment (PPE) in order to prevent
the spread of COVID-19 to and from healthcare workers (HCWs) and
patients. The availability and effective use of PPE are essential that in-
cludesmasks, eye protection, gloves, gowns, and, for aerosol generating
procedures in particular, N95 and KN95 filtering facepiece respirators
(FFRs) or equivalent (Derraik et al., 2020; Rubio-Romero et al., 2020).
This interest in PPE reuse, arising from the ongoingCOVID-19 pandemic,
is also attested by the 52 journal citations that used best-available infor-
mation provided in our initial opinion article on this topic thatwas pub-
lished on 4th April 2020 (Rowan and Laffey, 2020).

Subsequently, there has been a pressing need to provide safe and
simple solutions to disinfect and reuse improvised or homemade
(non-certified) cloth face coverings in order to prevent person-to-
person transmission in the community and workplace. Wearing a face
covering reduces the spread of coronavirus in the community as it
helps to reduce the spread of respiratory droplets from people infected
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with SARS-CoV-2. Use of face coverings helps to stop peoplewhoare not
aware they have the virus from spreading (HSE, 2020). Face coverings
are not recommended for children under the age of 13 unless attending
a healthcare setting, as young children may not follow the advice about
wearing a face covering correctly such as not touching it. Silva et al.
(2020) noted that over 50 countries have mandatory wearing of
facemasks or coverings for the general public. Medical face masks are
typically worn by healthcare workers and by people in self-isolation
who cannot keep a distance of 2 m between themselves and other peo-
ple in their household (HSE, 2020). For those who find it difficult to
wear a cloth face covering, it's appropriate to wear a full face visor or
face shield instead. However, use of face shields are not as good aswear-
ing a face covering, but they provide some level of protection (CDC,
2020). The visor should wrap around the sides of your face (ear to
ear) and extend to below the chin. Reusable visors should be cleaned
after each use and then stored in a clean place until needed. Coordinat-
ing the supply chain for PPE in the midst of a pandemic with many
closed borders and limited freight compounds the challenge (Derraik
et al., 2020). Derraik et al. (2020) also noted that people need to have
trust in systems set up to support supply chain for PPE in theworkplace.
Arising from the unprecedented surge in single-use plastic PPE usage,
there also appears to be a need to consider effective wastemanagement
and recycling strategies to limit SARS-CoV-2 cross-transmission.

Therefore, given the aforementioned, there is a pressing need to un-
derstand the efficacy of disinfection methods and for reuse of medical
PPE in high risk healthcare environment where there is a supply chain
shortage. Also, to define simple solutions for reuse of non-certified
cloth or fabric face coverings used by general public in low risk settings,
which the focus of this study. Consequently, we carried out a rapid re-
view to summarize the literature with two inter-related aims – first,
to examine the current knowledge about survival of SARS-Cov-2 on sur-
faces and to provide an update on studies conducted in the Republic of
Ireland (Rowan and Laffey), − second, to examine current knowledge
on the efficacy and potential barriers for implementing key PPE disin-
fection methods against SAR-CoV-2; and third, to examine biomedical
waste management strategies to meet surge in PPE usage across the
globe. Given the very recent discovery of SARS-CoV-2, our study also
encompassed appropriate review articles and primary data sources
that focused on SARS-CoV-1 as this is sister virus from the same species
(Gorbalenya et al., 2020; Derraik et al., 2020).

2. Methods

Wecarried out a rapid review of the literature to inform the research
questions that addressed a search strategy involved Google Scholar,
Scopus, Web of Science, and PubMed as per approached described re-
cently by Tiedeken et al. (2017). Searches were restricted to publication
from 1 January 2003 (as the first recorded human infection of SARS-1
occurred in November 2002 (as per Derraik et al. (2020)) and 8 August
2020. Titles and/or abstracts were screened by the first author and
where appropriate, full text of individual research studies, opinion
pieces and reviews were consulted. Key words used were PPE; reuse;
reprocessing; disinfection; decontamination; N95; COVID-19; SARS-
CoV-1; SARS-CoV-2; UV; hydrogen peroxide vapour (VH2O2); ozone;
waste management; recycling. Data extraction and rapid analysis was
supplemented by conducting a short observation study where the first
author noted the types of facemasks and face coverings worn by the
public on entering a large shopping centre in the Republic of Ireland
on 14th and 15th August 2020.

3. Knowledge that informed PPE use and potential reuse from a Re-
public of Ireland perspective

At the time of initial writing (3rd April, 2020) (Rowan and Laffey
et al., 2020), the number of confirmed COVID-19 cases had reached 1
million, including 51,515 deaths, which highlights that a 25-fold

increase in the prevalence of SARS-Cov-2 has occurred in only 4months
(European Centre for Disease Prevention and Control, 2020). Rowan
and Laffey (2020) had predicted an unprecedented high demand for
PPE across the globe and therefore, it was prudent to consider PPE
reuse as a potential option to meet the critical shortage in the supply
chain for frontline HCWs. Rowan and Laffey (2020) intimated that the
structure of SARS-Cov-2 is such that is sensitive to harsh environmental
stresses. Moreover, the structure of SARS-CoV-2, and related
coronaviruses, includes a RNA genome, a protein capsid, and an outer
envelope. Viral inactivation is linked to the alteration of one of these
structural elements by an environmental stress, such as, heating, ultra-
violet light, and biocides (Bentley et al., 2016; Pinon and Vialette, 2018;
Gorbalenya et al., 2020). The proteins and lipids of the envelopemay be
disrupted more easily than the other parts of the virus (Howie et al.,
2008; Pinon and Vialette, 2018). Thus, naked viruses are generally
more resistant than enveloped viruses (such as SARS-Cov-2 and other
coronaviruses) to similar levels of the same or different adverse envi-
ronmental conditions (Fitzgibbon and Sagripanti, 2008; Pinon and
Vialette, 2018). The enveloped structure of SARS-Cov-2 (Meo et al.,
2020), and Influenza (cited in Li, 2016), is such that these viruses are
more likely to be sensitive to disinfection technologies (Pinon and
Vialette, 2018; Rowan and Laffey, 2020). Kampf et al. (2020) had also
analysed 22 studies of different human coronaviruses where SARS,
MERS, HCoV (but not including COVID-19) were efficiently inactivated
by disinfection on variety of contact surface using 62 to 71% ethanol,
0.5% hydrogen peroxide, or 0.1% sodium hypocholorite within 1 min
of exposure, but survived on untreated surfaces for up to 9 days. van
Doremalen et al. (2020) also conducted tests that showed that SARS-
CoV-1 remains on plastic, stainless steel, copper and cardboard for up
to 72 h. These and other studies (Zhao et al., 2020) have informed selec-
tion of many current disinfection procedures to address SARS-CoV-2
pandemic, including PPE reuse.

Given that disposable, plastic-based, PPE (gowns, eye protection,
gloves, facemasks, filtering facepiece respirators (FFRs)) are heat sensi-
tive, existing healthcare technologies were considered to be either not
available, unsuitable or not configured for reprocessing of PPE in
healthcare for emergency use (Rowan and Laffey, 2020). However, po-
tential solutions for effective reprocessing of PPE that considered virus
inactivation, material compatibility and device functionality (filtration
efficacy, penetration, fit test and so forth) post processing included
use of low temperature hydrogen peroxide vapour (VH2O2), ultraviolet
germicidal light (UVGI), moist heat, and use of weak bleach for liquid
decontamination (Rowan and Laffey, 2020; CDC, 2020). McEvoy and
Rowan (2019) had published a comprehensive review on the back-
ground and efficacy of VH2O2 for terminal sterilization of medical de-
vices that was used to provide supportive technical information in
choice of procedures. This information was supported by prior findings
of Bentley et al. (2016) who reported on 4 log10 viral titre reductions for
the recalcitrant naked Norovirus in a variety of hospital settings (stain-
less steel, glass, vinyl flooring, ceramic tile, PVC plastic cornering) using
30% w/w hydrogen peroxide vapour. Rowan (2019) had also reviewed
potential microbial mechanistic information underpinning UV disinfec-
tion that also provided supportive foundation knowledge for the poten-
tial use of pulsed light technology for PPE.

Information underpinning these candidate technology solutions in-
cluded best-published information of efficacy of these approaches to
surface disinfection cornoavirus (COVID-19) or related viruses and sur-
rogate biological indicator organisms on different surface materials
(Kampf et al., 2020).

The FDA had authorized use of VH2O2 technology, under emergency
use authorization (EUA), for the reprocessing of critical N95 face masks
in the United States in order to help address COVID-19 transmission.
This was informed by Columbus-based Battelle process studies
(Battelle, 2016). Given exceptional circumstances, original equipment
manufacturers (OEMs) of PPE had also suggested possible appropriate
reprocessing strategies, but they also reiterated that their products
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had been manufactured with the sole intention of single use. The con-
tingency plan to be adopted in hospitals on the west of Ireland was to
procure, install and seek approval from competent authority for the de-
ployment of VH2O2 (Bioquell BQ50 system) for filtering face-piece res-
pirators (FFRs) and surgical gowns, UV technologies (NanoClave low-
pressure UVGI system and Claranor Pulsed Light system) for simple
PPE such as face shields, and use of mild sodium hypochlorite
(4000 ppm) for liquid decontamination of critical Starmed hoods. The
VH202, UVGI and mild liquid disinfection strategies have been set up,
but there remains a requirement to gain trust and confidence by
HCWs for PPE reuse post treatments.

4. Currents status and challenges for the reprocessing of PPE for
COVID-19

Coronavirus SARS-CoV-2 transmission has become a significant
global challenge where the number of confirmed cases has increased
twenty five times in just over 4 months to ca. 25 million cases (Rowan
and Laffey, 2020) highlighting the high demand for PPE (European Cen-
tre for Prevention andDisease Control, 2020). There has been increasing
concerns about the potential exposure to frontline healthcare workers
from SARS-CoV-2, and the commensurate need to deploy effective PPE
disinfection procedures to ameliorate the threat of cross-transmission
and infection (Barceló, 2020; Faridi, 2020). Silva et al. (2020) have re-
ported that over 50 countries across the globe have mandated the use
of PPE by the general public to help prevent person-to-person transmis-
sion of SARS-CoV2.

Several authors have reported on the viability of SARS-CoV1 and
SARS-CoV-2 on various contact surface such as printed paper, printed
tissue, cloth, wood, glass, banknotes, plastic, stainless steel, surgical
mask layers over different environmental temperatures, relative hu-
midity and durations (Li et al., 2003; Lai et al., 2005; Pagat et al., 2007;
Chan et al., 2020; Chin et al., 2020; Fischer et al., 2020; Kasloff et al.,
2020; Behzadinasab et al., 2020; Biryukov et al., 2020). In general,
lower environmental temperatures support the longer survival of
SARS-CoV-2 on materials as reported by Chin et al. (2020) where only
a 0.7 log10 reduction was observed for SAR-CoV-2 at 4 °C after 14 days
compared with ≥4.5 log10 reduction at 22 °C (room temperature) after
14 days and ≥ 4.5 log reduction at 37 °C after just 2 days. Similarly,
Chan et al. (2020) also noted only a 2 log10 reduction of SARS-CoV-1
at 4 °C after 14 days when the virus was inoculated onto glass surfaces.
The longer survival of SARS-CoV-2 at colder temperatures may have fu-
ture implications for viral persistence on contaminated face coverings as
we are approaching the winter flu season.

However, public health practices that have been put in place to mit-
igate the spread of SARS-CoV-2 are likely to have a positive impact on
the occurrence of influenza cases given that these viruses share similar
modes of transmission to cause illness. Derraik et al. (2020) comprehen-
sively reported on the viability of SARS-CoV-1 and SARS-CoV-2 on dif-
ferent contact surfaces, without and with UV or heat treatments, and
noted the importance of virus load and inoculum size on inactivation
performance. Lai et al. (2005), who looked specifically at PPE,
highlighted the variability in SARS-CoV-1 viability of 2 days on a dispos-
able polypropylene gown and 24 h on a cotton gown for same 6 log10 re-
duction. Akin to studies reported by Derraik et al. (2020), we also
observed that the majority of researchers used medium tissue culture
infective dose (TCID50) to report inactivation of SARS-CoV-1 and
SARS-CoV-2 on various surfaces. Kasloff et al. (2020) simulated typical
infectious body fluids of infective patients and showed that to achieve
a 5 log10 reduction in SARS-CoV2 at 20 °C (room temperature), it took
ca 14 days on nitrile gloves and as much as 21 days on plastic face
shields, N100 respirators and polyethylene overalls, with some residual
infectivity evident on N95 respirators after 3 weeks. This highlights the
importance of safely discarding soiled PPE, which are not fit for reuse.

Surface disinfection studies against SARS-CoV-2, such as use of so-
dium hypochlorite, hydrogen peroxide or alcohol (Kampf et al., 2020;

van Doremalen et al., 2020), have informed the suitability of different
technologies for PPE reuse (Table 1). In is notable that Yang et al.
(2020) used a chlorine-containing disinfectant spray (2000 mg/L) for
treating a variety of contaminated areas in hospitals in Wuhan city,
Chinaduring SARS-CoV-2pandemic. All healthcareworkers donned sig-
nificant layers of PPE in the following sequence: white coats, N95 respi-
rator, surgical masks, surgical hat, protective goggles, shoe coverings,
isolation gowns, gloves, protective suits, another pair of gloves, protec-
tive hoods, and boot coverings where hand disinfection and spraying of
75% ethanol is applied to PPE again on entering the hospital. This high-
lights the emphasis placed on implementing rigorous infection control
strategies to remain safe from SARS-CoV2 and the enormous quantities
of PPE used to prevent SARS-CoV-2 transmission.

The U.S. Food and Drug Administration (FDA) led the way in the
strategic authorization of PPE and related medical devices processing
under Emergency Use Authorization (EUA) where a number of
established sterilization companies have been issued authority to
meet these critical supply chain needs arising from this COVID-19 pan-
demic (FDA, 2020). The common reprocessing technology across these
sterilization industries is use of hydrogen peroxide in vapour state
(VH2O2) for PPE treatment, where Battelle demonstrated it's potential
early in pandemic (Rowan and Laffey, 2020). Stryker STERIZONE VP4
Sterilizer, was approved for N95 face mask reprocessing by the FDA
under this EUA, which also incorporates the use of ozone combined
with VH2O2 for this purpose. As part of this EUA, the FDA reviews the
totality of scientific evidence available, including testing data that was
submitted within previous applications supporting device clearance
for other uses that considers different types of polymer materials, in-
cludingmaterials, consistent with those found in compatible N95 respi-
rators. The FDA also reviews performance data such as sporicidal test,
residual analysis, bioburden reduction validation demonstrating loga-
rithmic reductions of a non-enveloped virus challenge; testing regard-
ing material compatibility, functionality and filtration performance of
compatible N95 respirators after multiple decontamination cycles; and
testing regarding VH2O2 residuals after decontamination of compatible
N95 respirators. Typically, reprocessed PPE are discarded after ≤10
treatments as per respective factsheet for facilities and personnel
furnished to FDA. It is appreciated, that EUA reprocessing of PPE in
healthcare settings will reflect supply and demand, if there is sufficient
supply of PPE, then the use of reprocessing technologies will not be
required. Many countries recommend VH2O2 for N95 respirator decon-
tamination, leaving the decision to health service managers (Kobayashi
et al., 2020).

Preparations in the Republic of Ireland for PPE reprocessing are still
ongoing with a trajectory towards use of VH2O2 (Bioquell BQ50, UV
germicidal irradiation (UVGI, NanoClave) and sodium hypochlorite liq-
uid decontamination by trained healthcare staff within the hospital set-
ting. Challenges observed include unexpected delay in the delivery of
reprocessing technologies that took several months, where the low-
pressure UVGI system is turn-key innovation for ease and reliability of
operation. Standard operating procedures (SOPs) were generated for
safe use to meet expected PPE reprocessing needs. It is likely that de-
ployment of the technologies will be met by use of emergency authori-
zation issued by the hospital through infection control and crisis
management committee. This would infer that PPE reprocessing tech-
nologies, if authorized by this committee, can only be deployed within
that specific hospital for fixed purposes under emergency use.
Kobayashi et al. (2020) described extended use of N95 respirators,
defined as respirator was used, removed, stored and used again at
least 1 more time. The maximum duration of extended use of N95 res-
pirators ranged from 4 h (France, New Zealand, and Sweden) to 40 h
(Mexico), and the maximum number of cycles of decontamination
ranged from 2 (Germany) to 5 (United States).

At the time of writing, there is still no consensus in the Republic of
Ireland as to the strategic deployment of these technologies for PPE
reuse, such as, for extended community needs where there has been
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clusters of infections. However, there has been significant progress
made on important guidance documents (NSAI, 2020) that also includes
Health Products Regulatory Authority (HPRA) regulatory derogation
pathways. The PPE that were observed to be in short supply were surgi-
cal gowns and Starmed Hoods for use in ICU, with less pressure on sup-
ply of face mask and FFRs. Surgical gowns have similar material
consistency to that of surgical wrapping used for reprocessing of endo-
scopes, but the chamber size of in house plasma-generated VH2O2 is
too small to cater for large throughput of PPE for user needs. A limiting
factor for bespoke in-house reprocessing of PPE is the ability to test vi-
ruses along with biological indicator to confirm efficacy of decontami-
nation along with expertise and capacity to demonstrate functionality
(Rowan and Laffey, 2020). There is also a pressing need to explore atti-
tudes, perceptions and possible barriers for use of reprocessed PPE by
frontline clinicians and nurses that would entail conducting a social
marketing study so as to inform overall acceptance and to overcome be-
haviour change factors for PPE reuse.

Increased use of facemasks bypeople in communities in Irish society
is aligned with similar recommendations in other countries across the
globe (Rubio-Romero et al., 2020; Holland et al., 2020; Government of
Ireland, 2020). WHO (2020) also advocate that “use of face masks
alone are insufficient to provide adequate level of protection, and
other measures should also be adopted”. WHO (2020) also advises for

each country to apply a risk-based approach that considers benefits
(such as reduction of potential risk of exposure), along with potential
risk (such as self-contamination, false sense of security, impact of PPE
shortage) when deciding to use facemasks by general population. The
Centre for Disease Control and Prevention (2020) and Health Service
Executive (HSE) in the Republic of Ireland (2020) recommends the
use of cloth face coverings to help slow down the spread of COVID-19.
Face cloths can be decontaminated and reused after putting through a
washing machine and dryer where the combination of elevated
temperature and use of detergent the virus inactivates SARS-Cov-2
(Zhao et al., 2020).

TheWHO (2020b) estimates that approximately 89 million medical
masks will be required each month to respond to COVID-19 reflecting
general use of these across both community and healthcare. Given
that approximately 230,000 new cases of SARS-CoV-2 have been re-
ported daily (European Centre for Disease Prevention and Control,
2020), there has been global interest in gaining an understanding of ap-
propriate procedures for safe PPE reuse (Table 1). It is notable that the
term “N95” refers to the US National Institute or Occupational Safety
and Health (NOISH) certification (Derraik et al., 2020). N95 filtering
facepiece respirators (FFRs) are defined as respirators no resistant to
oils, but with a particle filtration efficiency ≥95% when challenged
with sodium chloride particles of a median diameter of 0.075 μm at a

Table 1
Frequently cited publications for PPE reuse, decontamination, waste management and recycling.a

Filtering Facepiece Respirators (FFRs such as N95) Face Shields
or Visors

Cloth or Fabric Face
Coverings

(Homemade or
Commercial)

Surgical and
Procedural

Masks

PPE (other including
Gowns)

Bio-medical waste
(including PPE)
Management and

Recycling

Hydrogen
Peroxide Vapor

(VH2O2)
± Ozone

UV Germicidal
Irradiation (UVGI)
UVA, UVB, UVC

Heat-based Procedures

Boškoski et al.
(2020)

Zhao et al. (2020)
[N95s]

Liao et al. (2020)
[≤85 °C, 30% RH, 10 min]

Flanagan and
Ballard (2020)
[3D Printed]

Van der Westhuizen
et al. (2020)

Sickbert-Bennett
et al. (2020])
Filtration
efficacy]

Jessop et al. (2020)
[PPE reuse]

Horton and Barnes
(2020)

Rowan and
Laffey (2020)

Mills et al. (2018)
[N95s]

de Man et al. (2020)
[121 °C]

FDA (2020) CDC (2020) Zorko et al.
(2020)

Hegde (2020) [choice] Aeschelmann and
Carus (2020)

Rubio-Romero
et al. (2020)

Ratnesar-Shumate
et al. (2020) UVB

Auerswald et al. (2020) Perencevich
et al. (2020)

Rubio-Romero et al.
(2020)

Dangaville et al.
(2020)
[shortage]

Saini et al. (2020)
[overalls]

Barceló (2020)

Saini et al.
(2020) [Low
Cost]

O'Hearn et al.
(2020b)

Price and Chu (2020) dry
heat 70 °C/30 min [FFRs

Cook (2020) WHO (2020) Elhadi et al.
(2020) [low
resource
countries]

Lockhart et al. (2020)
[use In Anaesthesia]

Silva et al. (2020)

Derraik et al.
(2020)

Fisher and Shaffer
(2011)

Ma et al. (2020) O'Hearn et al.
(2020b)

European Center for
Disease Prevention
and Control (2020)

Rubio-Romero
et al. (2020).

Skrzypczak et al.
(2020) 3D printed

Ilyas et al. (2020)

Srinivasan and
Peh (2020)

Lowe et al. (2020)
[ca 300 mJ/cm2]

Spanish Society of
Preventive Medicine,
Public Health and Hygiene
(2020)

Saini et al.
(2020)

Mueller et al.
(2020)

Ahmed et al. (2020) European Commis-
sion (2020)

Schwartz et al.
(2020)

Inagaki et al.
(2020)
[DUV-LEDs]

Toon (2020)
[Ozone]

MacIntyre et al.
(2015)

Boškoski et al.
(2020)

Martín-Rodríguez et al.
(2020) [pain]

Ghodrat et al. (2017)

Grossmann
et al. (2020)
[N95s]

3M™ (2020) Rengasamy et al.,
(2010)

Radonovich et al.
(2019)

Rowan and Galanakis
(2020)

Prata et al. (2020)

FDA (2020c) Rowan and Laffey
(2020)

Rubio-Romero et al.
(2020)

Shakya et al. (2017) Rengasamy et al.
(2010)

Suppan et al. (2020)
E-learning

Singh et al. (2020)

Steinberg et al.
(2020)

Card et al. (2020) MacKenzie (2020)
[Household Use]

MacIntyre et al.
(2015)

Toon (2020) [Gowns] Clark (2020)

Jatta et al.
(2020)

Liao et al. (2020) Batéjat et al. (2020) FDA (2020) Park (2020) Rhee (2020)

CDC (2020) &
CDC, 2020)

Steinberg et al.
(2020)

Steinberg et al. (2020) Ou et al. (2020) Rowan and Laffey
(2020) [Surgical
Gowns, Starmed Hoods
for ICU]

Hutti-Kaul et al.
(2020)

Toon (2020)
[Ozone]

Ou et al. (2020) Derraik et al. (2020) Wang et al. (2020)

Battelle (2016) Derraik et al.
(2020)

Ou et al. (2020) Barceló (2020) Liu et al. (2017)

Liao et al.
(2020)

Ou et al. (2020) Kobayashi et al. (2020)
[Dry heat]

Ou et al. (2020) Ozog et al. (2020) Daeschler et al. (2020)
Perkins et al.
(2020)

Heilingloh et al.
(2020)

Pastorino et al. (2020)

a Powered-air purifying respirators (PARPs); Filtering Facepiece Respirators (FFRs); Relative Humidity (RH).
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flow rate of 85 L/min (Derraik et al., 2020). The equivalent Conformité
Européen (CE) certifications are FFP2 and FFP3 respirators that have
minimum required particle filtration efficiencies of 94% and 995 respec-
tive. Thus, we have referred to this generic group as FFRs.

Disposable PPE are regulated by Regulation (EU) 2016/425 of the
European Parliament and repealing Council Directive 89/686/EEC
(European Parliament and the Council of the European Union, 2016,
which obliges the manufacturer to apply the aforementioned CE mark-
ing and to follow the procedure for evaluating and complying with the
requirements for that marking. The full suite of European standards
and certifications for manufacturer respiratory protective devices are
described by Rubio-Romero et al. (2020). However, the European Com-
mission also published specific Commission Recommendations (EU)
2020/43 of March 13, 2020 on conformity assessment and market sur-
veillance procedures with the context of COVID-19 threat to allow for
commercialization of PPE or medical devices that comply with non-
European standards, even if they do not have CE marking in the event
of shortage of supplies, but an adequate level of protection must be
guaranteed and the corresponding authority informed (European Com-
mission, 2020). Similarly, the United States government published au-
thorizations to import Non-NIOSH-approved filtering facepiece (FFP)
respirators from other countries (Food and Drug Administration,
2020). The situation of widespread shortages of PPE has led civic society
making different kinds of improvised facemasks using a variety ofmate-
rials without any guarantee of certification internationally (Rubio-
Romero et al., 2020). In order to help standardize this practice, some
standard organization released reference documents such as French As-
sociation for Standardization published AFNOR SPEC S-76-001 that ad-
dresses mass manufacturer of homemade masks (AFNOR, 2020).
Effectiveness of disposablemasks varies depending on the type and cer-
tification standards, which focuses on the leakage of all particles in the
interior at 22%, 8% and 2% for FFP1, FFP2 and FFP3 respectively (Rubio-
Romero et al., 2020).

4.1. Translating knowledge from use of medical face masks to informing ef-
ficacy of commercial or homemade cloth face coverings

Sickbert-Bennett et al. (2020) recently reported on the aerosol filtra-
tion efficiency for FFR alternatives that have been used during the
COVID-19 pandemic. Surgical masks with ties were shown to have fil-
tration efficiency (FFE) of 71.5%(±5.5), while procedural masks with
ear loops had lower FFE at only 38.1% (±11.4%). The FFE of 3 M's N95
Respirator (Model 1830) was reported to be high at 98.5% (±0.4)
(Sickbert-Bennett et al., 2020). Quality improvement studies of 29 fitted
face mask alternatives, expired N95 respirator with elastic bands sub-
jected to ethylene oxide or hydrogen peroxide vapour had unchanged
fitted filtration efficiency (FFE) of more than 95%, while performance
of N95 respirators in wrong size resulted in decreased FFEs between
90 and 95%. As a group, surgical and procedural masks had lower FFEs
related to N95 respirators with masks secured with elastic ear loops
showing lowest performance. Clinicians and HCWs have voiced con-
cerns about discomfort arising with ear loops from wearing face
masks for prolonged period. Thus, there appears merit in use of head
ties, instead of ear loops, for securing face masks or face coverings to
protect against infectious aerosols harbouring SARS-CoV2.

A short observational study of the types of face masks and face cov-
ering used by 1043 shoppers as they entered a large retail centre was
conducted in the Irish midlands on 14th and 15th August, 2020. Find-
ings revealed that 461 wore coverings with ear loops, 320 wore proce-
dural masks with elastic ear loops, 140 wore KN95/N95 respirators, 38
wore face shields, 5 wore bandanas, 3 wore scarfs, and 56 shoppers
did notwear face coverings. Therewas no evidence of anyoneusing sur-
gical masks secured with ties. It was observed that 64 appeared to be
wearing face masks or coverings over their mouth only, or below their
chin, or were improperly fitting such that these did not cover the nose
or mouth. Some shoppers removed their face masks, or raised their

face shields to the top of their head, in order to have conversations,
which indicated a lack of understanding of their purpose and function.
Recnet evidence from Fischer et al. (2020) with FFRs suggests that
face masks and face coverings should consider use of adjustable cloth
ties, as this design potentially offers better filtration efficacy of the
virus compared to using a face coverings that have elasticated ear
loops. Creativity in the design of cloth coveringswas observed including
insertion of a clear panel to facilitate lip reading. Face cloths are likely to
be disinfected through use of domestic washing machine for re-use
where combination of moist heat above 60 °C and detergent will kill
COVID-19 (Zhao et al., 2020; Rubio-Romero et al., 2020). CDC (2020b)
report that it is not known if face shields provide any benefit as source
control to protect others from the spray of respiratory particles. CDC
does not recommend use of face shields for normal everyday activities
or as a substitute for cloth face coverings. If face shields are usedwithout
a mask, they should wrap around the sides of the wearer's face and ex-
tend to below the chin.

5. Reprocessing of PPE during COVID-19 tomeet critical shortages in
supply chain using different technologies and approaches

Albeit limited, published studies have demonstrated efficacy of var-
ious chemical biocides at mild concentrations against several viruses
(including SARS, MERS, HCoV) on different inanimate surfaces (Kampf
et al., 2020; van Doremalen et al., 2020). This informed PPE re-use stud-
ies, such as in theUS, where HCWswere providedwith 5 FFP respirators
to a factor in one usage per day where at the end of the working day,
used FFP respirator must be kept in a breathable paper bag and stored
by order of usage (Centre for Disease Control and Prevention, 2020). If
the workers store and use FFP respirators in order of each day, which
would infer that 5 days would have occurred between initial usage of
each respirator (Rubio-Romero et al., 2020. The focus of this review is
to describe decontamination procedures that are readily scalable for
safe PPE reuse based upon best published information.

Procedures that have been reported in the literature for the reuse of
PPE in healthcare focus on applying mild treatments that seeks to
achieve a balance between exploiting the sensitivity of SARS-CoV-2
with that of ensuring viral bioburden reduction and functionality of
PPE post processing. Themajority of reported approaches have adopted
use of hydrogen peroxide in vapour state (VH2O2) that are authorized
by competent authorities (such as FDA), with one company reporting
combiningVH2O2with ozone. The authorized use of other processes in-
clude moderate heat with steam, low-pressure UV technologies and
mild liquid disinfection (CDC, 2020). Physical technologies (such as
gamma irradiation) are not been pursued as they affect material func-
tionality of treated PPE (Rowan and Laffey, 2020). The majority of stud-
ies have reported on reduction in surrogate microorganisms, but there
has been limited publications addressing holistic component aspects
such as complex functionality testing such as filtration efficacy of FFRs
(Table 1). Several studies have used SARS-CoV-2 as test organism for vi-
ability and for reprocessing of PPE with an emphasis on cell culture de-
terminations (Table 1). Others studies have used a range of virial
surrogates at different concentrations, such as T1, T7, phi-6 and MS2
bacteriophages, Influenza A H1NI, N5NI, H7N9, MERS-CoV, SARS-CoV,
or established bacterial endospore indicators such as Bacillus atrophaeus
or G. stearothermophilus (CDC, 2020; Rowan and Laffey, 2020).

5.1. Reprocessing of PPE using dry and moist heat

Some studies have been reported on the use of different regimes of
heating for PPE processing. Heating causes irreversible structural dam-
age in virus proteins that prevents binding to host cells (Derraik et al.,
2020); the challenge is for thermal procedures is to eliminate SARS-
CoV-2 with damaging PPE. The guiding principle, similar to the concept
of pasteurization for use with heat sensitive foods, is that one can
achieve a similar one-log reduction in viral load by reducing exposure
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time with increasing temperature. For example use 72 °C for 15 s pro-
vides similar level of lethality to that of using a holding temperature of
60 °C for 30 min. In general, heat treatment at 60 °C for ≥30 min
would lead to ca 4.6 to 7 log10 reduction in SARS-CoV-2 (Table 1). How-
ever, doubling exposure duration at 60 °C to 60 min would be prudent
given the variability in heat inactivation studies reported for SARS-
CoV-1 and SARS-CoV-2 (Derraik et al., 2020). For example, Darnell
et al. (2004) reported on residual infectivity after exposure of SARS-
CoV-1 to heating at 65 °C for 90min. Also, there is considerable variabil-
ity in the manner by which the viruses have been tested by researchers
that includes use of artificial solutions, surfaces and materials, with and
without soiling, where the lack of harmonized procedures makes it
challenging to appreciate significance of findings and relevance to prac-
tice, such as PPE (Table 1). Variable factors influencing the efficacy of
heat inactivation procedures for SARS-CoV-1 and SARS-CoV-2 include
number of viruses present (viral load), presence of organic matter
(soiling), temperature, humidity and duration of treatment (Table 1).

Song et al. (2020) reported on the use of heating of face masks in an
oven at 56 °C for 30 min combined with hot air from a hair dryer for
30 min to inactivate influenza virus without observing efficacy in filter-
ing capacity. Rubio-Romero et al. (2020) noted that findings from this
particular study was used by the International Medical Center of
Beijing (2020) and the Spanish Ministry of Labour and Social Economy
as basis for indicating that FFRs maintain their filtration efficiency
after decontamination at 70 °C for 30min, although fit and deformation
testing is not reported. Price and Chu (2020) and Spanish Society of
Preventive Medicine, Public Health and Hygiene (2020) recommend
use of dry heat at 70 °C for 30 min in a convection oven to ensure con-
stant and uniform temperature maintenance. However, there is a gen-
eral lack of information on the effect of dry heat on filtration, fit-test
or deformity over several decontamination cycles (N95DECON, 2020a;
Rubio-Romero et al., 2020; Derraik et al., 2020).

The CDC (2020) stated that, based on limited research available as of
April 2020, moist heat has shown promise as a potential method to de-
contaminate FFRs. The CDC's National Institute for Occupational Safety
and Health (2020) reiterated that before using any decontamination
method, it should be evaluated for its ability to retain 1) filtration per-
formance, 2) fit characteristics achieved prior to decontamination, and
3) safety of the FFR for the wearer (e.g. by inactivating SARS-CoV-2).
Moist heat, consisting of 60 °C and 80% relative humidity (RH) caused
degradation in the filtration and fit performance of tested FFRs
(Bergman et al., 2010; Bergman et al., 2011; Viscusi et al., 2011).
Heimbuch et al. (2011) disinfected FFRs contaminated with HINI influ-
enza using moist heat of 65 °C and 85% RH that achieved a minimum
of 99.99% reduction in the test virus. CDC (2020) noted that one limita-
tion of the most heat method is the uncertainty of disinfection efficacy
for various pathogens. This is particularly relevant as there could be
more than one respiratory virus or pathogen on contaminated FFRs in
healthcare environment and during COVID-19 pandemic.

5.2. Reprocessing of PPE using ozone

Ozone can disrupt lipids and proteins in the cell envelope of viruses
exposing vital genetic material, thus causing oxidative inactivation
(Rowan, 2019). Zhang et al. (2004) had previously reported on decon-
tamination of FFP respirators using ozone where SARS-CoV1 was
inactivated using different concentrations of ozone solution disinfection
with efficacy at 27.73 mg/L for 4 min exposure. Toon (2020) also de-
scribed the efficacy of ozone for decontaminating PPEwhere the relative
humidity needed to be maintained above 50%, Dennis et al. (2020) re-
ported virucidal potential of ozone where they implemented a simple
disinfection-box system for treating FFRs. The authors recommended
ozone concentrations at 10 to 20 ppm combined with an exposure of
at least 10 min. Dennis et al. (2020) note advantages of ozone that in-
clude rapid virucidal action that is effective for fibrous material, which
included addressing crevices and shading. However, Dennis et al.

(2020) also stated that ozone is a lung irritant and can be dangerous
to humans, animals, and plants. There is very limited published infor-
mation on ozone for broader PPE and medical device treatment due
possibly to the risk associated with its volatility and lung health
implications.

5.3. Reprocessing of PPE using hydrogen peroxide vapour

The majority of authorized approaches advocated by competent
bodies deploy hydrogen peroxide vaporization (VH2O2) for emergency
reprocessing of PPE where there is critical shortage (Table 1). Jatta et al.
(2020) reported on effective filtration efficiency and fit testing of N95
respirators (3 M 8211FF and 9210FF) after 5 and 10 cycles of VH2O2
by V-PRO®maX Low Temperature Sterilization System at higher con-
centration of 59% VH2O2 to prolong the supply of respirators. Battelle
and Duke University had validated hospital protocols for
decontaminating respirators using 30 to 35%. VH2O2 (Jatta et al.,
2020; Rowan and Laffey, 2020). The background and benefits of using
VH2O2 as a reprocessing agent or sterilisingmodality formedical device
application have been comprehensively reviewed by McEvoy and
Rowan, 2019. However, VH2O2 compatibility with cellulose-based ma-
terials in PPE needs consideration (Zhao et al., 2020).

Grossmann et al. (2020) noted that several VH2O2 sterilization sys-
tems are currently approved for use under Emergency Use Authoriza-
tion (EUA), but these technologies can be difficult to obtain due to the
significant demand around the world. Grossmann et al. (2020) de-
scribed the VH2O2 process (closed and sealed off room using Bioquell
Z-2 disinfection cycle) for N95 respirators. These FFRs had been placed
in Tyvck pouches where the process includes conditioning, gassing,
dwell, and aeration of the VH2O2. Grossmann et al. (2020) demon-
strated a reproducible and scalable process for decontaminating N95
respirator within a large academic hospital and healthcare system.

The CDC (2020) reviewed all relevant publications on VHO2H de-
contamination of FFRs in order to provide evidence of minimal effects
to filtration and fit, while demonstrating 99.9999% efficiency in killing
bacterial spores. VH2O2 did not reduce the filtration performance of
ten N95 FFR models tested while showing a 6-log reduction in
Geobacillus stearothermophilus spores (Viscusi et al., 2009; Bergman
et al., 2010; Battelle et al., 2016; van Doremalen et al., 2020). In a report
prepared by BattelleMemorial Institute, the 3M1860 FFRwas shown to
maintain filtration performance for 50 treatment cycles of V2HO2, using
the Clarus® R HPV generator form Bioquell (utilizing 30% H2O2). Addi-
tionally, FFR fit was shown to be unaffected for up to 20 VH2O2 treat-
ments cycles using NPPTL's Static Advanced Headform (Bergman et al.,
2014; Battelle et al., 2016). Strap degradation occurred after 20 treat-
ment cycles. Kenney et al. (2020) contaminated 3 M 1870 FFRs with
three bacteriophages, T1, T7, and Phi 6, and decontaminated the FFRs
using VHP generated from the Bioquell's BQ-50 system. The V2HO2
treatment was shown to inactivate >99.999% of all phages which was
below the limit of detection. Viscusi et al. (2009) found that 9 FFR
models (three particulate N95, three surgical N95 FFRs and three
P100) exposed to one cycle of VH2O2 treatment using the STERRAD
100S H2O2 Gas Plasma Sterilizer (Advanced Sterilization Products, Ir-
vine, CA) had filter aerosol penetration and filter airflow resistance
levels similar to untreated models; however, Bergman et al. (2010)
found that three cycles of gas plasma treatment using the STERRAD
100S H2O2 Gas Plasma Sterilizer negatively affected filtration perfor-
mance. Table 1 lists themost frequently published papers on the decon-
tamination of reuse of PPE using VH2O2.

5.4. Reprocessing of PPE using ethylene oxide (EO)

The CDC (2020) reported that ethylene oxide (EO) is not recom-
mended as a decontamination method for FFRs as it is carcinogenic
and teratogenic and may be harmful to the wearer, even at very low
concentrations. NIOSH set a low exposure limit due to residual cancer
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risk below the quantitative limits of detection, i.e., preferring lowest fea-
sible exposure (CDC, 2020). The CDC reviewed several studieswhere EO
was shown to not harm filtration performance for the 9 tested FFR
models. All tests were conducted for one hour at 55 °C with EO gas con-
centration ranging from 725 to 833 mg/L (Viscusi et al., 2007a; Viscusi
et al., 2009; Bergman et al., 2010). Also, six models that were exposed
to three cycles of 736mg/L EtO all passed the filtration performance as-
sessment (Bergman et al., 2010).

5.5. Reprocessing of PPE using ultraviolet light (UV)

Ultraviolet (UV) irradiation causes inactivation of viruses by damag-
ing RNA or DNA via a photo-dimerization process (Darnell et al., 2004).
UV decontamination exploits different wavelength bands where UVC
(200–280 nm) is superior to UVB (280–300 nm) and UVA
(320–400 nm). Optimum irreversible molecular damage occurs around
the 254 nm wavelength, hence the reason why this fixed wavelength
has been successfully exploited by thewater industry for ca. 50 decades
(Rowan, 2019). Microbial pigments have evolved for peak absorbance
to match 254 nm for to protection, however, viruses (including SARS-
CoV-2) do not produce pigments or other defence mechanisms against
UV and are not capable of independent lift. Hence, they require a host
such as people for replication. Thus, the majority of PPE decontamina-
tion studies have focused on exploiting UVC, rather than UVB or UVA
(Table 1) Next-generation, pulsed UV light technology exploits an
ultra-short, intensive broad light spectrum (ca 200 nm to 1100), and
has been previously shown to be superior to conventional low-
pressure fixedwavelength UVCmethods. However, PUV is an emerging
disruptive technology (Rowan, 2019) that is used commercially by the
food industry, such as for decontamination of packaging. Only one
study, Jinadatha et al. (2015), reported on the disinfection of PPE mate-
rials prior to doffing by a pulsed xenon light source that was artificially
contaminated with Ebola viral surrogate with reduction in viral load.

There is growing interest in the use of UV technologies for treating
COVID-19 with varied findings (Torres et al., 2020; Rubio-Romero
et al., 2020; CDC, 2020; Derraik et al., 2020). The CDC (2020) also
noted that ultraviolet germicidal irradiation (UVGI) is a promising
method for PPE reuse, but stated that not all UV lamps provide the
same intensity, thus treatment timeswould have to be adjusted accord-
ingly (Table 2). Moreover, UVGI is unlikely to inactivate all the viruses
and bacteria on an FFR due to shadow effects produced by the multiple
layers of the FFR's construction. The CDC (2020) noted that acceptable
filtration performance was recorded for eleven FFR models exposed to
various UV doses ranging from roughly 0.5–950 J/cm2 and UVGI was
shown to have minimal effect on fit. Heimbuch and Harnish (2019)
tested filtration and fit of 15 FFRs and found no adverse effects to FFR
performance. An approximate inactivation of 99.9% of bacteriophage
MS2, a non-enveloped virus, and H1N1 influenza A/PR/8/34 on FFPs
were achieved with approximately UV dose of 1 J/cm2 (Fisher and
Shaffer, 2011; Heimbuch et al., 2011). Heimbuch and Harnish (2019)
also tested the performance of 1 J/cm2 of UVGI against Influenza A
(H1N1), Avian influenza A virus (H5N1), Influenza A (H7N9) A/Anhui/
1/2013, Influenza A (H7N9) A/Shanghai/1/2013, MERS-CoV, and SARS-
CoV and reported virus inactivation from 99.9% to greater than
99.999% (Fisher and Shaffer, 2011). Bodell et al. (2016) also reported
on the use of UV technology to destroy HINI influenza viruses where
≥3 log reduction was achieved after 60 to 70 s at irradiance of 17 mW/
cm2. However, these authors reported on significant variably in efficacy
depending upon the prototype and operating conditions used. Lindsley
et al. (2015) reported treatment of FFP respiratory N95 with low pres-
sure UV light at 950 J/cm2 produced greater particle penetration (up
to 1.25%) and had little effect on flow resistance. However, higher
fluence levels (such as 2360 J/cm2) reduced the strength of filtered
layers and the breaking strength of straps. O'Hearn et al. (2020a) con-
ducted systematic review of 13 papers focusing on UV-disinfection of
N95 respirators where they recommended a cumulative UV-dose or

fluence of 40,000 J/m2 in future validation studies including filtration,
fit and deformation testing.

Card et al. (2020) reported on the potential efficacy of FFP respirator
decontamination using UVGI using biosafety cabinets that describes ir-
radiation for 15–20 min per side with a fluence of 100 μW/cm2. Lowe
et al. (2020) reported that use of UVGI effectively inactivates a range
of complex human pathogens including coronaviruses with a focus on
FFP respirators (N95) disinfection. This online Nebrasca Medicine also
reported on fit and functionality efficacy of UVGI-treated N95 were
not affected at different levels of fluence (Lowe et al., 2020;
N95DECON, 2020a). The Spanish Society of Preventative Medicine rec-
ommends decontamination of FFP respirators using UVGI with double
lamps at 36 W for 148 s exposure. However, Rowan and Laffey (2020)
and Rowan (2019) reported on technical challenges of using UV irradi-
ance for disinfecting complex devices that includes variance in UV
fluence and complex shading affects such as presented in filter mesh.
The InternationalMedical center of Beijing (2020) does not recommend
UV disinfection for FFP respirators as the efficacy of disinfection it pro-
duces for COVID-19 is to be determined. The Centres for Disease
Control and Prevention (2020) also advocates against use of UV disin-
fection of filtering facepiece respirators due to “shadowing effects pro-
duced by the multiple layers of the filtering respirators construction”.
Rubio-Romero et al. (2020) noted that the advantages of UV could be
that ≥ J/cm2 of UV-C inactivates viruses similar to SARS-CoV2 on N95s
that maintain fit and filtering performance after 10–20 cycles but
shadowing may affect disinfection efficacy (N95DECON, 2020b). Straps
also become degraded after multiple cycles of UV (Mills et al., 2018).

Zhao et al. (2020) reported on the treatment of N95-ratedmasks and
nonrated surgicalmasks,where they demonstrated that neither 254nor
265 nm UV-C irradiation at 1 and 10 J/cm2 had adverse effects on the
masks' ability to remove aerosolized virus-sized particles. The authors
noted that additional testing showed no change in polymer structure,
morphology, or surface hydrophobicity for multiple layers in the
masks and no change in pressure drop or tensile strength of the mask
materials. Inagaki et al. (2020) recently reported (via a non-peer
reviewed paper), that a deep ultraviolet light-emitting diode (DUV-
LED) instrument generating around 250–300 nm wavelength (fluence
3.75 mW/cm2) showed potential for inactivating (in vitro) a strain of
SARS-CoV-2 that had been isolated from a patient who developed
COVID-19 in the cruise ship Diamond Princess in Japan in February
2020. This strain was obtained from the Kanagawa Prefectural Institute
of Public Health (SARS-CoV-2/Hu/DP/Kng/19–027, LC528233). Proper
precautions are required to avoid UVGI exposure to skin or the eyes,
as UVGI is harmful. Rowan (2019) described a reliable protocol for har-
monizing the UV dose of fluence generated from different technologies
in order to enable repeatability. Generally, the consensus for use of UV
technologies, is that one needs to apply extended doses of UV light for
PPE material decontamination to at least a UV dose of 2000 mJ/cm2

for efficacy. However, fixed UV lights sources produce significant heat
over extended treatments and it is not clear frommany of the published
studies that focused on UV decontamination of SARS-CoV-1 or SARS-
CoV-2 how temperature was monitored and controlled (Table 2). UV
technologies are only effective when treating 2D surfaces as they need
to irradiate the target; thus, a virus that is trapped in crevices or hidden
behind amesh such as found in the layers of material in FFRs will not be
inactivated as it will not have received treatment (CDC, 2020; Rowan,
2019).

5.6. Use of bleach for PPE reuse

Rowan and Laffey (2020) reported on the use of bleach (sodium hy-
pochlorite at ≤4000 ppm), alongwith a counter water immersion phase
to remove residuals, for testing disinfection performance of Starmed
Hoods for ICU. While 3 M stated that Viscusi et al. (2009) measured
the filtration performance of two FFR models submerged into a range
of sodium hypochlorite solutions (0.525% - 5.25% sodium hypochlorite)
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and noted some degradation in filtration performance, but not below
acceptable levels. Viscusi et al. (2009) and Bergman et al. (2010) also
examined the performance of multiple FFR models submerged into 6%
sodium hypochlorite and found filtration performance not to be af-
fected. However, residual bleach odours and chlorine off-gassing was
noticed and Viscusi et al. (2009) concluded that bleach decontamina-
tion of FFRs should be further evaluated using lower concentrations of
sodium hypochlorite and to consider chemical methods for neutralizing
residuals. Based upon published information, use of liquid bleach (so-
dium hypochlorite) should only be considered for simple PPE
configurations, such as visors or starmed hoods, which must have a
water rinsing post-process step to ensure residuals are removed in a
vented environment so as to remove chlorine vapour. A comparison of
different potential approaches for decontaminating PPE is presented in
Table 3.

6. Enhanced production of PPE that encompasses improvisation for
COVID-19 crisis

There has been a staggering increase in the production of ventilators
and supply of single-use PPE to meet unprecedented demands globally
(Health Products Regulatory Authority, 2020; Global News Wire, 2020).
Cocking (2020) report on the innovative activities of Irish researchers in
production of bespoke hoods for ICU and to support decontamination of
PPE in healthcare setting. Flanagan and Ballard (2020) also reported
that healthcare workers have been improvising and rationing: sometime
outside the lines of CDC and FDA guidelines (Ranney et al., 2020). For ex-
ample, Flanagan and Ballard (2020) have noted that that healthcare
workers have worn refuse/bin bags or rain ponchos due to shortage of
PPE as healthcare have distributed policies regarding reuse and rationing
for frontline staff. In response to FDA not objecting to the distribution of

Table 2
Recommended information to be reported in studies on microbial/virucidal (SARS-CoV-2) inactivation by UV technologies for harmonization of PPE reuse and for scalability.

Main factors Recommended information for reporting

Microorganism, recovery and enumeration Genus, species and strain of microorganism
*Provide appropriate culture collection reference number and/or include type strain for test
microorganism(s) in studies
*Include Bacillus atrophaeus and/or Geobacillus stearothermophilus endospore along with test organisms
*Confirmation of identify of test microorganisms by biochemical, physiological, morphological,
immunological and/or
molecular means (provide name of supplier for rapid test kits)
*Method of storing cultures (cryoprotectant) and frequency of sub-culturing (using fresh microbial
slope every month kept at
4 °C where bacterial indicators used)
Initial inoculum
* Description of procedures for microbial cultivation including name of supplier company for media (to
include in vitro analysis)
* Growth medium composition, growth temperature, pH, incubation time, and growth phase
(exponential or stationary)
* Growth achieved under static or orbital cultivation (rpm)
* Confirm purity by identifying 3 randomly selected isolates
Recovery conditions and enumeration methods for test strains
* Composition of media used for recovery to include basal media or physiological saline as diluent
* Time and storage conditions between treatment and microbiological analysis
* Description of procedure for enumerating viral test strains post treatments, such as use of in vitro
tissue culture procedures

UV treatment medium properties and conditions For commercial: description of power unit used for generating pulses to include equipment name of the
supplier company and
model
For prototype: adequate description of components including treatment chamber, electrical
configurations and specifications
Auxiliary devices –
∗ Temperature probe
∗ Thermophile power detector and software for total broad-spectrum dose received by sample
∗ Transmissivity sensor to monitor %UV transmittance
Ensure microbial population density is ≤5-log orders to mitigate against influence of protective shading
effects
Include description of media composition, pH, aw
Composition of menstruum used as diluent for treated samples
Sufficient number of treatment trials and replications to provide statistical confidence of findings at 95%
level; description of
statistic test and version of software package (such as Minitab or SPSS)
Description of method used to generate bacterial endospores (natural aged for 7 days or incorporation
of manganese sulphate to
expedite conversion of vegetative cells to spores on agar surfaces)
Include native microflora along with artificially seeded test microorganisms due to variability in
resistance profile to PL
Consider occurrence of cavities in plant surface microstructures that may protect microorganisms from
incident light due to shading

As part of EUA, the FDA (2020) reviews the totality of scientific
evidence for PPE reprocessing including specialist testing

*testing submitted within previous applications supporting device clearance for other uses that
considers different types of polymer materials, such as materials consistent with those found in
compatible N95 respirators.
*performance data such as sporicidal test, residual analysis, bioburden reduction validation
demonstrating >3 log reduction of a non-enveloped virus challenge; testing regarding material
compatibility, functionality and filtration performance of compatible N95 respirators after multiple
decontamination cycles
*testing regarding residuals after decontamination of compatible N95 respirators.
*Typically, reprocessed PPE are discarded after 10 treatments as per respective factsheet for facilities
and personnel furnished to FDA
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improvised face shields as long as they create no ‘undue risks’ and to sup-
port attempts to foster greater availability of PPE for betterment of public
health, Flanagan and Ballard (2020) reported on range of innovative ac-
tivities leading to increased production of face shields including sharing
open source face shield designs allowing everyone with a 3D printer to
download free design. There has also been an increased surge in the pro-
duction and wearing of community-made bespoke cloth face masks,
where Zhao et al. (2020) advocated decontamination of these through
use of domestic washing machines and dryer for their reuse. There is a
pressing need for sharing of information globally for harmonization of ap-
propriate best-approaches using open access platforms that will meet
need for accelerate rate of usage so as to ensure no undue risks aligned
with bringing together multi-actors, particularly competent authorities/
regulators. There is a commensurate need for an understanding of the ap-
propriateness and impact of different reprocessing modalities on mate-
rials when considering future reprocessing of PPE and medical devices
(Rowan and Laffey, 2020).

7. Waste management, resource utilization and environmental im-
pact of existing PPE usage to address COVID-19 with green opportu-
nities for innovative change

There is anunprecedented surge in plastic-based PPEusage, arising a
s consequence from the ongoing COVID-19 pandemic, which

constitutes a new form of single-use-plastic (SUP) waste that will to
plague our oceans posing a threat to our marine ecosystems
(Euronews, 2020). Shorelines have been littered with discarded PPE,
such as masks and visors, with the gullets of birds stuffed with latex
gloves, along with crabs tangled in face masks. Marine conservation or-
ganization OceansAsia highlighted the growing number of single-use
face masks being discovered during its plastic pollution research in
the Soko Islands near Hong Kong (Clark, 2020). To provide context, Re-
public of Ireland is a small country with a population of ca 4.5 million,
yet it's HCWs require 9 million face masks per week at a cost to the ex-
chequer of €1billion a year (Farsaci, 2020). Nzediaegwu and Chang
(2020) reported that the number of PPE used daily in Africa is estimated
to reach seven hundredmillion, as several African stateswith confirmed
COVID-19 cases have mandated compulsory facemask use for their cit-
izens. For example, and estimated 171,506,138 facemasks to be used
per day in Nigeria with a population of 206 million. These authors
noted while developed countries have green and sustainable waste
management strategies capable of addressing COVID-19, the risks are
much higher in developing countries that have poor waste
management.

In developing countries, solid waste are dumped in the open and in
poorly managed landfills where waste pickers, without wearing proper
PPE, would be exposed to COVID-19 as they scavenge for recyclablema-
terials. Such landfills serve as ‘food banks’ for livestock anddogs that can

Table 3
Properties of different decontamination approaches considered for PPE reprocessing and reuse.a

Hydrogen Peroxide
Vapour (VH2O2)

Ethylene Oxide
(EO)

Ultraviolet Germicidal
Light

Moist
Heat

Chemical Liquid
Disinfectants

Gamma
Irradiation

Methodology Penetration of
sterilant gas

Penetration of sterilant gas Surface irradiation Penetration by heat
(such as 60 °C for
30 min delivers 4
log reduction)

Surface disinfection Irradiation of product
using photons from
radioisotope

Efficacy of
process

Process efficacy
confirmed by
biological indicators
and/or process
monitoring

Process efficacy confirmed
by biological indicators
and/or process monitoring

Variable, but process
efficacy confirmed by
biological indicators or
monitoring UV dose

Process efficacy
confirmed by
biological indicators
and/or process
monitoring

Process efficacy
confirmed by
international standards
on biocide testing

Process parameter
confirmed using
dosimetry

Penetration
(such as use
of packaging)

Limited penetration
Requires gas
permeable packaging
and product design

Requires gas permeable
packaging and product
design

Not suitable for
packaged PPE

Suitable for
treatment of
packaged PPE – but
depends upon
specific sensitivity
of materials

Not applied or suitable
for packaged PPE but
could be used for surface
disinfection

Good penetration
complete even at high
densities (>0.4 g/cc)

Material
Compatibility

Good material
compatibility but not
with cellulose-based
materials as degrades
VH2O2

Very few material
compatibility concerns

Broad material
compatibility – longer
exposures affects
brittleness of PVC, straps
of FFRs

Very broad
compatibility

Variable depending
upon biocide – but
sodium hypochlorite or
hydrogen peroxide (≤
5% compatible with PPE

Compatible with most
materials: plastics need to
be evaluated. Avoid
acetals, PTFE (Teflon),
unstable polypropylene

Turnaround
Time

All in one day
processing

Days:
conventional = 9–10 days.
All-in-one
processing = one day

Relatively short –
typically ≤1 h but
depends on UV dose

Relatively short,
typically ≤1 h

Relatively short
(generally ≤30 min)

Hours: time varies based
on dose requirement

Process Complex process that
introduces VH2O2
under vacuum,
treatment, aeration

Complex process: variables
include time, temperature,
humidity, and EO
concentration

Simple rapid process:
delivery of UV dose
(J/cm2) in enclosed
chamber

Simple rapid
process – duration
depends on
combination of
temp, RH and time

Simple rapid process –
but affected by
bioburden, pH,
temperature

Simple process –
variables include time in
the cell and isotope load

Mechanisms of
destruction

Potent oxidizer of
proteins – but
mechanism still not
fully understood

Alkylation of proteins,
enzymes (targeting
sulfhydryl groups), DNA,
and RNA.

Irreversible RNA
damage affecting
replication / infection in
host

Thermal
aggregation of
SARS-CoV-2
nucleo-capsid and
membrane proteins

Varied depending on
biocide - targets cell
envelope / capsid
protein via coagulation

Physically breaks down
viral RNA

Limitation Not compatible with
cellulose-based
materials – complex
process requiring
monitoring and
control

Concerns over residuals left
on material that are toxic
(carcinogenic and
teratogenic)

Operator safety due to
UV exposure – shading
issues with filters of
FFRs– need to turn item,
but not with PUV

Limited by
thermal-sensitivity
of materials used in
PPE

Certain disinfectants,
sanitizers

Adversely affects material

Suitability for
PPE Reuse

Yes – No Yes – but limited to eye
protection

Yes Yes – limited to Eye
Protection; Starmed
hood

No

a Hydrogen peroxide in vapour (VH2O2); Filtering facepiece respirators (FFRs); ethylene oxide (EO); Relative Humidity (RH). Adapted from McEvoy and Rowan (2019).
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roamabout (WordBank, 2019) that increase chances of exposure to dis-
eases. Rhee (2020) mentioned that PPE used during COVID-19 pan-
demic is classified as isolation medical waste under South Korea
Waste Control Act and is disposed follow principles of sustainability,
transparency and safety; this entailed discardingused PPE to containers,
thereafter transportation by vehicle for incineration or landfill on the
sameday as discard. Elhadi et al. (2020) noted that developing countries
are struggling to meet PPE needs for their healthcare workers in Libya
where they revealed that 56.7% hospitals lacked PPE and 53% of
healthcare workers reported that they did not receive proper PPE train-
ing. In addition, 70% reported that theywere buying the PPE themselves
as hospitals did not provide them.

7.1. PPE has added to single-use-plastic global challenges for our
environment

Fossil fuel and plastic production are currently integrated where
about 80% of manufactured plastic accumulates as waste in landfills
and natural environments, presenting an increasing hazard (Karan
et al., 2019). Dangaville et al. (2020) need for global engineering and re-
search to exploit innovative polymer degradation and stability fields for
PPE to address shortages in supply arising due to COVID-19 pandemic.
There is a pressing requirement for access to large scale recycling facil-
ities, effective waste management, and to designate individual usage to
match user (Singh et al., 2020). The World Health Organization (2020)
projected that supplies of PPE must increase 40% monthly to deal effec-
tively with COVID-19 pandemic. Essential PPE includes an estimated 89
million medical masks, 76 million pairs of medical gloves and 1.6 mil-
lion pairs of goggles. The increased demand for PPE is expected to be
sustained beyond COVID-19 with an estimated compound annual
growth of 20% in facial and surgical masks supply from 2020 to 2025
(Singh et al., 2020). It is noteworthy that China produced 240 tons of
medical waste daily during peak of pandemic in Wuhan (Singh et al.,
2020). Horton and Barnes (2020) reported that microplastics have
now been found in the most remote places on earth, far away from
human activities. In addition with climate-induced stress, microplastics
may lead to enhanced multi-stress impacts, potentially affecting the
health and resilience of species and ecosystems. The impact on PPE con-
tamination on themarine environment has yet to be determinedwhere
there is significant gaps in knowledge.

Silva et al. (2020) recently reported that single use, plastic-based PPE
(such as masks and nitrile gloves) is now adding to anthropogenic pol-
lution threatening environmental sustainability where the COVID-19
precautionary measures are reversing some plastic waste measures.
Singh et al. (2020) also note substantial environmental challenges for
enormous quantities of used PPE used during COVID-19 pandemic glob-
ally. Silva et al. (2020) also noted that the sudden increase in plastic
waste and composition (that includes PPE) due to the COVID-19 pan-
demic undermines the critical need to reinforce plastic reduction poli-
cies, to scale up innovation for sustainable and green plastic solutions,
along to develop dynamic and responsive waste management systems
immediately. This further emphasizes the importance of decoupling
plastic production from fossil-fuel resources and to exploit alternative
innovationmeans ofmeeting pressing need to replace single-use plastic
(SUP) that encompasses a holistic community ecosystem approach in-
cluding Citizen-science. The reader is directed towards the review of
Silva et al. (2020) for a comprehensive review on the single-use plastics,
plasticwaste directives and challenges for the environment arising from
COVID-19 including waste management. They noted that without im-
provements to current system, an estimated 12 billion Mt. of plastic lit-
ter will end up in landfills and in the natural environment by 2050,
along with green-house gas (GHG) emissions from the entire plastic
lifecycle contributing to 15% of the total global carbon budget (Zheng
and Suh, 2019). Indiscriminate use and inappropriate disposal or mis-
management SUPs that have low biodegradation have led to accumula-
tion of plastic debris in terrestrial and aquatic ecosystems globally

(Singh et al., 2020; Silva et al., 2020). This will affect natural biota, agri-
culture, fisheries along with threatening human and animal health
(Jambeck et al., 2015).

Despite recent progress made in plastic sustainability and waste
management, Silva et al. (2020) have noted widespread drawbacks
in the use and management of plastics in the fight against COVID-
19 pandemic that area associated with government imposed partial
and total lockdown of cities/regions/municipalities that has pro-
moted greater use of SUPs, including PPE, by the general public and
healthcare workers (Tobías, 2020). There has also been a shift to-
wards mandatory use of PPE by the general public, along with front-
line healthcare workers where Silva et al. (2020) noted that over 50
countries are mandated to wear masks in public places. There is also
a commensurate need for increased production of PPE globally.
World Health Organisation (2020) had expressed concerns about
use of masks by general public due to lack of correct handling, and
disposal, and the shortage of this material in healthcare materials.
Silva et al. (2020) noted that surgical masks should not be worn lon-
ger than a few hours (such as 3 h) and should be appropriately
discarded to avoid cross-contamination (i.e., in a sealed plastic
bag). However, incorrect disposal of PPE is widespread and has
been found in several public places and natural environments
(Prata et al., 2020; NGO Oceans Asia, 2020). Prata et al. (2020) ob-
served that masks are likely to degraded into smaller microplastic
pieces as are made from nonwoven materials (e.g., spunbond and
meltdown spunbond) often incorporating polypropylene and poly-
ethylene. These authors also noted that significant enhancement in
the usage of PPE and other SUPs is likely to result in an overload in-
crease in waste generation that would disrupt viable options for ef-
fective waste management. Many countries have classified all such
hospital and household waste potentially contaminated with SARS-
CoV2 as infectious that should be incinerated under high tempera-
ture (ensuring sterilization), followed by landfilling of residual ash
(European Commission, 2020; Silva et al., 2020; Ilyas et al., 2020).
Ilyas et al. (2020) reviewed, and reported on themerit, of developing
different disinfection technologies for handling COVID-19-generated
waste from separate collection to using various physical and chemi-
cal steps with view to reducing health and environmental risks.

There is also a significant void in communication channels to general
public about appropriate disposal of used face-masks and gloves during
COVID-19 that may require user behavioural change, such as exploiting
health belief model through socialmarketing approaches (Suanda et al.,
2013; Suanda et al., 2017). However, Silva et al. (2020) noted that not all
countries are capable of managing such waste appropriately and are
been forced to use direct landfills or open burning as alternative strate-
gies. There is also commensurate concerns about the short, and more
longer term, impact of burning considerable amount of plastic that
may increase environmental footprint due to release of GHGs andunde-
sirable hazardous compounds (Prata et al., 2020). As some items of PPE
are lightweight, there is potential for them to be blown by wind to pol-
lute natural environments including threatening terrestrial and aquatic
biota, such as by entanglement. Silva et al. (2020) noted that up
40,000 kg of masks may find their way inappropriately into the natural
environment arising from WWF (2020) reporting of inappropriate
disposal of only 1% for over 10 million masks introduced to the
environmentmonthly. In order to allay environmental problems arising
from COVID-19 due to high demand on SUPs and PPE that produces
increased medical waste, Silva et al. (2020) advocated (1) redesigning
plastics and decoupling them from fuel-based resources, (2) reduce
plastic waste by reducing SUPs and PPE, and (3) optimize plastic
waste management. Horton and Barnes (2020) noted that PPE (non-
COVID-19 related) have already polluted Antarctica, which are made
from synthetic polymer-based fibres, often treated with water repel-
lents such as per/polyfluorinated compounds and flame retardants
such as polybrominated diphenyl ethers where their occurrence as
contaminations for their toxicity.
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7.2. Bio-based plastics as potential alternative sustainable materials for PPE
for COVID-19 and future viral pandemics

In the short term, it is important to maintain the PPE supply chain in
order to the ensure health and safety of our citizens and our frontline
HCWs. However, we now need to look at contingency planning in
order to future proof against the potentiale environmental impact of in-
creased single-use plastic (SUP) PPE waste using sustainable solutions.
Opportunities will arise to address this challenge through seamlessly
connecting research and entrepreneurial ecosystems that will generate
a new pipe-line of potentially usable bioplastic products. This could be
accelerated through multi-actor innovation hubs linked to healthcare,
industry and academia (Rowan and Galanakis, 2020). Silva et al.
(2020) noted that the replacement of plastic value chain from fuel-
based raw materials and energy has been priorities, which features in
many international agreements addressing a green and circular econ-
omy. Silva et al. (2020) also noted that bio-based plastics supports are
emerging, but at an early stage capturing a market share of ca. 2% due
mostly to low-cost of fossil-based plastics, the intense requirement for
land use and related financial investment, and undeveloped recycling
and/or disposal routes.

Hutti-Kaul et al. (2020) described screening for microbial strains for
enhanced hydrolytic and biodegradation abilities for direct conversion
of biomass (such as microalgae), extraction of value-added products,
and synthesis (polymerisation) process. However, such potentially
high-performance bio-based polymers, similar to physical properties
of fossil fuel-counterparts (such as low degradability, high durability)
(Silva et al., 2020), would need to be characterized and tested for suit-
ability to match design specifications of future PPE including tolerance
to thermal processing and potential re-use. OEMs of PPE, academia
and regulators should play as strong role in informing the efficacy of
bio-based reusable polymers for next-generation products that con-
siders suitability from design, safety and life cycle assessment perspec-
tives. End-of-life strategies need to be consider for waste management
and recycling of PPE during COVID-19 used by general public without
compromising on safety, where landfill and waste-to-energy should
be a last resort option (Silva et al., 2020).

The rapid accumulation of plastic waste is driving international de-
mand for renewable plasticswith superior qualities (e.g., full biodegrad-
ability to CO2 without harmful by-products), as part of an expanding
circular Bioeconomy (Karan et al., 2019). There has been increasing in-
terest in the identification of alternatives to petroleum-based plastics
for various industrial applications where desirable bio-based material
properties would include ease of biodegradation and renewability
(Emadian et al., 2016; Thakuv et al., 2018).

Bioplastics partly or wholly made from biological materials, and not
crude oil, represent an effective way of keeping the huge advantages of
conventional plastics but mitigating their disadvantages (Carbon
Commentary, 2020). A bioplastic is a plastic that is made partly or
wholly from polymers derived from biological sources such as sugar
cane, potato starch or the cellulose from trees, straw and cotton
(Thakuv et al., 2018). Some bioplastics degrade in the open air, others
are made so that they compost in an industrial composting plant,
aided by fungi, bacteria and enzymes. Others mimic the robustness
and durability of conventional plastics such as polyethylene or PET.
Bioplastics can generally be directly substituted for their oil-based
equivalent. Bioplastics can generally be made to be chemically identical
to the standard industrial plastics (Carbon Commentary, 2020).
Bioplastics can be distinguished as two different types in terms of
usage (1) items that has the potential to eventually litter such as food
where alternative bioplastic could be produced to degrade either in in-
dustrial composting units or in the open air or in water, and (2) perma-
nent bioplastics, such as polythene manufactured from sugar cane, can
provide a near-perfect substitute for oil-based equivalents in products
where durability and robustness is vital. Plastics made from biological
materials generally need far smaller amounts of energy to manufacture

but are equally recyclable. They use fewer pollutants during the
manufacturing process. Per tonne of finished products, the global
warming impact of the manufacture of bioplastics is less, and often
very substantially less, than conventional plastics (Carbon
Commentary, 2020; Emadian et al., 2016). Other emerging sources of
bioplastics include seaweed (Thiruchelvi et al. (2020) and microalgae
(Rizman et al., 2018). Thiruchelvi et al. (2020) recently reported that
seaweed-based bioplastics were found to durable, less brittle and
more resistant to microwave radiation. These authors also reviewed
the role of seaweed in bioplastic production. Higher plants, microalgae,
and cyanobacteria can drive solar-driven processes for theproduction of
feedstocks that can be used to produce a wide variety of biodegradable
plastics, as well as bioplastic-based infrastructure that can act as a long-
term carbon sink. Karan et al. (2019) noted that well-crafted legislated
standards on plastic biodegradability and environmental and animal/
human health impacts could fast-track and optimize industry transition.
The diversity of bio-based feedstocks opens up the opportunity to pro-
duce an expanding range of renewable plastics. However, biodegrad-
able plastics should ideally fully degrade to CO2 and water without
harmful byproducts. Durable bioplastics can act as carbon sinks if well
integrated into large-scale long-term infrastructure.

Biorefinery and GMO strategies can support viable business devel-
opment and the emerging circular Bioeconomy (Karan et al., 2019).
Emadian et al. (2016) also reviewed sources of bioplastics for biodegra-
dation in different environment and noted that Actinomyces, bacteria
and fungi are key actors responsible for this important activity. Also,
the type of bioplastic and environment in which bioplastics are located
influences their biodegradation potential. Aeschelmann and Carus
(2020) also reviewed bio-based building blocks and biopolymer for ca-
pabilities and applications highlighting advances over plastics. How-
ever, there is a gap in current information that could be met
potentially by conducting comprehensive life cycle assessment (LCA)
evaluation of new biopolymers to meet sustainability needs that
would include ecotoxicology and ameliorating carbon footprint that fol-
lows pathway along biodegradation to CO2 (Ruiz-Salmón et al., 2020).

There presents an opportunity to exploit the 9 stages of technol-
ogy readiness developed by NASA (Straub, 2015) to evaluate the sus-
tainability and maturity of emerging innovations for COVID-19 that
also addresses environmental friendliness as well as functionality.
This strategy is particularly relevant as it address potentially sustain-
able products from conceptualisation to commercial deployment at
higher technology readiness levels: this is particularly relevant
given that industry would be familiar with this concept and would
allow ease of transitioning for environmental impact. This evaluation
of new bioplastics could include life cycle (Ruiz-Salmón et al., 2020)
and ecotoxicological (Garvey et al., 2015) assessments of different
trophic levels reflecting impact on biodiversity that connects acade-
mia with industry partners and policy makers. O'Neill et al. (2020)
described development of freshwater aquaculture on cutaway
peatlands using organic principles where vast quantities of
microalgae, used as natural means of water quality waste remedia-
tion, could be used as test system for advancing bioplastic-based
PPE innovation and recycling for circular economy developments.
Future green innovative research could be extended to new
biopolymer-based wrapping and packaging (including for adjacent
food industry) to investigate non-thermal treatments that encom-
pass both complex viruses and parasites (Gerard et al., 2019;
Franssen et al., 2019). A limiting factor in the production of alterna-
tive biomaterials for alternative to single-use PPE relates to thermal
stability of materials for fabrication and potential for deformation
due to thermal processes. Skrzypczak et al. (2020) recently reported
on a new 3D printing approach for meeting such a need where they
described an affordable, self-replicating, rapid prototyper that
would also make this approach more accessible to home-based 3D
printing activities. Chen et al. (2019) also demonstrated potential
for exploiting different forms of polymer processing (such as 3D
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printing and injection moulding) after novel vapour hydrogen per-
oxide and electron beam treatments that could be advance next-
generation PPE and medical device technologies.

7.3. Medical waste management – a global challenge for PPE

In response tomeeting threats of COVID-19, there is substantially in-
creased volumes of medical waste produced that also contains PPE,
which presents unprecedented challenges for meeting effective waste
management strategies globally with significant potential for overload
of systems (Singh et al., 2020; Wang et al., 2020; Silva et al., 2020).
Singh et al. (2020) have noted that the unprecedented demand has
also impacted other industries reliant upon PPE including manufactur-
ing, construction, oil and gas energy, transportation, firefighting and
food production. Singh et al. (2020) also noted that this pandemic has
substantially impacted upon how solid-waste management activities
are performed as prior to COVID-19 resource recycling and waste man-
agement were not regarded as essential services and were placed in
lockdown. However, the strategically important disease mitigation
role of waste management has been recognised given the need to prop-
erly dispose and handle SARS-CoV2 contaminated waste to avoid trans-
mission (Reuters, 2020; Price et al., 2020). The United Nation's Basel
Convention on the Trans-boundary Movement of Hazardous Wastes
and their Disposal has urged countries to treat waste management
amid COVID-19 as urgent and essential public service. These authors
noted that PPE includes plastics as major constitutes representing ca
25% by weight, which if not recycled or their disposal may contribute
substantially to hazardous environmental pollutants, such as dioxins
or toxic metals. Polypropylene is a common constituent of PPEs, such
as found in N95 masks, Tyvek protective suits, gloves, and medical
face shields. Singh et al. (2020) also noted that the potential for recovery
of polymers from mixed healthcare waste including PPE is challenging.
This would be further influenced by the low-level of recycling world-
wide and lack of government policies. Singh et al. (2020) noted that
single-use PPE is not a sustainable practice, however development of
safe and sustainable PPE management beyond the healthcare settings
under pandemic emergency conditions is nebulous as there are no
clear understanding of best practices, monitoring, and enforcement of
policy and regulations.

Wang et al., 2020 reviewed efficacy of disinfection technologies and
approaches for hospital waste and wastewater that considered use of
chlorine and/or incineration for such infectious but negated to mention
PPE as particularwaste for treatments. These authors observed that hos-
pitals in China are potential sources of environmental pollutants
resulting from diagnostic, laboratory and research activities and there-
fore ensuring effective treatment of waste is important, particularly
under the COVID-19 pandemic context. Wang et al. (2020) reviewed
different types of technologies for the treatment of hospital wastes
and waste water disinfection in China where incineration, chemical
and physical disinfection are commonly used for hospital waste disin-
fection. Typical composition of healthcare waste is approximately 85%
general non-infectious, 10% infectious/hazardous, and 5% chemical/ra-
dioactive. Factors considered for treating infectious healthcarewaste in-
cluded amount of waste, costs, maintenance of technologies and types
of waste. Incineration technologies can be adapted for amount of
waste, but if scale of hospital waste is small and investment is limited,
then chemical disinfection and high temperature steam disinfection
that are easier to maintain are preferred in China. Incineration is widely
deployed as is deemed to be safe, simple and effective (Ghodrat et al.,
2017) where extreme high temperatures completely kill microorgan-
isms along with converting organic matter into inorganic dust. How-
ever, hospitals vary in type of incineration approach depending upon
waste preparation and flue gas purification that includes pyrolysis va-
porization incinerator where organic components of waste are con-
verted to flammable gases to avoid dust at temperatures above 850 °C
that reduces particle emission to air.

Wang et al. (2020) report that these high temperatures is conducive
to complete destruction of toxic and hazardous components, thereby
reducing production of toxic pollutants such as dioxins due to low tem-
perature combustion (Zhu et al., 2008). In addition, rotary kiln inciner-
ators are deployed that generate temperature as high as 1200 °C or
more, where there are advantages that include wide range of applica-
tions, good adaptability, handling a different variety of wastes, good
gas and solid contact, and uniform reaction, but are not small or me-
dium scale usage with disposal capacity below 8 t/d that investment
costs are high and dust content exhaust is higher than pyrolysis inciner-
ator. Plasma incineration technology is novel waste disposal technology
that transfers energy through plasma where waste can be rapidly
decomposed into small molecules where most of the gases produced
are flammable that are sent to secondary combustion chamber and pu-
rification, thereafter discharged to atmosphere. Plasma incinerators
have higher energy efficiency compared to other incinerators
(Messerele et al., 2018).

Wang et al. (2020) described chemical disinfection technologies for
treatment of hospital waste that is typically used in combination with
mechanical and crushing treatments in China. Generally, crushed hospi-
tal waste are mixed with chemical disinfections such as sodium hypo-
chlorite, calcium hypocholorite, chlorine dioxide for fixed contact
times during which organic wastes are decomposed and microbial
threats inactivated. Chemical disinfection have desirable attributes in-
cluding low effective concentrations, rapid action, stable performance
and broad sterilization efficacy for different types of microorganisms.
These chemical disinfectants are generally used as are non-corrosive,
safe, easily soluble in water but not easily affected by chemical or phys-
ical factors with low toxicity and reported to have no residual hazard
post disinfection (Chen and Yang, 2016). Wang et al. (2020) suggest
that chemical disinfection technology could be considered when
amount of waste is small.

Wang et al. (2020) also reported on use ofmicrowave disinfection as
a means of energy saving, low action temperature, slow heat loss, light
damage and low environmental pollutions with no residues or toxic
wastes after disinfection, but requires strict control by special micro-
wave devices. Wang et al. (2020) stated that microwave technology
only used at present for treatment of biohazardouswastes, but the tech-
nology is been promoted as effective supplementation technology for
incineration to enable diversification of hospital wastes in China.
Wang et al. (2020) also reported that microwave technology can
achieve logarithmic value for killing complex pathogens such as para-
sites and viruses at >6 log along with killing of Bacillus subtilis endo-
spores at >4 spores. Wang et al. (2020) also reported on high
temperature steamdisinfection (saturatedwater vapourwith tempera-
tures greater than 100C) to kill microorganisms. In China, a log kill of
thermophilic lipobacillus endospores at >5 logs is required. However,
this approach has a low volume reduction rate and easily generates
toxic volatile organic compounds during disinfection. From perspective
of investment and operation costs, as well as economic and social ben-
efit, high temperature incineration is stillmost popular approach to hos-
pital waste disinfection in China. Thus, there are pressing needs to
define effective decontamination strategies for medical waste through
appropriatemanagement strategieswill also contribute to global collec-
tive effort in reducing SARS-COVID-19 transmission along with future
safeguarding our environment.

8. Conclusions

There is extraordinary pressure to meet shortages in single-use PPE
supply for our frontline clinicians and healthcare workers. PPE treat-
ment is challenging as the constituent material, including single-use
plastics (SUPs), are sensitive to harsh decontamination processes.
There has been an unprecedented surge in the production of commer-
cial and homemade cloth and fabric face coverings to offset this chal-
lenge and to help with preventing person-to-person transmission in
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the community setting. Many countries across the globe are extending,
decontaminating and reusing PPE where there is critical shortage for
frontline healthcare workers (HCWs), but under emergency use only.
This unprecedented need will continue given the absence of a vaccine
and occurrence of successive waves of SARS-CoV-2 globally; and, the
likely high demand for PPE by the medical and nursing profession be-
yond COVID-19. Table 4 highlights succinctly the main developments
surrounding decontamination and reuse of PPE that includes pressure
on waste management and recycling. Table 1 also provides a list of
key papers that have been published on this topic.

Hydrogen peroxide in vapour (VH2O2), used alone or combined
with ozone, has been used for high-throughput decontamination and
reuse of complex PPE such as important filtering facepiece respirators
(FFRs), such as the popular N95 respirator. VH2O2 has been certified
for PPE decontamination under emergency use authorization (EUA)
by the FDA in the United States in order to address shortages in supplies
arising for ongoing COVID-19 pandemic. Many countries are permitting
decontamination and reuse of PPE leaving decision to heath service
managers. Ultraviolet (UV) light procedures, particularly using UVC

wavelength, have also been reported as potentially appropriate decon-
tamination technology for PPE, but this technology is unlikely to inacti-
vate SARS-CoV-2 if this virus penetrates lower layers of material of FFRs
where they would be hidden from the UV. Also, there is significant var-
iability in the reporting of important UV dose (mJ/cm2) by different
researchers using variousUV technologies that prevents theharmoniza-
tion of processes; but, this review provides guidance on standardized
reporting. Moist heating at 60 °C to 70 °C combined with high humidity
for 60 min is also a promising decontaminating procedure for PPE as it
would also enable scalability and high-throughput processing. Use of
microwave generated steamwould not provide scale for PPE decontam-
ination. Physical irradiation technologies, such as gamma and electron
beam, along with ethylene oxide, are not suitable for PPE reprocessing.

Surgical face masks with head ties have been reported to offer supe-
rior filtration effectiveness over commonly used procedural face masks
that have ear loops. This new informationmay inform the the effective-
ness of commercial and homemade cloth face coverings thatmay be im-
proved by using ties instead of ear loops that would also help prevent
slippage of the face coverings below the nose and mouth. The

Table 4
New developments in PPE decontamination, reuse and waste management.

Trending information on PPE and face
coverings reuse, and waste management

Reference

PPE is designed for single-use for medical/nursing staff, but supply chain has been insufficient to meet global needs with
many countries adopting reuse practices post deployment of technologies to meet emergency COVID-19 use

Rowan and Laffey (2020); Derraik et al. (2020)

There are limited technologies suitable for PPE reuse that reflects matched efficacy for reprocessing Rubio-Romero et al. (2020)
Differences in priority usage and decontamination technologies between higher risk medical environment (PPE) and
lower risk community settings (face coverings) that have informed selection of technologies and approaches used

Derraik et al. (2020)

Evidence that PPE can be effectively reprocessed using technologies not readily available to public such as VH2O2, O3,
low pressure UVC such as UVGI (2000 mJ/cm2) where variance in determining efficacy of UV dose between UV
modalities influencing harmonious acceptance). Generally, is greater disinfection using UVA over UVB and UVA.

Derraik et al. (2020); Rowan, 2019; Rubio-Romero
et al. (2020)

High throughput VH2O2 can effectively disinfect, for example,2500 N95 respirators per 12 h shift at 3000–750 ppm
hydrogen peroxide

Rubio-Romero et al. (2020) Mackenzie (2020);
Perkins et al. (2020)

Recommendation for wearing of face masks and coverings to prevent spread of COVID-19 CDC (2020); Ministry of Health of Spain (2020);
Choice of technologies for reprocessing of PPE healthcare depends on the type and complexity of PPE (functionality, fit
test, deformation, filtration efficacy) that are typically single use and thermally-sensitive with increasing challenges in
the order face shields, gowns, FFRs (including disposable N95 respirators,)

Derraik et al. (2020); Rubio-Romero et al. (2020)

Evidence of extended use of N95 respirators such as 4 h (France, New Zealand and Sweden) to 40 h (Mexico) Kobayashi et al. (2020)
Physical irradiation technologies (gamma) and ethylene oxide (EO) are not appropriate for PPE reuse due to
non-compatability with material composition or concerns over lingering residual toxic end-points produced during EO

Rowan and Laffey (2020)

Barriers to reuse of PPE by healthcare workers include lack of knowledge to inform acceptance and discomfort over
prolonged usage with potential for social marketing studies to inform trust and associated decision making

Rimmer (2020); Mitchell et al. (2012)

Evaluation of fitted filtration efficiency (FFE) showed that surgical masks with ties (71.5 ± 5.5%) and procedural mask
with ear loops (38.1 ± 11.4%) exhibit lower FFE post VH2O2 treatment is lower than N95 respirators (98.5 ± 0.4%).
This suggests potential benefits of using head ties instead of ear loops for homemade face coverings and would help
prevent slippage below nose during wearing.

Sickbert-Bennett et al., 2020

Disinfection performance studies for evaluating PPE reuse over single or several cycles use surrogate viruses or bacterial
endospore indicators (bioburden typically at or below 106), where most SARS-COV-2 strain(s)are studied using
in vitro tissue culture infection models. Most researcher won't have access to level 3 containment facilities

Rowan and Laffey (2020); Derraik et al. (2020)

Evaluation of facemask and variety of commonly available non-certified face coverings for filtering expelled droplets
during speech, sneezing and coughing revealed that variability from below 0.1% (fitted N95 mask) to 110% (fleece
mask). Sequence of decreasing efficacy N95 respiratory, combining cotton-polypropylene-cotton mask; combining
layer cotton in pleated style mask; combining 2 layer cotton with pleated style mask; use of single layer cotton masks;
knitted masks; double layer bandana; and fleece.

Fischer et al., 2020

Improvised face masks and face coverings should be used as a last solution and for low risk situation as increased
duration of wearing may increase risks of virus infiltration due to humidity, liquid diffusion and virus retention

European Centre for Disease Prevention and Control
(2020)

Use of common washing machine (ca 60 °C for 30 min) combined with use of spin dryer appear effective for face cloth
decontamination and reuse

Zhao et al. (2020); Rubio-Romero et al. (2020); HSE
(2020)

SARS-COV2 is sensitive to commonly-used disinfectants on surface. However, lower environmental temperatures
promote longer survival on surfaces, which may influence efficacy of mask wearing such as over winter flu season

Derraik et al. (2020)

Face shields are inferior to use of face masks where the latter is particularly relevant for combined use in healthcare
settings to prevent infection through the eyes.

Rowan and Laffey (2020)

An increasing trend towards development of smart coatings on materials for inactivation of SARS-CoV-2 and against
other future potential pandemic viruses, along with provision for incorporation in PPE, mobile phones and so forth

Behzadinasab et al., 2020.

Over 50 countries are now recommending facemasks by public that presents a new form single-use plastic waste Silva et al., 2020
Influence of soiling on critical PPE – up to 14 days survival and retention of SARS-CoV-2 on surgical gowns. Kasloff et al., 2020.
There are opportunities for innovation in new bioplastic-based PPE and waste management as there is likely to be a high
demand for PPE post COVID-19

Ilyas et al., 2020

There is an increase trend towards modelling recovery scenarios to investigate the potential impact of lockdown
duration that is implemented to protect frontline HCWs against COVID-19 that may include provision for PPE costings
against the cost associated with medical staff absenteeism or illness due to inadequate PPE.

Guan et al. (2020); Thomas et al. (2020); Ivanov
(2020); Mukerji et al. (2017)

Use of artificial intelligence and deep learning could help identify high-risk patients and suggest appropriate types and
use of PPE

Boškoski et al. (2020)
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incorporation of a nose bridge and increase number of layers in face
cloth design, used by the community, would also improve performance
against SARS-CoV-2.

Best published informationwould also suggest that SARS-CoV-2will
tolerated cold weather, such as 4 °C (refrigeration), better and survival
beyond 14 days onmaterials, which has implications for environmental
wearing of masks and face cloths as we enter the winder flu season. Use
of a washing machine and spin dryer (60 °C for 60 min) with detergent
is likely to decontaminate SARS-CoV-2 on contaminated face cloths
where the risk of contamination by this virus is low. Wearing of face
coverings by the general public to prevent the person-to-person spread
of SARS-CoV-2 is important given increasing evidence that asymptom-
atic community transmission is contributing to many new cases in
countries across the globe. There is a greater need to develop trust and
confidence in reuse of PPE by HCWs that can be addressed through en-
gagement in social marketing and knowledge sharing. There is a press-
ing need to consider new waste management strategies for the huge
surge in single-use-plastic PPE that is contaminating our environment.
This will create opportunities for using alternative bioplastics that are
more environmentally friendly. There are also emerging opportunities
to address real-time data analytics through digitization in order to ob-
tain a better holistic understanding of critical shortage of critical supply
chain for PPE during this COVID-19 and for future pandemics.
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H I G H L I G H T S

• Facemasks and face coverings aremain-
stay non-pharmaceutical interventions
(NPIs) to help prevent COVID-19.

• Random controlled trials will inform ef-
ficacy of relative risk (RR) for single and
combined use of NPIs.

• Mathematical modelling will inform ef-
ficacy of NPIs to address COVID-19 risk
multipliers.

• Surge in new face mask design, func-
tionality and material innovation re-
flects need for sustainable PPE.

• Other RR factors include emerging win-
ter conditions, religious and cultural
events that also challenge NPIs.
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Best-published evidence supports the combined use of vaccines with non-pharmaceutical interventions (NPIs),
to reduce the relative risk of contracting severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) that
causes COVID-19; thiswill enable a safe transition to achieving herd immunity. Albeit complex, the strategic pub-
lic health goal is to bundle NPIs to keep the basic reproduction number R0 below one. However, validation of
these NPIs is conducted using random clinical trials, which is challenging in a swiftly moving pandemic given
the need for recruiting large participant cohort over a longitudinal analysis period. This review highlights emerg-
ing innovations for potentially improving the design, functionality and improved waste management of dispos-
able face masks such as filtering facepiece (FFPs) respirators, medical masks, and reusable face coverings to help
prevent COVID-19. It describes use of different mathematical models under varying scenarios to inform efficacy
of single and combined use of NPIs as important counter-measures to break the cycle of COVID-19 infection in-
cluding new SARS-CoV-2 variants. Demand for face masks during COVID-19 pandemic keeps increasing,
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especially for FFPs worn by medical workers. Collaborative and well-conducted randomised controlled trials
across borders are required to generate robust data to inform common and consistent policies for COVID-19
and future pandemic planning andmanagement; however, current use of systematic reviews of best available ev-
idence can be considered to guide interim policies.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

At the time of writing (8th December 2020), there has been,
68,225,313, cases of coronavirus disease (COVID-19) reported world-
wide, including 1,556,877 deaths (European Centre for Disease Preven-
tion and Control, 2020). COVID-19 pandemic has imposed
unprecedented challenges to healthcare systems (Chowdhury et al.,
2020), where this respiratory-virus has spread to local communities
globally. COVID-19 is primarily a respiratory disease and the spectrum
of infection with this virus can range from very mild, non-respiratory
symptoms to severe acute respiratory illness, sepsis with organ dys-
function and death (WHO, 2020a). Some people infected have reported
no symptoms (WHO, 2020a). There is currently a 7-day average of
204,574 new cases of severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2) in the United States (Johns Hopkins University, 2020),
which is the highest affected country for COVID-19. Several of these af-
fected countries are experiencing peak infections rates, such as the
United States, Russia and Turkey (Table 1). The occurrence of third
waves of COVID-19 infection that affects greater numbers of people is
common for many countries globally, which puts added pressure on
deploying appropriate disease-prevention counter-measures.

Many countries are appealing for greater compliance with increased
and correct wearing of face masks, maintaining social distancing,
adopting hand hygiene, use of personal and protective equipment
(PPE), along with detection testing and contact tracing that are also re-
ferred to as ‘non-pharmaceutical interventions’ (NPIs) (Rowan and
Laffey, 2020a). The combined use of complementary NPIs are deployed
to helpflatten the curve of COVID-19 infections so as to particularly pro-
tect to our frontline healthcare workers (HCWs) and the most vulnera-
ble in society (Rowan and Laffey, 2020a). For example, the WHO
(2020a) stated “use of a mask alone is insufficient to provide an ade-
quate level of protection, and other measures should be adopted”. The
WHO (2020a) advises that each country apply their own risk based-
approachwhen recommending different increasing tiers of NPIs includ-
ing restrictive lockdowns, which also inflicts significant economic hard-
ship on societies (Rowan and Galanakis, 2020). The emergence of

COVID-19-related “behavioural fatigue” or “adherence fatigue” associ-
ated with sustained societal compliance with NPIs brings added public
health pressures. Michie et al. (2020) described a Google search for
“pandemic fatigue” that resulted in approximately 200 million hits,
with articles on the first page with titles such as “10 reasons why pan-
demic fatigue could threaten global health”, and “Europe experiencing
pandemic fatigue”.

Precisely how coronavirus spreads between susceptible individuals
remains a matter of debate, but transmission of this respiratory virus
may be through contact, droplet, or airborne spread (Asadi et al.
2020). “Direct” modes indicate person-to-person transmission such as
via contaminated hands, or indirectly via fomites, which are inanimate
or non-living objects or materials (i.e. transfer via a contaminated
door handle through touch). If we touch a contaminated surface, we
may then potentially transfer the virus onto the face mask if adjusting
it, and may then directly inoculate the virus onto mucosal surfaces
such as through the touching of the nose or eyes (Wibisono et al.,
2020). Droplet and airborne spread occur through the air through
sneezing, coughing, singing, talking and exhaling (Chua et al., 2020). It
is appreciated that particles larger than 5 μm may fall to the ground
within 1m.However, a “gas cloud” theory has been proposedwhere ag-
gregated mucosalivary droplets from these different exhalation activi-
ties can form a cloud, and potentially be expelled up to 7 to 8 m in
combination with environmental factors (Bourouiba, 2020: Dbouk and
Drikakis, 2020a, b). Uncertainty surrounding the modes by which
these respiratory viruses transmit among humans under varying condi-
tions hinders evaluation of the efficacy of NPIs designed to prevent their
spread (Milton et al., 2013; Perencevich et al., 2020).

The first COVID-19 vaccine, manufactured by Pfizer-BioNTech, was
administered in the UK today (Diaz, 2020). Priority emphasis has been
placed on protecting the most vulnerable to reduce illness and death.
While Phase 3 clinical trial data highlights both safety and 95% efficacy
for this vaccine, it will take time to observe if it prevents COVID-19
transmission and creates broad herd immunity in communities. Thus,
despite this positive news, there will remain a strong reliance on the
combined use of NPIs to prevent COVID-19 transmission. The Republic
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of Ireland hasmanaged to curtail twowaves of COVID-19 through effec-
tive implementation of these NPIs, alongwith enforcing two lockdowns
(Government of Ireland, 2020); however, key challenges remain includ-
ing greater mingling of people due to the opening up of hospitality that
coincides with the festive Christmas holiday period. There is sustained
pressure on maintaining supply chains of vital personal and protective
equipment (PPE) to ensure that frontline healthcare workers, and the
most at risk populations are protected (Rowan and Laffey, 2020b;
Cook, 2020; Flaxman et al. 2020; Perencevich et al., 2020).

While there is priority emphasis on flattening COVID-19 infections
to enable effective roll out of vaccines, there is a commensurate urgency
to avoid economic chaos (Guan et al., 2020; Rowan and Laffey, 2020b).
Many countries have tried to lift NPIs that has increased the occurrences
and likelihood of disease resurgence (Chowdhury et al., 2020). Ensuring
continuity in the supply chain for vital personal and protective equip-
ment (PPE) has been a significant challenge that has been met, where
possible, by increased production of single-use plastic PPE along with
initiatives to safely address their reuse under emergency use authoriza-
tion (Rowan and Laffey, 2020b). Given the initial gap in knowledge on
specific efficacy of existing and emerging counter-measures to combat
COVID-19, there has been a commensurate surge of new publications
on PPE and other NPIs to meet these public health needs that also has
implications for sustainable waste management (Silva et al., 2020).
For example, recently research and systematic reviews on these topics
approximate 20,000 publications since the first reporting of COVID-19
(such as Silva et al., 2020; Derraik et al., 2020; Rowan and Laffey,
2020a; Rubio-Romero et al., 2020; Chu et al., 2020; Barceló, 2020).

“Face masks are physical barriers to respiratory droplets that may
enter themouth and nose and to the expulsion ofmucosalivary droplets
from infections individuals” (Chua et al., 2020). The classification of, and
technical standards for, different type of disposable masks available
according to their intended use, as defined by the European Centre for
Disease Prevention and Control (2020), has been comprehensively de-
scribed by Rubio-Romero et al. (2020). In brief, (a) filtering facepiece
(FFP) respirators are classified as PPE and are designed to protect the
wearer from exposure to airborne contaminants, such as N95-type res-
pirators; (b) medical face masks (also known as surgical or procedural
masks), are classified as a medical device that covers the mouth, nose
and chin ensuring a barrier that limits the transition of infective agent
between hospital staff and patients; and (c) other facemasks (also com-
monly known as non-medical, home-made cloth or barrier masks) in-
cludes various forms of self-made or commercial masks, or face
coverings, made of cloth or textiles that are not standardized and not
intended for use in healthcare settings (Rubio-Romero et al., 2020)
(Fig. 1). The effectiveness of these disposable FFP masks is different de-
pending on type and certification, which is established across 3 levels of
protection depending on leakage of all particles into the interior, either
through the adjustment of themask to the face, by the exhalation valve,
if any, or penetration through the filter that are 22%, 8% and 2% for FFP1,

FFP2 and FFP3 respectively. The effectiveness of two types of medical
masks, namely surgical or procedural masks, is defined by bacterial fil-
tration efficiency, differential pressure (Pa/cm2), splash resistant pres-
sure (kPa) and microbial cleaning. Improvised non-medical face
coverings are intended for low-risk cases where the risk of infection
can be potentially increased due to humidity, liquid diffusion and
virus retention (European Centre for Disease Prevention and Control,
2020b).

Given the aforementioned, the purpose of this review is (1) to high-
light key developments surrounding sustainable use of disposable face
masks such as PPE, medical masks, and reusable face coverings; (2) to
review the role of face masks in the context of other NPIs in breaking
the cycle of COVID-19 infection, and; (3) to use relative risk assessment
and statistical modelling to inform efficacy of single, and combined NPIs
to prevent COVID-19 transmission with particular emphasis on differ-
ent face mask designs and functionality features. This review does not
address non-disposable filtering facepiece (FFP3) respirators.

2. Transmission and survival of SARS-CoV — breaking the chain of
infection

2.1. Characteristics of SARS-CoV-2 and survival of contact surfaces

SARS-CoV-2 is a Coronavirus, which is characterised as a positive
stranded RNA virus with an envelope containing glycoprotein spikes.
Coronaviruses are among the largest RNA viruses comprising a genome
of between 26 and 32 kb in size (Jin et al., 2020), and ranges from 60 to
140 nm in size (Chua et al., 2020). Therefore, “face masks and respira-
tors made of materials with larger pore sizes, such as cotton and syn-
thetic material, will not be able to effectively filter these viruses or
virus-laden droplets, as compared with those materials with much
smaller pore smaller pore sizes”. Additionally, face masks and respira-
tors made of, or coated with, water-resistant materials are more effec-
tive against large virus-laden respiratory droplets” (Chua et al., 2020).
Coronaviruses, such as SARS-CoV-2 comprise complex structural
enveloped viruses and it is this complexity that attributes to its sensitiv-
ity to popular disinfectants and biocides (Rowan and Laffey, 2020b;
Kampf et al., 2020; Van Doremalen et al., 2020). Researchers have re-
ported that the use of conventional disinfectants and biocides inactivate
SARS-CoV-2 by disrupting the lipid-containing viral envelope, the cap-
sid, and the genome (Dev Kumar et al., 2020). Indeed, compared to
that of naked viruses, enveloped viruses, such as SARS-CoV-2, are gener-
ally more sensitive to conventional disinfection strategies and at similar
dosages. Thus, in this case, the evolution of greater complexity at the
cost of vulnerability can be readily exploited in mitigation approaches
(Pinon and Vialette, 2018).

The emergence of SARS-CoV-2 variants in the UK (Volz et al., 2021)
and South Africa (WHO, 2020b) may influence viral transmissibility,
and possibility pathogenicity. However, it is unlikely that the multiple

Table 1
Daily confirmed new cases of COVID-19 (7-day moving average)— outbreak evolution for the current 10 most affected countries (08/12/2020).

Country Population 7-day mean average
(K−1) for COVID-19

Highest 7-day mean
average (K−1) for
COVID-19

Total number of
COVID-19 cases

Total number of
COVID-19 deaths

Trend direction of
COVID-19 cases in
country

Days since first case of
COVID-19 reported

United States⁎ 331,002,651 204.574 204.574 14,949,299 283,703 ⇑ Up 320
Brazil 212,559,417 39.521 55.891 6,623,911 177,317 ⇓ Down 285
India 1,380,004,385 36.001 96,735 9,703,770 140,958 ⇓ Down 312
Turkey⁎ 84,339,067 32.736 32.736 860,432 15,103 ⇑ Up 271
Russia⁎ 145,934,462 28.701 27.701 2,466,961 43,122 ⇑ Up 311
Italy 60,461,826 20.709 37.977 1,742,557 60,606 ⇓ Down 311
United Kingdom 67,886,011 17.370 26.870 1,754,911 62,130 ⇓ Down 311
Germany 83,783,942 15.971 22.820 1,229,269 20,002 ⇓ Down 315
Ukraine 43,732,762 11.928 14.167 843,898 14,208 ⇓ Down 279
Iran 83,992,949 11.56 13.961 1,051,374 50,594 ⇓ Down 292

Data accessed from Johns Hopkins University on 8th December, 2020 (https://www.coronavirus.jhu.edu/data/new-cases).
⁎ Countries currently experiences peak number of cases of COVID-19.
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mutations observed in SARS-CoV-2 variants alternating outer surface
spike proteins will impact on efficacy of commonly-used disinfection,
or penetrating face masks, given that these mutations lead to minor
morphological changes to what is still a large enveloped coronavirus
from a destructive or preventative perspective. However, an evaluation
of variant analysis of SARS-CoV-2 to ensure efficacy of NPIs are merited
in order to comprehensively establish same (Koyama et al., 2020). Pre-
vious studies have highlighted the importance of the outer lipid mem-
brane in rendering enveloped viruses more susceptible to naked
viruses when using disinfectants (Rotter, 2001; Figueroa et al., 2017;
Kampf, 2018; Blázquez et al., 2019). WHO (2020b) noted that previous
reports of the D614G mutation, and the recent reports of virus variants
from the Kingdomof Denmark, the United Kingdomof Great Britain and
Northern Ireland, and the Republic of South Africa have raised interest
and concern in the impact of viral changes. Moreover, the WHO
(2020b) stated “Over a period of several months, the D614G mutation
replaced the initial SARS-CoV-2 strain identified in China and by June
2020 became the dominant form of the virus circulating globally. Stud-
ies in human respiratory cells and in animal models demonstrated that
compared to the initial virus strain, the strain with the D614G substitu-
tion has increased infectivity and transmission. The SARS-CoV-2 virus
with the D614G substitution does not cause more severe illness or alter
the effectiveness of existing laboratory diagnostics, therapeutics, vac-
cines, or public health preventive measures”. Given greater transmissi-
bility of SARS-CoV-2 variants, there is likely to be enhanced pressure
on supply chain for personal and protective equipment such as filtering
face-piece respiratory (FFR) masks, and stricter adherence to NPIs.

Current evidence shows that disinfectants, such as use of 70% (v/v) al-
cohol, are effective for hand sanitation and for fomite disinfection (Dev
Kumar et al., 2020; VanDoremalen et al., 2020; Kampf et al., 2020).More-
over, several authors are reported on the viability of SARS-CoV-1 and
SARS-CoV-2 on different surfaces, such as printed paper, tissue, wood,
glass, banknotes, plastic, stainless steel, surgical masks layers under a va-
riety of temperature and relative humidity (RH) conditions (Pagat et al.,
2007; Behzadinasab et al., 2020; Chan et al., 2020; Derraik et al., 2020).

In general, SARS-CoV-2 is inactivated on surfaces within 4 days at
ambient room temperatures, depending upon the viral load and pres-
ence of organic matter or soiling. For example, Chin et al. (2020) used

medium tissue culture infective dose (TCID50) to report reductions of
≥4.5 log10 for SARS-CoV-2 at room temperature (22 °C, 65% RH) and
37 °C after 14 and 3 days respectively. However, Riddell et al. (2020)
measured the survival rates of SARS-CoV-2, suspended in a standard
ASTM E2197 matrix, and reported that using initial viral loads broadly
equivalent to the highest infectious patients, viable virus was isolated
for up to 28 days at 20 °C from common surfaces, such as glass, stainless
steel, and both paper and polymer banknotes. This highlights the impor-
tance of using handhygiene and surface disinfection and to avoid touch-
ing the outer layer of face masks during the COVID-19 pandemic.

Chin et al. (2020), and other (Chan et al., 2020) highlightedmuch lon-
ger persistence of SARS-CoV-2 on surfaces under colder or refrigeration
temperatures (4 °C), where the virus was only reduced by 0.7 to 2 log10
after 14 days. The soiling of face masks and coverings, such as potentially
touching the outer surfaces where fingers are coated with natural oils,
and possibly with SARS-CoV-2 if contaminated, may contribute to viral
persistence. For example, Kasloff et al. (2020) simulated typical infectious
body fluids of infective patients and showed that to achieve a 5 log10 re-
duction of SARS-CoV-2 at room temperature (20 °C), it took 14 days on
nitrile gloves, and survival up to 21 days on plastic face shields, N100 fil-
tering facepiece respirators (FFRs) andpolyethylene overalls. Some resid-
ual SARS-CoV-2 infectivity was evident from the artificially-inoculated
FFRs after 3 weeks. Chin et al. (2020), using non-soiling studies, reported
that SARS-CoV-2 exhibited residual infectivity on the inner and outer
layers of surgical masks after 7 days where there were ≥4.8 log10 and 3
log10 reductions in viral load respectively. Fischer et al. (2020) noted ≥4
log10 reduction (TCID50/mL) on SARS-CoV-2 inoculated N95 respirator
and stainless steel respirator disks after 24 h and 48 h respectively
when held at 21–23 °C, 40% RH. These observations may have implica-
tions for longer survival of SARS-CoV-2 when suspended in aerosols or
on contact fomite surfaces (such as face coverings), given the transition
to the colder winter season in the Northern hemisphere.

2.2. Breaking the chain of infection in the context of non-pharmaceutical
interventions (NPIs) to address COVID-19

Adopting key principles of conventional infection control prac-
tices has proven effective against COVID-19, namely, breaking the

Fig. 1.Examples of disposal facemasks and reusable cloth face covering: (a)KN95-typefiltering facepiecemask, (b)medical or proceduralmask, and (c)non-medical reusable cloth face covering.
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chains in the infection cycle in at risk settings including use of
non-pharmaceutical interventions (NPIs) (Fig. 2). In the context of
this infection cycle (Fig. 2), the “infectious agent” is the pathogen,
such as SARS-CoV-2, which causes diseases that can be influenced by
level of virus or load, transmissibility and virulence of viral variants.
The “Reservoir” includes places in the environmentwhere the pathogen
resides, such as people, contact surfaces (door handles, and medical
equipment (stethoscope, thermometer), where persistence can be in-
fluenced by presence of organic matter and environmental factors
(temperature, relative humidity). For example, Rowan (2019) reviewed
the disruptive potential of pulsed light technology to disinfect contam-
inated surfaces in healthcare to prevent disease transmission. “Portal of
exit” is the way the infectious agent leaves the reservoir, such as
through open aerosols, and splatter of body fluids including coughing,
sneezing, and saliva (WHO, 2020a). “Mode of transmission” is the
means by which the infectious agent can be passed on, such as through
direct or indirect contact or by inhalation (WHO, 2020a). There is also
the possibility of transmission from people who are infected and the
shedding virus, but have not yet developed symptoms; this is called
pre-symptomatic transmission (Arons et al., 2020). Lee et al. (2020)
quantitatively evaluated SARS-CoV-2 molecular shedding among 303
patients in a community treatment centre in Cheonan, Republic of
Korea; of those initially considered asymptomatic, 89 (about 30%)
remained healthy throughout the study. Twenty-one others went on
to develop symptoms of the virus. The incubation period for COVID-
19, which is the time between exposure to the virus and symptom
onset, is on average 5–6 days, but can be as long as 14 days (WHO,
2020a). “Portal of entry” is the way the infectious agent can enter a
new host, such as, the respiratory tract, mucousmembranes or contam-
inated personal and protective equipment (PPE) (WHO, 2020a).

“Susceptible host” can be any person, but the most vulnerable are
those who are immune-suppressed or have comorbidities or an aging
immune system (elderly) (WHO, 2020a; Murphy et al., 2020). Fig. 2
highlights the important role of NPIs, (such as PPE, face coverings), in
breaking multiple inter-connected links in the infection cycle that will
prevent COVID-19 transmission.

The main modes of SARS-CoV-2 transmission is through suspension
in virus-laden aerosols or droplets that are typically liberated through
the nose and mouth of infected spreaders. Airborne spread occurs
with pathogens found in exhaled droplets <5 μm in diameter (Chua
et al., 2020); where it is generally thought that SARS-CoV-2 can be
transmitted in exhaled particles smaller or larger than 5 μm (Leung
et al., 2020). A greater risk of SARS-CoV-2 transmission is appreciated
through talking, singing, coughing and sneezing where the aerosolised
virus can remain airborne due to low sedimentation velocity; thus,
highlighting the importance of maintaining a 2m (6.6 ft) social distanc-
ing and the wearing of face masks (WHO, 2020a). The further the dis-
tance apart from an infected SARS-CoV-2 spreader, the lower the
relative risk of acquiring SARS-CoV-2, such as from airborne aerosols
and droplets. Using laser light scattering, Anfinrud et al. (2020) found
that there were average emissions of about 1000 droplet particles per
second speech, with high emission rates of up to 10,100 droplet parti-
cles per second. Stadnytsky et al. (2020) estimated that 1 min of loud
speaking generates greater than 1000 droplets containing virus; this
was calculated by fitting the time-dependent decrease in particle de-
tected to exponential decay. Chu et al. (2020) conducted a systematic
review and meta-analysis of 172 observational studies and found that
there is a 12.8% chance of contracting COVID-19 with physical distanc-
ing measures of less than 1 m, but this falls to just 2.6% with a distance
of 1 m or more. The WHO (2020a) stated that “Droplet transmission

Fig. 2. Breaking the chain of COVID-19 infection: contributions of different NPIs.
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occurs when a person is in close contact (within 1 m) with an infected
person and exposure to potentially infective respiratory droplets occurs,
for example, through coughing, sneezing or very close personal contact
resulting in the inoculation of entry portals such as the mouth, nose or
conjunctivae (eyes)”. This emphasizes the challenges of mitigating
transmission of SARS-CoV-2 in the indoor environment as there is a
higher risk of viral exposure with the close congregation of potential
viral spreaders, and there is limited ability for air treatment or exchange.
Thus, improving behavioural change, such as avoiding complacency,
when using face masks and face coverings to ensure that both the
nose and mouth are kept covered will be beneficial (Rowan and
Laffey, 2020b).

SARS-CoV-2 is spread through infectious aerosols (Asadi et al. 2020).
Beldomenico (2020) also proposed that superspreaders play an impor-
tant role in the spread of SARS-CoV-2. The potential variance in individ-
uals to spread SARS-CoV-2 may also explain apparent differences
between studies that typically report on low secondary attack rates
with homes (11.2% in one Chinese study (Bi et al., 2020) and attack
rates in specific clusters of transmission, such as the Skagit County
choir where 87% of attendees were affected by one individual
(Hamner et al., 2020). Kenyon (2020) highlighted the complexity of
quantifying relative risk (RR) for susceptible individuals as there is in-
creasing evidence that a large proportion of SARS-CoV-2 transmissions
occur whilst the transmitters have low or no infection (Arons et al.,
2020). Thus, it is also increasingly recognised that asymptomatic in-
fected individuals, or symptomless spreaders, may also effectively
cross-infect other susceptible people with SARS-CoV-2 (Asadi et al.,
2020a,b; Arons et al., 2020), which supports the need for wearing of
face masks and improvised face coverings and to follow additional
nonpharmaceutical mitigation strategies. However, Perencevich et al.
(2020) highlighted that no studies have evaluated the effects or poten-
tial benefits of face shields on point source control (i.e., containing a
sneeze or cough), when worn by asymptomatic or symptomatic per-
sons. These authors also noted that major recommendations should be
evaluated using clinical studies, but it is unlikely that a randomised
trial has been conducted to verify efficacy due to restricted time associ-
atedwith fast moving pandemic conditions; thus, with the introduction
of new vaccines, many future randomised control studies that focus on
efficacy of NPIs may be retrospective in nature. The type and degree of
non-pharmaceutical strategies applied are influenced by the perceived
severity of the relative risk; for example, full PPE should be worn
in a high-at-risk healthcare setting, such as ICU (Rowan and
Laffey, 2020b). Whereas wearing improvised cloth face coverings,
hand-sanitation and social distancing are used for lower relative risk
community settings. However, the relative contribution of each
of these transmission modes remains uncertain, and variance in
viral, host, or environmental factor is likely to influence which
modality is favoured in different settings (Tellier et al., 2019;
Asadi et al., 2020b).

2.3. Aerosol and non-aerosol generating procedures: the role of facemask and
face covering including design, features, characteristics and maintenance

Medicalmasks should be certified according to international and na-
tional standards to ensure they offer predictable product performance
when used by HCWs, according to the risk and type of procedure in a
healthcare setting (WHO, 2020a; Rubio-Romero et al., 2020). “Defined
for single use, a medical masks' initial filtration (at least 95% droplet fil-
tration), breathability, and if required, fluid resistance are attributed to
the type (e.g. spunbond or meltblown), and layers of manufactured
non-woven materials (e.g. polypropylene, polyethylene or cellulose)”
(WHO, 2020a). Recent theories suggest that SARS-CoV-2 can also be
transmitted by attachment to particles or dust that have been from con-
taminated surfaces, which have been recently designated as “aerosol-
ized fomites” (Asadi et al., 2020a,b). This, if true, further strengthens
the importance of wearing face masks and coverings to prevent

infection. The scientific community has been discussing whether the
COVID-19 virus, might also spread through aerosols in the absence of
aerosol generating procedures (AGPs) (WHO, 2020a). This is an area
or active research. It is noteworthy, that the presence of viral RNA is
not the same as replication- and infection competent (viable) virus
that could be transmissible and capable of sufficient inoculum to initiate
invasive infection. High quality research, including randomised trials in
multiple settings, are required to addressmany of the acknowledged re-
search gaps related to AGPs and airborne transmission of the COVID-19
virus (WHO, 2020a). The global spread of COVID-19 has substantially
increased thedemand for facemasksworldwide that has accelerated re-
search and innovation surrounding their efficacy (Rowan and Laffey,
2020a). In general, the term “facemask governs a broad range of protec-
tive equipment with a primary function of reducing the transmission of
particles or droplets” (Fischer et al., 2020). Fischer et al. (2020) tested 14
commonly available masks, or mask alternatives that included impro-
vised face coverings, using a simple yet cost-effective optical measure-
ment method to evaluate the efficacy of masks to reduce the
transmission of respiratory droplets during regular speech. Improve-
ments in preventing droplet transmission was evident using increased
layers of cotton-polypropylene and pleats compared to fitted N95,
while neck gaiters or bandanas offered very little protection. Fischer
et al. (2020) also observed a significant increase in relative droplet
count when the N95 respirator was fitted with a value.

TheWHO (2020a) have provided comprehensive guidance on use of
masks and improvised fabric face coverings in the context of the COVID-
19 pandemic. New guidance is provided on non-medical (also referred
to as “fabric”) mask features and characteristics, including choice of fab-
ric, number and combination of layers, shape, coating andmaintenance.
“Masks can be used either for protection of healthy persons (worn to
protect oneself when in contact with an infected individual) or for
source control (worn by an infected individual to prevent onward trans-
mission). However, the use of a mask alone is insufficient to provide an
adequate level of protection or source control, and other personal and
community level measures should also be adopted to suppress trans-
mission of respiratory viruses. Whether or not masks are used, compli-
ance with hand hygiene, physical distancing and other infection
prevention and control (IPC) measures are critical to prevent human-
to-human transmission of COVID-19” (WHO, 2020c). While non-
medical masks may be made from different combinations of fabrics,
layering and are available in diverse shapes; however, few of these com-
binations of fabrics andmaterials have been systematically reviewed for
filtration and breathability. A non-medical mask standard has been de-
veloped by the French Standardization Association (AFNOR, 2020) to
define minimum performance in terms of filtration (minimum 70%
solid particle filtration or droplet filtration), and breathability (maxi-
mumpressure difference of 0.6mbar/cm2 ormaximum inhalation resis-
tance of 2.4 mbar and maximum exhalation resistance of 3 mbar. It is
noted that the lower filtration and breathability standardized require-
ments and overall expected performances, should be considered for
source control (used by infected persons) in community settings, and
not for prevention. WHO (2020c) recommended that they can be used
ad-hoc for specific activities where social distancing cannot be main-
tained, and their use should be accompanied to hand hygiene and
physical distancing. Dbouk and Drikakis (2020a, b) described a com-
putational fluid dynamic model that takes into account turbulent
dispersion forces, droplet phase-change, evaporation, and breaking
up in addition to droplet-droplet and droplet-air interactions, mim-
icking reave events by using data that closely resemble coughing
(Table 2). The study showed that criteria employed for assessing
face mask performance requires modification to take into account
the penetration dynamics and airborne droplet transmission, the
fluid dynamics leakage around the filter, and reduction of efficiency
during cough cycles. The study proves that use of masks reduce air-
borne droplet transmission, and will protect the wearer from con-
taminated droplets; however, many droplets still spread around
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and away from the mask cover (Table 2). Therefore, use of a mask
does not provide full protection and social distancing remains im-
portant during the pandemic.

The WHO (2020c) recognises that many countries have recom-
mended the use of fabric masks/face coverings for the general public,
but also recognises that the widespread use of masks by healthy people

Table 2
Published studies on new facemask design, functionality and sustainability factors to help address supply chain shortage and improvements inwastemanagements presented by ongoing
COVID-19 pandemic.

Innovations Main development(s) Citing reference(s)

Computational fluid dynamics for face mask filter
efficacy

Face mask filters – textile, surgical or respiratory – understanding of droplet dynamics
through and around a face mask filters resembling cough many – new criterion for
calculating mask efficiency to consider penetration dynamics proposed –masks do not
provide complete protection

Dbouk and Drikakis, 2020a,
2020b

Air dispersion distances through patient simulator Normal cough induces turbulent flow that spreads about 70 cm from the subject –
N95 mask prevented air leakage than surgical mask during coughing. But there
remains sideway leakage.

Hui et al., 2012

Forward jet of droplets and leakage around mask –
droplet transmission

Using the Schlieren optical method, it was shown that wearing a standard surgical
mask blocks the forward jet of droplets, but allows leakage around the top, bottom and
sides. N95 reduces the droplet leakage around mask edges during coughing – none of
the masks entirely prevented penetrating or escaping the mask – i.e., droplet
transmission.

Tang et al., 2009

Self-designed triple-layer cotton masks to suppress
respiratory droplet levels

Self-designed triple-layer cotton masks worn by respiratory infected person (influenza
and COVID-19 participants) were shown to be similar to medical masks for
suppressing droplet levels in regular bedroom and a car with air conditioning where
cough/sneeze counts were measured

Ho et al. (2020)

Face masks with respiratory valve had lower exchange
rate of breathing assistance

Studies to evaluate and characterize the comfort sensation and performance of 12
types of face masks (related to shape, respiratory valve, brand, main materials and
protection level) related to breathing assistance for healthcare in fog and haze weather
[non-COVID-19] – dynamic changes in airflow rate and breathing resistance were
acquired by virtual instrument system- cotton mask had lower rate of breathing
assistance than nonwoven fabric masks.

Yao et al., 2019

Mask face detection based on a hybrid AI, deep transfer
learning and classic machine learning model

Use of Artificial Intelligence (AI), deep transfer learning and classic machine learning
to evaluate mass usage of face masks to potentially inform protection and compliance
during COVID-19. Researchers used three data sets: Real-World Masked Face (RMFD)
consisting of images of 5000 masked faces and 90,000 unmasked faces; Simulated
Masked Face Dataset (SMFD) with 785 for simulated masked faces and 785 for
unmasked faces; Labelled Faces in the Wild (LFW) containing 13,000 masked faces of
celebrities. Focus was in training for accuracy of face mask detection.

Loey et al., 2021

Use of spray-simulation method (mimicking a sneeze)
along with germ-free mice

Development and validation of spray-simulation method (mimicking a sneeze) for
determining efficacy of combed-cotton textiles used as two-layer barriers for
protecting germ-free mice from bacteria carrying droplets. Authors used aqueous
suspension of 12 probiotic-cultured dairy bacteria – authors advocated use of bacteria
as they exist in association with respiratory viruses in respiratory fluids – they also
used bacteria to quantify number of droplets that escape textile barrier

Rodriguez-Palacios et al.,
2020

Surgical and homemade masks, even without fitting,
reduces particles emitted via breathing, talking, and
coughing

Wearing of surgical masks, or N95 respirators, even without fit-testing, reduces
number of emitted expiratory particles from breathing, talking, and coughing from
experimental studies. But, efficacy of wearing homemade cloth or paper masks is less
clear, and confounded by shedding of masks fibres, with some reductions observed,
particularly for larger particles (>0.5 μm). Authors did not measure virus-laden
aerosols and droplets, but observations consistent that wearing mask can help with
mitigating pandemic-associated with respiratory disease.

Asadi et al., 2020a

Bio-based facemasks – use of electrospinning gluten
and carbonization

Suggested sustainable future-use of wheat gluten biopolymer, a by-product of cereal
industries, as alternative to using petrochemicals for reusable facemask. Fine mesh
nanofilter membrane structure to be achieved via electrospinning and subsequent
carbonization at over 700 °C.

Das et al., 2020

Design, velocity and fitness innovation for sustainable
face masks including home made

Understanding performance of commercial masks and Advantages of wearing
commercial and home-made face coverings during pandemic. Review of masks made
from household materials. Limited studies that used randomised control trials for
investigating efficacy of cloth masks showing that they are not suitable for HCWs.

Davies et al., 2013; Chughtai
et al. (2013); Chua et al.,
2020

Cloth masks loose filtration efficacy after frequent
washing and drying cycles.

Studies on the effect of washing and drying on cloth mask highlighted a drop in
filtration performance that was correlated to pore size and shape of the masks. It was
found that the PM10 filtration efficiency dropped by 20% after 4th washing and drying
cycle, that was attributed to continuous stretching of the masks, enlarging the pore
size, thus impairing mask performance.

Neupane et al., 2019

Engineering multifunctional face masks Increasing trend for published information that highlights innovation to improve
filtering capacity (such as pore size) of mask materials and improving additional
functions in terms of design (such as antimicrobial properties, coatings) to enhance
user comfort, and convenience (such as introduction of self-cleansing and sensing
properties. However, these are laboratory studies.

Chua et al., 2020

Increased super hydrophobicity and transparent
qualities of masks materials

Graphene-coated masks shown to exhibit significant superhydrophobic and
photothermal performance that can repel incoming aqueous droplets masks exposed
up to 80 °C under sunlight illumination can achieve self-sterilisation. Transparent
properties included on face masks to improve quality for the hearing impaired such as
digital face recognition, human-facing industry.

Son et al., 2020; Zhong et al.,
2020; Chua et al., 2020

Differences in FFE for head tie, ear-loop face masks 29 different face masks alternative including expired N95 respirators with intact
elastic straps and respirators subjected to ethylene oxide or VH2O22 sterilisation –
procedural face masks with elastic ear loops showed lowest fitted filtration efficacy at
38.1%. Thus, highlighting increased risk.

Sickbert-Bennett et al., 2020
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in the community is not yet supported byhigh quality or direct evidence
where there are potential benefits and harms to consider. TheWHO ad-
vises decision-makers to apply risk-based approaches when encourag-
ing the use of for the general public to include, (1) purpose of mask
use, (2) risk of exposure to the COVID-19 virus, (3) vulnerability of
the mask wearer/population, (4) setting in which the population lives,
(5) feasibility, such as availability and cost of masks, and ability of
mask wearer to tolerate adverse effects of wearing a mask, and
(6) type of mask, such as medical versus-non-medical mask. Examples
of where the general public should be encouraged to use medical and
non-medical mask in areas with known or suspected community
transmission.

2.4. Reprocessing and extended use of PPE and face coverings to meet
supply chain shortfall in the context of COVID-19 pandemic

There has been a commensurate interest in reuse of PPE in
healthcare, particularly important filtering facepiece respirators
(FFRs), such as N95 respirators, to meet supply chain shortages during
COVID-19 pandemic (Rowan and Laffey, 2020a; Rubio-Romero et al.,
2020). This need for potential extended or reuse of FFRs is likely to be
remain beyond COVID-19 given sustained concerns by clinicians and
healthcare workers, along with meeting the surge in patients attending
health screening (non-COVID-19 related) and requiring medical proce-
dures. Several countries have adopted PPE reuse through reprocessing
technologies that address fit testing post treatments along with disin-
fection and filtration efficacy (Rubio-Romero et al., 2020). A compre-
hensive review of efficacy and usage of face masks has been
conducted by Rubio-Romero et al. (2020). Given the heat sensitivity
and complexity of materials used in single-use PPE, only a limited num-
ber of reprocessing technologies have been authorized for their emer-
gency reuse by the FDA, such as using hydrogen peroxide in vapor
form (30–35% VH2O2) used alone or combined with ozone (FDA,
2020; Rowan and Laffey, 2020a). McEvoy and Rowan (2019) provided
an informative and comprehensive review on the use of VH2O2 in the
adjacent area of terminal sterilisation of medical devices. Countries are
also pursing use of ultra-violet germicidal irradiation technologies (UV
dose 2000 μJ/cm2) (Derraik et al., 2020), but there remains uncertainty
surrounding the efficacy of this 2-dimensional irradiation to penetrate
complex filtration system associated with FFRs (Rowan and Laffey,
2020b). Use of conventional moist heat at 60 °C (60min, at high humid-
ity), is also potentially efficacious for safe PPE reprocessing (Derraik
et al., 2020; Rowan and Laffey, 2020b).

A limiting factor in harmonized reprocessing of PPEwill be the avail-
ability of sophisticated technologies, such as VH2O2, to meet unprece-
dented high demand during COVID-19 pandemic (Rowan and Laffey,
2020a; Ilyas et al., 2020). Decisions underpinning PPE reuse are likely
to be governed by infection prevention groups in healthcare, in consul-
tation with competent regulatory authority for each country, where
critical shortages in supply chain will inform deployment in order to
protect frontline healthcare workers (HCWs). However, lack of accep-
tance by HCWs for the use of reprocessed PPEmight be a barrier to gen-
eral deployment, which can be potentially addressed through
education, training and social marketing to highlight efficacy and safety.
PPE supply chain shortfalls have been primarily met by enhanced pro-
duction by original equipment manufacturers (Rowan and Laffey,
2020b). In addition, initiatives and collaborations performed by compa-
nies, hospitals, and researchers in utilising 3D printing during the
COVID-19 pandemic has contributed to this effort to address supply
chain shortfalls in face shields (Tino et al., 2020). Homemade and com-
mercial cloth or fabric face coverings are less complicated, and can be ef-
fectively reprocessed by moist heat combined with using a detergent
(60 °C for 30min), such as using a domestic laundrymachine combined
with spin drying (Rowan and Laffey, 2020a). Face shields are usedwith-
out a mask, they should wrap around the sides of the wearer's face and
extend below the chin. It was recently reported that only thosewearing

face shields at a Swiss hotel succumbed to COVID-19,where no reported
cases occurred for staff and guests who wore face masks in the same
hotel. The WHO (2020c), and other authorities, have advised that face
shields can offer an added layer of protection, but in addition to a face
mask, social distancing, and handwashing, not as a substitute.

2.5. Innovation surrounding face mask design and functionality for future
sustainability

Best available evidence supports the effective use of face masks as
nonpharmaceutical counter-measures for addressing COVID-19
(Wang et al., 2020a); where there has been advancements on the
reprocessing of single-use face masks under Emergency Use Authorisa-
tion (Rowan and Laffey, 2020a). However, published evidence shows
that masks do no provide 100% protection (Wang et al., 2020b), with
significant variance depending on the filtration efficiency and design.
There has been a surge in innovation to improve facemask design, com-
fort, functionality and sustainability, such as improvements in recycling
and medical waste management (Table 2). Despite well-conducted
studies, there is a pressing need to extensively test and validate these
new innovations through regulated multi-actor, collaborating,
randomised controlled trials.

Mask efficiency is defined as percentage of a contaminant removed
by a mask filter, where mass, weight, number of particles, or volume
can quantify this performance (Hutten, 2016) (Table 2). Typically, certi-
fication standards (ASTM F1862M-17, 2017; ASTM F201-19, 2019) usu-
ally define a surgical mask efficiency as a standard value independent of
coughing incidents or cycle. However, Dbouk and Drikakis (2020a, b)
noted that these standards neglectfluidflowdynamics effects and drop-
let leakage through mask openings. Additionally, there is no consider-
ation that mask efficiency can deteriorate considerably over time due
to saturation effects; thus, coughing and fluid dynamics need to be con-
sidered in calculating fluid efficiency. The main mechanisms of filtering
through masks are droplet diffusion, interception and impaction. Also,
the frequency of coughs may further challenge efficiency. Continued,
or cyclic coughing, increases dynamic flow that can negatively affect ef-
ficacy of mask filter performance where a wide range of filter efficien-
cies have been described (Rengasamy et al., 2010). Previous studies
reported that use of surgical masks effectively reduce emission of
large droplets and minimize lateral dispersion of droplets (Driessche
et al., 2015; Stockwell et al., 2018).

Ho et al. (2020) reported that self-designed triple-layered cotton
masks worn by respiratory infected volunteers were similar to partici-
pants wearing medical masks (Earloop Procedure Face Mask 1820:
3M, MN, USA) for suppressing respiratory droplet levels in a regular
bedroom, and a car with air conditioning. (Table 2). Specifically, 211
adult volunteers with 208 confirmed cases of influenza (influenza
A = 188; influenza B = 17) and 6 suspected cases of COVID-19 from
Taipei-Keelungmetropolitan areawere recruited. Four 1-hour repeated
measurements of particles with size range 20–1000 nm measured by
number concentrations (NC0.002-1), temperature and relative humid-
ity, and cough/sneeze per hour for each volunteer. Authors concluded
that cotton masks could potentially substitute for medical masks for re-
spiratory infected person in a microenvironment with air conditioning.
Also, healthy individuals may use cotton masks in the community set-
ting as cotton masks are washable and reusable. However, wearing of
medical masks is still popular in community settings, globally (Secon,
2020). Previous studies have reported that the oral cavity is the main
source of expiratory droplets in the 5 to 100 μm range during speech
and cough (Johnson and Morawska, 2009).

Previous studies have shown that towel (100% cotton) and common
cloth (70% cotton and 30% polyester) masks showed 40–60% filtration
efficiency for polydisperse sodium chloride (NaCl) aerosol particles
(75%±20 nm countmedian diameter (CMD) and a geometric standard
deviation (GSD) not exceeding 1.86) at 5.5 cm/s face velocity
(Rengasamy et al., 2010) (Table 2). Yao et al. (2019) investigated
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comfort sensation and performance of face mask related to breathing
resistance for healthcare in fog or haze weather (non-COVID-19)
(Table 2). The dynamic changes in airflow rate, and the breathing resis-
tance were acquired by a virtual instrument system and a microelec-
tronic system. The researchers used six evaluation indices for defining
dynamic performance and comfort sensation of facemaskwhere 12 dif-
ferent types of facemasks from four brandswith different featureswere
tested, namely shape, respiratory valve, brand, mainmaterials, and pro-
tection level. The average breathing frequency was set at 20 times per
minute, and the peak flow rate of both exhalation and inhalation was
85 L/min in dynamic measurement. Findings showed that face masks
with a respiratory valve had a lower change rate of breathing resistance.
Moreover, cotton masks had lower change rate of breathing resistance
than the non-woven fabricmasks. The cup-typemask had lower change
rate of breathing than the folding mask.

A review of best-published information on facemasks design and ef-
ficacy reveals that face masks prevent, or reduce transmission and con-
traction of COVID-19, but they should not be considered as a single
preventative or counter-disease measure, as they do not guarantee
100% protection. There is considerable surge in published papers on sus-
tainability in face mask design (such as materials, layering), comfort
(style), and efficacy of respiratory level of protection, but these studies,
for the most part, are based on observational or laboratory studies, and
not longitudinal clinical trials (Peebles, 2020). It is envisaged that future
robust clinical trials will contribute significantly to this gap in
knowledge.

Loey et al. (2021) reported on using artificial intelligence for detect-
ing face mask wearing, which would support studies such as compli-
ance and efficacy in the era of the COVID-19 pandemic (Table 2).
Specifically, these authors reported on the development of a hybrid
deep transfer learning model with machine learning methods for face
mask detection where several thousand images of masked and non-
masked individuals were analysed, which were contained in three
datasets, namely, Real-World Masked Face Dataset, the Simulated
Masked Face Dataset, and the labelled Faces in theWild. The authors re-
ported on testing and training accuracy for face mask detection at
99.64%, 99.49% and 100% respectively for these datasets.

Rodriguez-Palacios et al. (2020) reported on the use of a functional
in vivo test method for assessing facemask/filtration materials using
germ free (GF) mice where probiotic bacteria suspended in
microdroplets were used, instead of respiratory viruses (Table 2). Use
of bacteria, in this instance, was deemed appropriate as bacteria accom-
pany respiratory viruses in respiratory droplets. This study reports on
use of an in vivo spray-simulation method (mimicking a sneeze),
where combed-cotton textiles used as two-layer barriers covering
mice cages prevented the contamination of all GF animalswhen sprayed
with 10–20 bacterial droplet units/cm2.

Asadi et al. (2020) conducted experimental studies using home-
made cotton cloth and paper face masks that showed reductions in
number of emitted expiratory particles from breathing, talking, and
coughing. However, these observations are not as clear, and confounded
by shedding of masks fibres, as compared significant outward particle
emission reductions from wearing surgical masks and N95 respirators,
even without fit-testing. The authors attest that these observations are
consistent with suggestions that mask wearing can help in mitigating
pandemic associated respiratory diseases. Also, their results suggest
that importance of regular change of disposable masks and washing of
homemade masks, and suggest that special care must be taken in re-
moving and changing of masks.

Das et al. (2020) described electrospinning and subsequent carbon-
ization of wheat gluten biopolymer to form nanofiber membranes for
bio, or gluten-based facemasks (Table 2). These same gluten materials
can be processed into cohesive thin films using plasticiser and hot
press. Additionally, lanosol, a naturally-occurring substance, can be
added that imparts fire (V−) rating in vertical burn test), andmicrobial
resistance in gluten plastics. Thus, the authors advocate that thin films

of flexible gluten with very low amounts of lanosol (<10%) can be
bonded together with the carbonised mat and shaped by
thermoforming to create the facemasks. Most medical or surgical face
masks are made of non-renewable petroleum-based polymers such as
polypropylene, polystyrene, polycarbonate, polyethylene, and polyester
(Das et al., 2020), which are non-biodegradable and contribute towards
environmental pollution. Thus, there is pressing need to rapidly develop
facemasks that are fully bio-based and effective along with being low
cost, lightweight and comfortable.

For facemasks, filter media is an important component (Table 2). In
general, fibrous material are used to create particulate matter (PM) fil-
ters, which can be designed according to a particular size of a PM that
can be ultrafine (<0.1 μm), fine (0.1–2.5 μm), and course (2.5–10 μm);
denoted as PM0.1, PM2.5 and PM10 respectively. Filtration occurs through
interception, inertial impaction, diffusion, and inter-molecular/
electrostatic/gravitational interactions of the target particles on the sur-
face of the filter medium. However, for virion particles, whose diameter
is very small (ca. 20–400 nm), Brownian diffusion is the main filtration
mechanism (Mao, 2017). Face masks provide respiratory protection
from infected individual by filtration capacity of the media against the
aerosol particles. Since the size of coronaviruses are typically in the
range 160–200 nm (Pellett et al., 2014), non-woven filter media would
be more effective that woven alternatives (Chellamani et al., 2013).
Non-woven filters exhibit higher barrier properties compared to cotton
and petroleum-based polyesters. Das et al. (2020) noted that these
non-woven filter media can be manufactured by the process of
electrospinning, which is the most cost-effective and facile methods to
create fibrousmembraneswith amyriad of fibre diameters and porosity.
Previous researchers have also used gluten with polyvinyl alcohol (PVA)
through electrospinning into nanofibers (Dhandayuthapani et al., 2014;
Aziz et al., 2019). Strain et al. (2015) also previously described the use
of electrospun recycled polyethylene terephthalate (rPET) to develop fi-
brous membranes for cigarette smoke filtration. However, for the devel-
opment of face masks, interdisciplinary research encompassing
electrospinning, thermos-chemical conversion, gluten bio-polymer pro-
cessing, and mask testing would need to addressed (Das et al., 2020).
These authors also note the addition of fire retardant andmoisture resis-
tance of gluten could be enhanced by adding lanosol, and
polyaminoamide epichlorohydrin (PAE), respectively, which are impor-
tant for face mask using future carbonised gluten fibres.

Gandhi and Rutherford (2020) theorized that face masks could pro-
vide some degree of immunity ‘variolation’, where small doses of the
virus potentially penetrate the covering and stimulate the immune
response that may help with herd immunity. While this remains to
be proven, it is recognised that immune-priming can potentially
improve subsequent exposure to larger viral or bacterial loads. This
immune-priming concept is also been exploited by researchers as
a means of reducing inflammatory responses, such as use of purified
β-glucans frommedicinal fungi for addressing acute respiratory distress
syndrome (ARDS) and sepsis that contributes significantly to severe re-
spiratory systems experienced by critically ill COVID-19 patients
(Murphy et al., 2020a;Murphy et al., 2020b;Masterson et al., 2020). Fu-
ture design innovations may support greater aerosol filtration efficacy
for face masks and coverings to help reduce transmission, such as po-
tentially using head ties, instead of ear loops. For example, Sickbert-
Bennett et al. (2020) reported that surgical masks with ties had filtra-
tion efficiency (FFE) of 71.5% (±5.5), while procedural mask with ear
loops had lower FFE at only 38.1% (±1.1) (Table 2). There is a growing
interest in evolving face masks and coverings for efficacy and wearer
comfort ranging from anti-fogging capacity for thosewearing spectacles
to evaluating alternative biomaterials to potentially replace plastics in
one-time-use PPE. The latter enable improved recycling andwasteman-
agement (Silva et al., 2020; Wang et al. 2020; Ilyas et al., 2020).

Davies et al. (2013) tested filtration efficacy of house-hold masks
made using different materials (including 100% cotton T-shirt, scarf,
tea towel, pillowcase, antimicrobial pillowcase, vacuum cleaner bag,
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cotton mix, linen and silk) against bacterial (Bacillus atrophaeus,
0.95–1.25 μm) and viral (Bacteriophage MS2, 0.023 μm) aerosols
(Table 2). All materials were capable of blocking test microorganisms
to different extents, and they all worked better in the case of using the
larger B. atrophaeus endospores. Although surgical mask, as a control
sample, exhibited the highest efficacy, cleaner bag, tea towel, and cotton
mix also showed filtration efficacy. However, the authors also simulta-
neously reported on the ease of breathing, which is indicated by pres-
sure drop. The higher the pressure drop, the higher the difficulty for
the wearer to breathe. It is observed that despite high filtration efficacy
of a vacuum cleaner bag, and tea towel, their high-pressure drop values
make them unsuitable for masks. Doubling the layers did not improve
filtration efficacy; yet, doubling increased pressure drop, indicating
more difficulty for breathing. Wearing a mask can reduce the infection
probability yet cannot eliminate the risk of contracting the disease,
when used alone as a non-pharmaceutical preventive measures, such
as hand hygiene, social distancing, quarantine, and immunization.
Chughtai et al. (2013) reviewed cloth masks using randomised clinical
trial to evaluate how efficient cloth masks are for protecting HCWs.
Findings revealed that respiratory infection was highest in the cloth
mask group and that the particle penetration of cloth masks was 97%
(versus 44% for medical masks), the authors concluded that cloth
masks should not be used for HCWs, especially in highly infectious situ-
ations. Neupane et al. (2019) studied the effect of washing and drying of
cloth masks on the filtration performance and correlated the perfor-
mance of the pore size and shape of themasks. These authors concluded
that the PM10 filtration efficiency dropped by 20% after the 4th washing
and drying cycle, which was attributed to the increase in pore size and
the lack of microfibers with the pore region. The authors noted that
long-term usage of the cloth mask entails continuous stretching of the
mask, enlarging the pore size, thus, impairing mask performance. Stud-
ies are lacking as to the specific number of times cloth mask can be
washed to retain efficacy, but the risk also depends upon the degree of
other mitigating non-pharmaceutical counter-measures present.
Sickbert-Bennett et al. (2020) evaluated 29 different fitted facemask al-
ternatives showed that surgical and procedural masks had lower fitted
filtering performance (FFE) to that of N95 respirators (98.5% FFE),
while procedural facemasks securedwith elastic ear loops showed low-
est FFE at 38.1%. Thus, highlighting variance in FFE depending upon
head tie and ear loop, which may be considered under risk mitigation
for wearer in the context of overall non-pharmaceutical counter-
measures and degree of potential exposure to infectious respiratory
droplets.

Chua et al. (2020) reviewed innovations in face masks that may im-
prove filtering capacity of mask materials and the addition of functions
and properties into the design ofmasks, including super hydrophobicity
(Table 2). These authors expanded upon use of polymer nanofibrous
membranes, electret membranes and porous-metal organic framework
(MOF)-based filters for masks, compared with existing commercial fil-
ters made of thick layers of micron-sized fibres that balance air resis-
tance and filtering performance. Natural-based extracts, such as tea
tree oils, extract of olive and Euscaphis japonica and Sophora flavescent
have been sprayed on surfaces of polymeric air filters for antimicrobial
properties; however, high loading of antimicrobial herbal extracts
may lead to increased pressure drops (Son et al., 2020). Other experi-
mental device-coating studies focus on combinational metal-based
nanoparticles for broad spectrum activities, such as incorporation of
silver-nanoparticle (AgNP)-impregnated activated carbon cloth (ACC)
into a mask resulting in >99.88% virus filtration while having increased
air permeability compared to FFP3 mask (US Patent Application
US2011011095A1). Currently, many masks, some including a number
of types of antimicrobial agents, are commercially available (Chua
et al., 2020): however, mask antimicrobial activities have only been
studied under strict laboratory conditions. An understanding of day-
to-day performance under the actual lived-experience or clinical trial
settings is lacking, as are our understanding of potential influence of

actors affecting mask reusability including washing, drying or non-
thermal processing. Notwithstanding the latter, Chua et al. (2020)
recognised that existing models of masks and respirators serve users
well in terms of appropriate level of protection against airborne
pathogen.

2.6. Mathematical and statistical modelling applied to decision-making
with respect to the ongoing COVID-19 pandemic

There is a gap in knowledge on the efficacy of NPIs, in terms of rela-
tive risk (RR), in preventing COVID-19 infection. R0, the reproduction
number, has been used as a measure to monitor efficacy of NPIs as it in-
dicates the relative contagiousness of an infectious disease; R0 denotes
the average number of people who will potentially contract a conta-
gious disease from one person with a disease, such as COVID-19
(Perencevich et al., 2020). R0 specifically applies to a population who
previously were free of infection, andwere not vaccinated. For example,
an R0 of 7 infers that one infected person may potentially transmit
COVID-19 to an average of 7 other susceptible people. Thus, national
emergency public health teams carefully track R0 values daily as a
means of assessing how effective the implementation of strategic dis-
ease counter-measures have been (example, Government of Ireland,
2020b). This also informs ongoing public health policy decision(s),
such as bans on large-in-person gatherings, closure of restaurants and
retail stores, and if to implement lockdowns, such as in the Republic of
Ireland where citizens have just re-emerged from its second level 5
lockdown period (Government of Ireland, 2020c). Perencevich et al.
(2020) also supports that taken as a bundle, the effectiveness of adding
face coverings and face shields as a community setting to other NPI con-
tainment strategies merits evaluation. The authors noted that his situa-
tion is challenging as there is no prior robust template or ‘dress
rehearsal’ to follow, and public health managers and politicians need
tomake full decisions (100%) on the basis of a diversity of epidemiolog-
ical data that is probability based; thus, tracking R0 values provides tan-
gible indicators of efficacy. The implicit goal of NPIs, alone or in
combinationwith other NPIs, should be to interrupt transmission by re-
ducing R0 to less than 1.

In the context of predicting the variables related to an epidemic (e.g.
mortality rate, disease spread, number of infected people, time until
herd immunity is reached, etc.), the SIR model of Kermack and
McKendrick (1927) and extensions have been used since the 1920s.
SIR stands for Susceptible – Infected – Recovered, which are the main
compartments individuals may belong to during an epidemic. The gen-
eral formulation of a SIRmodel is given by a systemof ordinary differen-
tial equations (ODEs) describing the instant variation in the populations
of each compartment over time (t). The SIR system of ODEs may be
written as

dS
dt

¼ −β
I
N
S

dI
dt

¼ β
I
N
−γI

dR
dt

¼ γI

where S, I and R represent the number of susceptible, infected and re-
covered individuals, N is the total population, i.e. N = S + I + R, β is
the infection rate and γ is the recovery and/ormortality rate. In practice,
the expression βI/N is known as the “force of infection”, and the system
requires the specification of the initial conditions for each compartment,
as well as the values for the parameters β and γ, which are estimated
from data. Each equation may be seen as the instantaneous rate of
change in population size for each compartment. Typically, numerical
methods are used to solve the system of ODEs and produce simulated
results based on the estimates for β and γ, which are then compared
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to the observed data as means of validation. It can then be used to pre-
dict future number of cases and deaths, as well as the length of time a
particular epidemic is likely to last.

It is often of interest to study the properties of this system and deter-
mine conditions for the persistence of the epidemic in the population.
Bymaking simple assumptions, it is possible to derive analytical expres-
sions for what is called the “basic reproduction number”, better known
as R0. Assuming that the time an infected individual remains in this in-
fected state is exponentially distributed with parameter γ, it is straight-
forward to show algebraically that the average number of new
infections caused by a single infected individual is R0 = β/γ. When
this ratio is greater than 1, the instantaneous change in the number of
infected individuals is positive, and therefore an epidemic occurs. Con-
versely, when it is less than 1, the disease is contained.

More specifically in the context of the COVID-19 pandemic, there
have been many attempts to model data from several countries and re-
gions of the world using these epidemiological modelling tools. For ex-
ample, Katul et al. (2020a, b) used a slightly extended SIR model to
calculate an asymptotic global R0 of 4.5, which shows how important
mitigation strategies are for this rapidly growing pandemic. Toda
(2020) also used a SIR model and studied the economic impact of the
pandemic. He found that under optimal mitigation policies controlling
timing and intensity of social distancing, simultaneous infection may
be reduced from 28% to 6.2%, thus reducing the risk of overwhelming
healthcare systems, but at the same time yielding a longer period of eco-
nomic burden.

Extensions of the SIR model have also been proposed. For instance,
Calafiore et al. (2020) proposed a modified model which added a new
compartment “D”, for deceased individuals, therefore separating those
who recovered from the disease versus those who did not. He et al.
(2020a, b), on the other hand, utilised a SEIR system (where “E” is the
compartment corresponding to exposed individuals, those who have
been infected but are still asymptomatic and uncapable of spreading
the virus) and added two extra compartments representing
quarantined and hospitalised individuals, as well as split the infected
compartment into two, to separate the individualswhobecame infected
during a quarantine phase. They fitted themodel to data from theHubei
province in China and found from their parameter estimates that effi-
ciently carried out quarantine measures are helpful to control the
spread of the disease. López and Rodó (2020) also included a
quarantined compartment in a SEIR-type model, and applied it to data
from Spain and Italy. Giordano et al. (2020) proposed a multi-
compartment extension called SIDARTHE, which included susceptible,
infected, diagnosed, ailing, recognised, threatened, healed and extinct
individuals. An important distinction made is between diagnosed ver-
sus non-diagnosed individuals, since asymptomatic and/or non-
diagnosed people are more likely to spread the disease faster than
those who have been diagnosed and are in isolation. Their findings sup-
port the combination of NPIs and contact tracing to combat the
pandemic.

It is clear that one of the many challenges when modelling the
COVID-19 pandemic are the effects of many different confounders act-
ing in concert to result in higher or lower basic reproduction numbers.
Of course, it would be ideal to obtain stratified R0 estimates for different
groups, however there is a lack of resolution in most datasets thus not
allowing for such approach. We may question how accurate these
mechanisticmodels actually are, and how reliable the long-termprojec-
tions are. For reasons of parsimony and to avoid parameter estimation
problems, only the most important mechanisms and compartments
are included in SIR-type models. However, this leaves out potentially
important variables that could play an important role. Also, the long-
term projections rely upon the current assumptions to remain the
same, and it is almost never the case where circumstances do not vary
over time. Therefore, the main contribution is not focussed on the reli-
ability of these projections per se, but in understanding what the likely
future outcome is so as to avoid it if necessary.

Regarding short-term prediction, different time series models have
been proposed to obtain forecasts of number of cases and number of
deaths. This can be especially useful to determine possible growth
trends in the number of patients requiring healthcare, which in turn
can help to avoid the collapse of healthcare systems. Oliveira and
Moral (2020) proposed a state-space hierarchical model based on a
time-varying autoregressive process and an outlier detection process
to forecast the number of daily COVID-19 cases worldwide. Let Yit be
the number of reported cases for country i at time t. They assume the
distribution of Yit, conditional on the number of reported cases at the
previous day Yi, t−1, to be negative binomial with mean μit =
exp {γit + Ωit} and dispersion ψ. The serial autocorrelation is modelled
through the parameter γit = ϕitγi, t−1 + ηit, where ηit is a Gaussian
white noise process and ϕit is allowed to vary over time, which intro-
duces novelty to this type of modelling framework. The parameter
Ωit = λitωit is an observational-level random effect accounting for extra
variability induced by outliers in the time series data, where λit is
a Bernoulli process and assumes value 1 when observation yit is an
outlier and 0 otherwise, and ωit is a normal random effect
representing the extra variability attributed to outliers. Oliveira
and Moral (2020) found that this particular model generates highly
accurate and precise forecasts for up to seven days ahead, for most
countries of the world. This modelling framework does not incorpo-
rate any biological mechanisms and population states, such as the
compartment models previously discussed. However, the highly ac-
curate short-term forecasts can be complemented by the long-term
projections from SIR-type models to aid decision-making and policy
implementation.

Other methods can be used for short-term forecasting. Zeroual et al.
(2020) carried out a study comparing six deep learning methods to
forecast the daily number of confirmed and recovered cases, using
data from Italy, Spain, France, China, the USA and Australia. They
found that the variational autoencoder method was superior when
compared to simple recurrent neural networks, long and bidirectional
short-term memory, and gated recurrent units. These are what we
may refer as “black-box” methods. In essence, current data is used to
train (or calibrate/estimate) the algorithm, which will be used to pro-
duce future forecasts. There is a validation step used to fine tune the al-
gorithm, and this consists of using only part of the data to train the
method, and comparing the forecasts with the actual observed data.
By providing multiple and extensive validation studies, Oliveira and
Moral (2020) highlight their importance for two primary reasons:
(1) to ensure the method is fine-tuned to deliver the best possible per-
formance and (2) so that the uncertainty around forecasts is properly
described and over-reliance on point estimates is avoided.

An alternative to describe temporal trends and patterns is the use of
generalized additivemodels, a very flexiblemodelling framework. Let Yt
be the response variable of interest (e.g. number of COVID-19 cases or
deaths, viral load, particle concentration etc). We may assume that Yt
follows a particular probability distribution with probability mass func-
tion or probability density function p(μt,θ), where μt represents the
mean response at time t and θ is a vector of parameters (that may be
known or estimated from the data). Themean is modelled as a function
of time, such that g(μt) = f(t;β), where g(·) is a monotonic and differ-
entiable link function, f(·) represents a sum of basis functions, often
represented by splines, and β a vector of parameters to be estimated
(other covariates may also be included if available). The aim is to de-
scribe the temporal process with a smooth function, and the degree of
smoothness is typically determined via cross-validation or by adding
specific penalties to the loss function being optimized (e.g. the log-
likelihood or residual sums of squares). For instance, He et al. (2020a,
b) fitted a Gaussian generalized additive model to viral load time series
data, using cubic splines as the smooth function in the linear predictor,
to examine viral shedding temporal trends. They found no significant
difference across sex, age groups (over and under 65 years old) or dis-
ease severity, however.
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Flaxman et al. (2020) implemented a semi-mechanistic hierarchical
model to forecast the number of cases and number of deaths for several
different countries, and estimated a time-varying basic reproduction
number. Here, time series modelling is combined with biological infor-
mation regarding infectious windows, in what is called a “semi-mecha-
nistic” approach. This results in smooth forecast curves that can
accurately depict future trends in the short-term for most countries
for up to two weeks ahead. They also included the effects of NPIs in
their model and found that lockdowns in particular have had a signifi-
cant effect driving R0 below one. In a different approach, Ferguson
et al. (2020) adapted individual-based models developed to aid in pan-
demic influenza planning to COVID-19 and found that R0 is likely to
quickly rebound to being greater than one when NPIs are relaxed.

The hierarchical models discussed above have the inclusion of ran-
dom effects as a common feature. These are important to accommodate
the correlation between observations taken in same experimental or
observational units (often referred to as a “grouping factor”), such as pa-
tients or geographical regions. The random effects are assumed to be
have arisen from a probability distribution with a particular mean and
variance (which are often the parameters of interest in the estimation
process when assuming Gaussian random effects). This latent distribu-
tion is assumed to represent the entire population of interest, of
which we have a representative sample in the available data. In the
case of meta-analyses, parameter estimates obtained by different stud-
ies referring to the description of an effect of interest (e.g. use of face
masks, social distancing of at least 1 m, etc.) are combined. Their total
variability can be decomposed as between- and within-study variance,
with the aid of randomeffects, and the effects of different characteristics
of the studies on the parameter estimates can also be investigated.
For instance, Chu et al. (2020) carried out random effects meta-
analyses using data from 44 comparative studies worldwide
(which included a total of 25,697 patients with COVID-19, SARS or
MERS) to assess the effect of different NPIs. They found distancing,
use of face masks and eye protection to be favoured in terms of re-
ducing transmission. They highlight, however, the need for robust
randomised trials to fill the knowledge gap with respect to effective-
ness of different types of NPIs.

It is clear that the combination of different modelling methods is
beneficial to understanding the problem as a whole and estimating ef-
fects with higher precision (Baker et al., 2018). Therefore, we may
look at the short- and long-term projections at the same time using a
combination of time series models, deep learning methods and mecha-
nistic compartmental models. There is a problem, however, pertaining
to data quality (Vespignani et al., 2020). Precise estimates can only be
obtained from good-quality, large datasets. This is especially true
when using machine learning black-box methods. These algorithms
will reproduce patterns identified in the data, therefore if there is a
lack of precision when collecting and/or reporting the data, the algo-
rithms will reproduce the atypical and even non-sensical behaviours
found in the data. For instance, Oliveira and Moral (2020) estimate
that approximately 12.6% of the daily COVID-19 cases reported world-
wide by the European Centre for Disease Control and Prevention
(ECDC) represent outliers or points that contribute to extra variability.
This reflects poor data collection practices by many countries, and
therefore contribute to less accurate future forecasts. Extending the
modelling methods discussed above to incorporate different mechanis-
tic processes and NPI effects, therefore, requires good data quality to
provide estimates that will be useful when elaborating public policies
to prevent the spread of the virus.

Observational public health studies have revealed a number of po-
tentially increasingly problematic factors, or multipliers that merit sta-
tistical modelling match with appropriate use of NPIs to break cycle of
infections and to reduce R0, these include inter alia high COVID-19 pos-
itivity in community; close proximity and increased numbers of citizens
from different households; greater transmissibility of variants; in-
creased pathogenicity of virus across different age groups; presence of

co-morbidities; gathering of vulnerable, such as in residential homes;
lack or absence of vaccination; reduced testing and contract tracing;
non-use of face masks or coverings; absence of hand-hygiene or disin-
fection; occurrence of superspreaders; COVID-19 public health compli-
ance fatigue; environmental persistence such as prolonged survival at
colder temperatures; PPE supply chain shortage; affordability; increas-
ing presence of asymptomatic or pre-symptomatic spreaders (Fig. 2).
Statistical modelling that addresses improvements in design and func-
tionality of face coverings and future eco-sustainable, non-plastic, med-
ical or surgical masks will inform efficacy of these counter-measures for
a spectrum of increasing risk situations (Table 2). Controlled random
studies should also consider extended use, re-use or reprocessing situa-
tions along with promoting user behavioural change to any perceived
barriers and to improve awareness would also be relevant (Fig. 2). Sev-
eral other studies have also examined the relationship between COVID-
19 and meteorological factors, such as temperature (Ma et al., 2020),
humidity (Liu et al., 2020) and air pollution (Zhu et al., 2020). Gupta
et al. (2020) also reported on the relationship betweenweather param-
eters and COVID-19 spread using daily data of new cases in 50 US states
between Jan 1 andApril 9, 2020 and found that spread in theUSwas sig-
nificant for states with 4 < absolute humidity < 6 g/m3 and number of
new cases >10,000.

Chowdhury et al. (2020) investigated dynamic interventions to con-
trol the COVID-19 pandemic, where these researchers described a
multi-variate prediction model, based on up-to-date transmission and
clinical parameters, to simulate outbreak trajectories in 16 countries,
from diverse regions and economic categories. In each country, these
authors modelled the impacts on intensive care unit (ICU) admissions
and death over an 18-month period for the following scenarios:
(1) no intervention, (2) consecutive cycles of NPI mitigation measures
followed by a relaxation period, and (3) consecutive cycles of suppres-
sion measures followed by a relaxation period. Chowdhury et al.
(2020) noted that such “schedules” of social distancingmight be partic-
ularly relevant to low-income countries, where a single, prolonged sup-
pression intervention is unsustainable. These researches advocated that
efficient implementation of dynamic suppression interventions can be
considered pragmatic options to: (1) prevent critical care overload
and deaths, (2) gain time to develop preventive and clinical measures,
and (3) reduce economic hardship globally.

At this time of writing, less than 50% of the American population
wear face masks and coverings (Cullen, 2020; Donmez, 2020). Use of
the Institute of Health Metrics and Evaluation (IHME) model pre-
dicts that enforcing non-pharmaceutical interventions, such as face
masks and social distancing, can potentially save 122,070 U.S. citi-
zens (Donmez, 2020). Eker (2020) reflected on three popular
models from a validity and usefulness perspective in terms of pro-
viding a structured framework to understand and interpret the epi-
demical and social mechanisms behind this COVID-19 pandemic.
However, such models cannot be considered as accurate predictions
tools, not only because no model is capable of doing this, but also be-
cause these models are lacking thorough formal validation. Eker
(2020) reported that COVID-19 creates a citation where facts are un-
certain, stakes are high, and decisions are very urgent, which is chal-
lenging for public health decision makers. Nzediaegwu and Chang
(2020) reported that the number of PPE used daily in Africa is also
estimated to reach seven hundred million, as several African coun-
tries have mandated compulsory face mask usage for their citizens
to prevent COVID-19 transmission. Improving compliance with
face covering wearing in at-risk settings presents a significant op-
portunity for reducing infection cases; Silva et al. (2020) noted
that wearing of face masks is to be enforced in 50 countries to ad-
dress COVID-19 transmission. The WHO (2020b) projected supplies
of PPE must increase 40% to deal effectively with the COVID-19 pan-
demic; essential PPE supplies include an estimated 89 million med-
ical masks, 76 million pairs of medical gloves, and 1.6 million pairs of
goggles.
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2.6.1. Mathematical and statistical modelling applied to studies of the
effectiveness of face masks to avoid spreading COVID-19 including
enhanced design innovation for mitigating against more transmissible
SARS-CoV-2 variants

Regarding the inclusion of facemask use-related parameters within
different modelling frameworks, different approaches have been used.
Haug et al. (2020) combined statistical modelling andmachine learning
techniques and estimated that wearing a mask yields a reduction of R0

between 1.8% and12%,while social distancing yields an approximate re-
duction of 20%. However, this does not take into account scenarios of
high public adherence and/or high efficiency of facemasks. According
to Howard et al. (2021), a combined high mask efficacy and average
public adherence, or average mask efficacy and high public adherence,
are likely to lead to disease containment. This was confirmed by differ-
ent studies that included mask efficiency in their mathematical model-
ling approach. For instance, Stutt et al. (2020) developed a combined
modelling approach, involving a branching process based on the nega-
tive binomial distribution and a SEIR-type model (discriminating be-
tween symptomatic and asymptomatic individuals, as well as two
populations: masked and unmasked individuals), and included two pa-
rameters in their models, reflecting mask adherence and efficiency.
They assume that efficiency in exhalation is greater than 50% on aver-
age, but that it is poorer when inhaling. Their assessment indicates
that when R0 is 4, it may only be reduced to below 1 when almost
100% of the population is wearing masks that are more than 50% effec-
tive, at all times, even when not displaying symptoms. This is an impor-
tant distinction, since their findings show that when masks are only
used when individuals are symptomatic, even 100% of mask adherence
combinedwith 100% efficiencywould not be able to reduce an R0 of 4 to
less than 1. In terms of comparing surgical vs. homemade masks,
Eikenberry et al. (2020) developed an extended SEIR-type model, that
also included symptomatic/asymptomatic compartments, and masked
and unmasked populations. While their results are similar when com-
pared to Stutt et al.'s (2020), they found that the adoption of even
very weak masks (20% effectiveness) could be useful when R0 is rela-
tively small. The assessment of a similar type of extended model devel-
oped by Worby and Chang (2020) corroborates this finding, and
highlights the importance of optimized distribution, especiallywhen re-
sources are limited. They show that under these circumstances surgical
masks should be prioritized for infected and vulnerable individuals. In
the absence of current estimates for the efficacy and public adherence
to facemasks, thesemathematicalmodelling techniques illustrate possi-
ble outcomes of a range of different scenarios, and this proves to be an
invaluable tool when developing public policy to contain the spread of
the virus.

The combined modelling approach described by Haug et al. (2020)
can inform improved efficacy of mask design and functionality, and to
compare these innovations with other NPIs based on estimated effec-
tiveness in reducing R0. For example, disposable surgical mask are com-
monly produced by using non-woven methods using 20 g−2

polyproplyene with spunbound technology, or 25 g m−2 non-woven
sheet polypropylene using melt-blown technology; the filtration effi-
ciency of surgical masks is influenced by fibre selection, fabrication
method, the structure of the web, and the cross-sectional shape of the
fibre. Each layer has a different specific function: the middle layer
works as a filter; the outermost layer imposes hydrophobicity, and the
innermost layer absorbs fluids from the wearer; where all three layers
work by restricting transmission of small particles or pathogens from
both directions (Chua et al., 2020). Disposable surgical masks consists
of folded piles of fabrics that are loose fitting on the user's face, whereas
N95 respirator consists of three polypropylene filtering layers and tight-
edge fitting. The filter layer is generated from nylon, cotton, polyester
and polypropylene where the diameter of fibres affects mechanical fil-
tration characteristics; N95 type respirators operates at approximately
85% efficiency as the pore size of 300 nm is greater than the size of
SARS-CoV-2, which is 65 to 140 nm (El-Atab et al., 2020).

For example, electrospun air filters can be modelled as offer better
properties; such as the composite air filter membranes generated by
electrospinning a mixture of polyvinyl chloride and polyurethane poly-
mer demonstrated goodmechanical properties with tensile strength up
to 9.9MPawith excellent air permeability (706.84 nms−1), a highfiltra-
tion efficiency (99.5%), and a low pressure drop (144 Pa) (Zhu et al.,
2017). Moreover, composite membrane fabricated with Nylon 6 and
PAN produced higher filtration efficiency (99.99%), where these ap-
proaches might offer improved protection against more transmissible
SARS-CoV-2 variants. Wang et al. (2020) applied superhydrophobic
electrospun approach using PSU with TiO2 nanoparticles in multi-
layers that achieved 99.9997% filtration efficiency with a pressure
drop of 45.4 Pa. However, these general electrospinning fabrication
methods still use non-environmentally friendly polymers. Eco-friendly
materials can be substituted with natural polymers such as polysaccha-
rides, glutens, proteinaceous materials, biosynthetic polymer materials,
and chemical synthesis of polymers (Wibisono et al., 2020). Lv et al.
(2019) produced an eco-friendly electrospun membrane using polyvi-
nyl alcohol (PVA), konjac glucomannan (KGM), and ZnO nanoparticles
that increased filtration efficiency to 99.9% and increased pressure
drop by 130 Pa (300 nm particles). The additions for anti-viral func-
tional materials to layers (Table 2) can also be evaluated for improved
protection. Haug et al. (2020) modelling approach can also inform de-
velopment of cloth masks including number of layers, layer density,
and facial fitness, and yet at the same time still considering breathabil-
ity, washability and reusability. Advancement of non-medical cloth
masks by combining fabric materials, such as cotton-silk, cotton-
chiffon, and cotton-flannel, can potentially increase filtration efficiency
to 80% (<300 nm particles (Feng et al., 2020). Currently, the most effi-
cient face coverings are 100% cotton masks, which is based on filtration
efficiency and pressure drop (Wibisono et al., 2020).

2.7. Random controlled trials and risk mitigation

Wang et al. (2020b) was one of the earliest retrospective cohort
studies (28 February to 27 March 2020 in Beijing, China) of 335 people
in 124 to investigate community mask wearing, hand washing, and so-
cial distancing on COVID-19 risk reduction within families. This study
confirmed that the highest risk of transmission prior to symptom
onset, and provided first evidence of the effectiveness of mask use, dis-
infection and social distancing in preventing COVID-19. The overall sec-
ondary attack rate was 23.0% (77/335). Face masks were 79% effective
and disinfection was 77% effective in preventing transmission, while
calculated R0 showed that close frequent contact increased the risk of
transmission 18.26 times. Household crowding was also significant; re-
sults demonstrated the involvement of pre-systematic infectiousness of
COVID-19 patients (Wang et al., 2020b).

Chu et al. (2020) conducted a systematic review and meta-analysis
to investigate the optimum distance for avoiding person-to-person
SARS-CoV-2, SARS-CoV, and MERS-CoV transmission, and to assess the
use of facemasks andeye protection toprevent transmission of these vi-
ruses. These authors used meta-analysis of associations of by pooling
risk ratios, or adjusted odds ratios, depending on the availability from
172 observational studies across 16 countries and six continents (n =
25,697 participants), using DerSimonian and Laird random-effects
models. Chu et al. (2020) also used the Newcastle-Ottawa scale to rate
risk of bias for comparative non-random studies. Risk of transmission
of these viruses was lower with physical distancing of 1 m or more,
compared with a distance of less than 1 m; protection was increased
as distancewas lengthened; facemask use could result in a large reduc-
tion in risk of infection, with stronger associations with N9 or similar
respirators compared with disposable surgical masks or similar
(e.g., reusable 12–16 layer cottonmasks; and eye protectionwas associ-
ated with less infection. The primary limitation of this Chu et al. (2020)
study was that all studies were non-randomised, not always adjusted,
and may suffer from recall and measurement bias (e.g., direct contact
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in some studiesmay not bemeasuring near distance). However, the au-
thors found that unadjusted, adjusted, frequentist, and Bayesian meta-
analyses all supported the main findings, and this approach supported
the recording of large or very large effects.

Bungaard et al. (2020) recently reported on randomised controlled
trial involving Danish participants to assess whether recommending
surgical masks use outside the home reduces wearers' risk of SARS-
COV-2 infection in a setting where masks were uncommon and not
among recommended public health measures. A total of 3030 partici-
pants were randomly assigned to the recommendation of wear masks,
and 2994 were assigned to the control group; 4862 completed the
study. Infection with SARS-CoV-2 occurred in 42 participants recom-
mended towearmasks (1.8%) and 53 control participants (2.1%). Partic-
ipants were adults spending more than 3 h per day outside the home
without occupational mask use. Participants were encouraged to follow
social distancing measures for COVID-19, but it is not possible to prove
that this as achieved. The primarymeasurement outcomewas detection
of SARS-CoV-2 in the mask wearer at 1 month by antibody testing, po-
lymerase chain reaction (PCR), or hospital diagnosis. The secondary out-
come was PCR- positivity for other respiratory viruses. The authors
concluded that the recommendation to wear surgical masks to supple-
ment other public health measures did not reduce the SARS-CoV-2
rate amongwearers by more than 50% in a community with modest in-
fection rates, some degree of social distancing, and uncommon general
mask use. Loeb (2020) also described a randomised controlled trial
that is ongoing in Canada in which 576 nurses will be randomised to ei-
thermedical masks, or N95 respirators, when providing care to patients
with COVID-19, which is due for completion on April 1, 2021. Inclusion
criteria are nurses who work >37 h per week in medical, emergency,
paediatric units; while exclusion criteria are nurses with one or more
comorbidities, and nurseswho cannot pass an N95 respiratorfit test. Ul-
timately, researchers have concluded that globally collaborative and
well conducted studies, including randomised trials, of different per-
sonal protective strategies are needed regardless of challenges, but the
current use of systematic appraisals of best available evidence could
be considered to inform interim guidance (Chu et al., 2020).

The WHO (2020b) noted that “all viruses, including SARS-CoV-2,
change over time,mostwithout a direct benefit to the virus in terms of in-
creasing its infectiousness or transmissibility, and sometimes limiting
propagation. The potential for virus mutation increases with the fre-
quency of human and animal infections. Reducing transmission of
SARS-CoV-2 by using established disease control methods as well as
avoiding introductions to animal populations, are critical aspects to the
global strategy to reduce the occurrence of mutations that have negative
public health implications. Preliminary data suggest that the growth rate
and effective reproductive number is elevated in areas of the United
Kingdom with community circulation of the novel variant VOC-202012/
01. In South Africa, genomic data highlighted that the 501Y.V2 variant
rapidly displaced other lineages circulating, and preliminary studies sug-
gest the variant is associated with a higher viral load, which may suggest
potential for increased transmissibility; however, this, aswell as other fac-
tors that influence transmissibility, are subject of further investigation”.
The WHO has reported that epidemiologic investigations are underway
to understand the increase in cases in these communities and the poten-
tial role of increased transmissibility of these variants as well as the ro-
bustness of implementation of control measures. “While initial
assessment suggests that 202012/01 and 501Y.V2 do not cause changes
in clinical presentation or severity, if they result in a higher case incidence,
this would lead to an increase in COVID-19 hospitalizations and deaths”
(WHO, 2020b). More intensive public health measures may be required
to control transmission of these variants. Further investigations are re-
quired to understand the impact of specific mutations on viral properties
and the effectiveness of diagnostics, therapeutics, vaccines alongwith dis-
infection and NPI modalities.

Use of risk assessment (RA) to evaluate complex environmental
threats is increasing in popularity. For example, Tahar et al. (2017)

reported on the development of a semi-quantitative risk assessment
model for evaluating the environmental threat posed by three EU
watch list pharmaceutical compounds to aquatic ecosystems. This RA
model adopts the Irish EPA's Source-Pathway-Receptor concept to de-
fine relevant parameters for calculating practical low, medium or high
risk scores for each agglomeration of wastewater treatment plant
(WWTPs), which includes complex catchment, treatments, operational
and management factors. This provides a working example where RA
modelling may potentially strategically be used to unlock complex sce-
narios for policy decisions, such as to identifyWWTPs that post a partic-
ular risk as regards releasing disproportionally high levels of
pharmaceutical chemicals, and to help identify priority locations for in-
troducing or upgrading control counter-measures (Tiedeken et al.,
2017; Tahar et al., 2018; Rowan, 2019).

3. Non-pharmaceutical interventions and use of vaccines to deliver
safe herd immunity in context of COVID-19 pandemic

Herd immunity is a key concept for epidemic control and is achieved
when one infected person in a population generates less than one sec-
ondary case on average (Fontanet and Cauchemez, 2020). These authors
described amathematicalmodel for forecast predications on the current
COVID-19 pandemic as to how and when immunity can be achieved,
and at what cost. This is also risk based, wearing face masks reduce
the number of individuals whowould also bemore likely to get infected
and to transmit because they have more contact, such as super
spreaders, would be likely to be infected first. Thus, face coverings pro-
tect the population of susceptible individuals, who would typically get
rapidly depleted, thus slowing the pace of transmission. Population im-
munity is typically estimated through cross-sectional surveys of repre-
sentative samples using serological test that measure humoral
immunity (Fontanet and Cauchemez, 2020). Surveys performed in
countries affected during the COVID-19 epidemic, such as Italy and
Spain, suggest a nationwide prevalence of antibodies ranges from 1 to
10%, with up to 15% in heavily affected urban areas Byambasuren et al.
(2020). Another unknown, is whether pre-existing immunity to com-
mon cold coronaviruses may provide some level of cross-protection.
However, Fontanet and Cauchemez (2020) noted that given that we
do not know how long naturally acquired immunity to SARS-CoV-2
lasts. Immunity to seasonal coronaviruses is usually relatively short
lived, particularly among those who had mild forms of the disease,
and it may take several rounds of reinfection before robust immunity
is attained.

Wearing face coverings and masks, and adopting other non-
pharmaceutical interventions, are important to safeguard citizens
prior to, and supplementary to, the use of effective vaccines until herd
immunity is achieved. The introduction of the Pzifer-BioNTech vaccine
today is a positive news with an efficacy of 95%. It is envisaged that ran-
dom controlled studies focusing on the added benefits of combined use
of NPIs to help manage transition to point where ‘herd immunity’ is
achievedwould be informative. Commensurately, facemasks, and com-
bined use of other NPIs is likely to remain essential for countries in the
Northern hemisphere that are entering the autumn/winter seasons
due to greater viral circulation, alongwith addressing greater transmis-
sibility of SARS-CoV-2 variants as emerging in the UK due to spike pro-
tein mutation in variant 614G (Volz et al., 2021). Volz et al. (2021) did
not find any indication that patients infected with the spike 614G vari-
ant have higher COVID-19 mortality or clinical severity, but 614G is as-
sociated with higher viral load and younger age of patients.

4. Conclusion and recommendations

As the first COVID-19 vaccine is distributed across the UK and other
countries, the use of combined non-pharmaceutical interventions
(NPIs) will remain important for preventing COVID-19 transmission
globally. Wearing of face masks and improvised cloth or face coverings
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reduce the relative risk of COVID-19, but systematic reviews and limited
randomised control studies show that they do not provide 100% protec-
tion to susceptible individualswhen used alone. There remains pressure
on supply chains for medical face masks, and N95 respirators, where
many COVID-19 affected countries are increasing greatly in new cases.
Use of single-use plastic face masks are polluting the environment
that has stimulated a surge in new sustainable innovations, which in-
cludes recycling and improved waste management (Ilyas et al., 2020).
Globally, deployment of the type and degree of different NPIs, from a
measured tiered response approach, will be informed by relative risk
evaluations and monitoring of reproduction number (R0), for example,
as used by the Republic of Ireland (Government of Ireland, 2020).Math-
ematical models require verbose data to inform efficacy of NPIs, and po-
tential higher relative risk ‘multiplier factor’ situations.

Recommendations arising from this study include:
Randomised controlled trials aremerited to comprehensively evalu-

ate, and validate, the single and combined use of NPIs, along with vac-
cines, in order to safety reach herd immunity.

Many countries significantly affected by COVID-19 will still need to
consider reprocessing of PPE under EUA, where there are critical
shortages.

There is pressing need to conduct global collaborative studies to ap-
preciate, and validate new design, functionality and sustainability inno-
vations for face masks that may be informed by life cycle assessment
(LCA) and mathematical modelling.

Robust empirical data is required to informpredictivemodelling and
commensurate efficacy of appropriate combinational use of NPIs, in-
cluding disinfection approaches, which also addresses emergence of
new SARS-CoV-2 variants that appear to be replacing less transmissible
variants globally. The emergence of new sustainable design innovations
in face masks and coverings need to considered in the context of in-
creasing relative risk scenarios where there is increased pressure on
PPE supply chain. Greater transmissibility, and possibility pathogenesis,
associated with emerging SARS-CoV-2 variants will necessitate en-
hanced deployment and monitoring of NPIs.

Improve behavioural change in order to avoid complacency when
using face coverings in community settings with emphasis on covering
both the nose andmouth, alongwithmaintaining social distance at 2m,
to combat greater threat posed by more transmissible airborne SARS-
CoV-2 variants; this can be supplemented with health literacy and
education.

There should also be greater use of mathematical modelling, includ-
ing relative risk assessment, to inform other factors thatmay potentially
affect efficacy of NPIs, such as greater persistence of SARS-CoV-2 vari-
ants on surfaces due to colder winter weather, or forecasting for in-
creased person-to-person gatherings due to celebrating religious or
culture events.

There are significant opportunities to converge cross-cutting acade-
miawith innovators thatwill be supported and accelerated by an ‘invest
and enable’ approach to driving new innovation.

Adjacent social science research is merited at a community level
to inform behavioural change that includes emergence of ‘COVID-19
fatigue’, and barriers to new potential innovation (e.g., reprocessing
of PPE in the Republic of Ireland for reuse did not occur due mainly
to lack of confidence and understanding of new reprocessing tech-
nologies by nursing staff). There is increasing evidence that shows
growing emotional stress in various cohorts in the context of
COVID-19 pandemic (Shanahan et al., 2020); thus, studies such as
to discern the influence (if any) of extended, or re-use of PPE to
frontline HCWs, including comfort levels, are merited. However,
Wang et al. (2020c) compared levels of psychological impact of
the pandemic and levels of anxiety and depression between 1210
Chinese 1056 Polish participants who were encouraged and discour-
aged to wear masks respectively during initial stage of COVID-19. It
was observed that use of face masks may safeguard better physical
and mental health.

The emergence of strategic climate action and sustainable funding
initiatives, such as the EC's Green Deal funding, will provide opportuni-
ties to develop clusters of complimentary expertise to deliver solutions:
however, it is also envisaged that the efficacy of many of these new in-
novations may be validated through retrospective random controlled
trials, possibly post COVID-19.

Reprocessing technologies for treating single-use PPE in healthcare
under emergency conditions are currently limited to using VH2O2, and
potentially UVGI, and moist heat. These reprocessing modalities should
also be considered for treating new sustainable PPE from initial design
stage as materials used may not be compatible with the treatment
technologies.

Improvised face coverings appear to contribute to preventing
COVID-19 transmission, but potentially carry a higher relative risk com-
pared to that of wearing face masks due to lower filtration efficacy. Fur-
ther testing of new face covering design innovations, such as multiple
layers of materials containing anti-viral bioactive, along with breath-
ability, are required to be met through random controlled trials. There
is pressing need to improve and share data in real-time transnationally,
such as through use of blockchain, machine learning, IoT, and AI that
will harmonize and inform adoption of common and consistent policies.
Connecting outputs by combined use of mathematical models and de-
velopment of IT systems with improve global preparedness and re-
sponses to future pandemics. This will also support and enable key
challenges and relative risks, such as relationship between emergence
of more transmissible SARS-CoV-2 variants and the type of counter-
measures to be deployed that includes NPIs in conjunction with
vaccination.
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Section Three – Scaling Disinfection and Sterilisation Technologies 

The third section of this describes ‘large scale disinfection, sterilisation and demonstration 

technologies.  Studies describe development and evaluation of Vaporised Hydrogen Peroxide 

as new sterilisation modality for terminal treatment of medical devices.  Commensurate studies 

revealed, for the first time, that VHP produces log-linear inactivation kinetic plots after 6 

decimal (D) log-reductions inferring that sterility assurance can be appropriately assumed for 

extrapolation to 12 D sterility.  These studies have provided foundational data for regulatory 

approval of VHP as ‘Class A’ sterilization technology and linkage on the use of ‘families’ of 

similar treatment devices as master files for parametric release. Studies revealed that the dose 

from VHP, gamma and electron irradiation can be similarly applied for achieving reduction of 

Bacillus bioindicators for device sterilization (Geobacillus stearothermophilus and Bacillus 

atrophaeus spores). Studies were reported on the use of electron beam and VHP for use in 

combination with 3 D printing or injection moulding for parts for medical devices that informs 

appropriate ad-hoc use in healthcare setting for flexible disease prevention and control of 

devices. The VHP technology is now deployed commercially by STERIS AST for medical 

device and pharma product treatments globally. Studies also report on development of a new 

cleaning classification system for reprocessed medical devices based on complexity and 

gaining access to device features given that many of the current manufacturers IFUs are too 

complicated for healthcare facility to meet these processing expectations that can lead to 

unwanted infections (such as contaminated endoscopes that can harbour pathogens in device 

features/biofilms).  I described implications for modern medical microbiology for use of 

sterilization modalities in clinical practice given that it still relies on 1957 classification system 

of Earl Spaulding. Such understanding of critical knowledge on technologies elucidates and 

develops appropriate technologies for adjacent societal challenging applications. Studies in this 

section also describe the first effective use of PUV for treating heat sensitive pollen 

contaminated with complex parasites affecting bees along with commensurate reporting on 

positive effects on the bee’s gut microbiome and immunological status post consumption of 

PUV-treated pollen by these pollinators. This is relevant given the lack of solutions for 

pollination and ecosystem service management globally.  Studies are also described on rapid 

methods and decontamination technologies for treatment of complex bacterial and viral 

pathogens in shellfish at depuration. This section also used subject-matter understanding and 

knowledge to describe appropriate innovations and methods to safely reprocess PPE arising 

from critical supply chain shortage during COVID-19 pandemic that helped guide and support 
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US FDA’s recommendation for use of these vital technologies under Emergency Use 

Authorization.  An understanding of fungal physiology also informed studies describing 

elucidation, development and application on the first use of computational model to predict 

occurrence of toxigenic mould growth in buildings that was used as European Reference 

model. The latter reflected my time at Strathclyde University and collaborations with Prof Joe 

Clarke.  Studies report on digital tools and educational technologies to advance the 

development of medical devices including meeting shortcomings including bespoke training 

and sustainability.  The role of digital health in addressing self-management of diseases in 

respiratory patients is described.   
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A B S T R A C T   

Commercially-reared bumblebees provide an important pollinator service that helps support food production and 
security. The deployment of an appropriate non-thermal disinfection technology for the bulk treatment of pollen 
collected from honeybees for the feeding of commercial bumblebees is important in order to mitigate against 
complex diseases and unwanted pathogen spillover to native bees. High level disinfection of pollen was achieved 
using an electron (e)-beam dose of 100 kGy that corresponded to 78 % loss of cellular viability of bee pathogens 
before feeding to bumblebees as measured by the novel in vitro use of flow cytometry (FCM). Novel findings 
showed that e-beam treated-pollen that was fed to bumblebees produced fewer females, gynes and exhibited an 
absence of males when compared to control bumblebee colonies that were fed untreated commercial pollen. A 
similar trend emerged in bumblebee colony reproductive outputs when using membrane filtered washed pollen. 
Proteomic analysis of bumblebees from individual colonies fed with treated-pollen revealed a differential 
abundance of proteins associated with stress, immunity and metabolism when compared to the untreated pollen 
control group. Microbiome analysis of the bumblebee gut content revealed differences in microbiota between 
treated and untreated pollen in bumblebee colony studies. This novel study evaluated the impact of industrial e- 
beam treated-pollen on complex bee disease mitigation where physically treated-pollen fed to bumblebees was 
shown to substantially affect colony reproductive outputs.   

1. Introduction 

Pollination is a vital resource provided by many insects including 
bees with 87.5 % of angiosperm species benefiting from insect pollina-
tion (Theodorou et al., 2020). Animal pollination is required for up to 
40 % of global crop production (Krams et al., 2022), and bee pollinators, 
such as managed honeybee (Apis mellifera) and various bumblebees 
(Bombus species) and solitary bees, play a critical role. The western 
honeybee alone is estimated to be worth $15–$20 billion to the US 
economy, where it pollinates >90 % of almond, blueberry and apple 
crops. The honeybee is extremely important on a global scale for crop 
production; however, there is evidence of regional declines in both 
Europe and the USA (Murphy and Stout, 2019). Consequently, the 
commercial production of bumblebees has increased substantially (Hi-
dalgo et al., 2020). Several bumblebee species have also been adapted to 
commercial pollination with over 2 million commercial bumblebee 

colonies used on an annual basis to pollinate over 20 crop types 
worldwide (Trillo et al., 2021). Bumblebees are efficient pollinators and 
have the ability to forage at low temperatures and in adverse weather 
conditions. In addition, some species of bumblebee have the ability to 
buzz pollinate that is necessary for pollination and to increase the yield 
of many fruit crops such as tomatoes, and peppers (De Luca and Vallejo- 
Marin, 2013). Due to their size, Bombus terrestris has the ability to carry 
more pollen on their body surfaces relative to honeybees (Knapp et al., 
2019) (Stern et al., 2021). Previous Irish surveys reported that com-
mercial bumblebees pollinate strawberries (60 %), apples (25 %) and 
tomatoes (20 %) (Biodiversity and Series, 2009). 

However, bees are one of many pollinators that are under treat in the 
world today (Peso et al., 2018). The decline in honey bees was first re-
ported in 2006 that was referred to as colony collapse disorder (CCD) 
(VanEngelsdorp et al., 2017; Tong et al., 2018). Since then, losses have 
been observed in bee colonies in several countries (Staveley et al., 
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2014), and have raised conservation concerns (Murray et al., 2012). 
Several factors, such as pesticides, parasites, viruses, climate change, 
habitat loss and a lack of quality nutrition have been linked with poor 
colony survivorship (Runckel et al., 2011; Tong et al., 2018; Reeves 
et al., 2018; Peso et al., 2018). The decline of bee pollinators is an 
alarming development given their critical role in food security and 
economic prosperity. Hidalgo et al. (2020) noted that a “concern related 
to the commercial rearing of bumblebees is the possibility of microbial 
contamination of food used in the rearing, including pollen obtained 
from domesticated honeybees”. These commercial bumblebees have a 
high parasite prevalence (41 % of individuals infected) of trypanoso-
matids, microsporidians, and neogregarines, posing a potential risk to 
wild pollinators (Trillo et al., 2021). 

A key factor influencing bee decline is their susceptibility to diseases 
caused by parasites and viruses (Walderdorff et al., 2018). Bumblebees 
tend to be predominantly infected by the parasite Crithidia bombi while 
Nosema ceranae and Varroa mites tend to infect honeybees. There is 
evidence to suggest that these pathogens can cross bee species to cause 
infection (Graystock et al., 2015). Nosema ceranae is a significant fungal 
parasite that shortens the life span of the bee by causing energetic stress 
(Youngsteadt et al., 2015). This fungal bee pathogen also suppresses bee 
immunity, disrupts foraging behaviour, and negatively impacts on the 
synthesis of vital molecules and cellular signalling. Nosema infections 
have been traditionally treated therapeutically such as using fumagillin; 
however, this has since been banned by the European Union due to its 
toxicity. It is appreciated that there is currently no technology or 
intervention that has been proven to effectively disinfect the broad array 
of complex bee pathogens, such as those contamination wax combs or 
pollen (Burnham, 2019; Simone-Fintrom et al., 2018). This is due to 
multiple factors including the lack of interdisciplinary research to 
inform testing and development of appropriate industrial-scale disin-
fection technologies commensurate with using bee infectivity colony 
studies (Goblirsch et al., 2021); the lack of a relevant in vitro bioassay 
for real-time determination of complex pathogen destruction that will 
inform appropriate treatment dosage (Simone-Fintrom et al., 2018); the 
variability in pathogen resistance to applied treatment technologies 
(Hidalgo et al., 2020); lack of simultaneous or sequential cellular and 
molecular information on the response of complex bee pathogens to sub- 
lethal and lethal treatment doses appropriate for killing pathogens in 
bee host (that maybe significantly lower dose when required for artifi-
cial in vitro disinfection studies (Naughton et al., 2017; Simone-Fintrom 
et al., 2018); and the lack of consensus on appropriate standard methods 
to reporting disinfection efficacy that includes future use of potential 
indicator reference strain(s) representative of different bee pathogen 
types informing comparative and repeatable studies enabling the rele-
vant testing and development of appropriate breakthrough treatment 
technologies. 

Pollen is an important natural source of protein and lipids for hon-
eybees, where the amount of pollen collected is related to the number of 
larval and adult bees present in the hive (Ghosh et al., 2020). Com-
mercial pollen is sourced from honey bees and this is then used to feed 
bumblebees (Pereira et al., 2019a). In natural environments, pollen is 
exposed to a broad range of microorganisms including pathogens to the 
extent that pollen collected by honeybees harbour complex microbial 
bee pathogens that maybe transmitted to the bee colony (Graystock 
et al., 2013; Graystock et al., 2015). More than 200 tonnes of honeybee- 
collected pollen is used annually (Velthuis and van Doorn, 2006). 
Commercial pollen has been found to contain a variety of bee pathogens 
that are economic importance in that they contaminate bumblebee 
colonies produced by mass rearing for export to other countries. These 
bee pathogens include inter alia N. ceranae, and Crithidia mellificae, 
Apicystis bombi and viruses Deformed wing virus (DWV), Israeli acute pa-
ralysis virus (IAPV), Chronic bee paralysis virus and Sacbrood virus (SBV) 
(Pereira et al., 2019b). 

Determining an appropriate and effective method for the non- 
thermal treatment of natural pollen gathered by honeybees for the 

mass rearing of commercial bumblebees is a complex challenge (Hidalgo 
et al., 2020; Goblirsch et al., 2021). There are limited number of 
industrial-scale technologies that can potentially treated large quantities 
(tonnes) of pollen, such as on pallets, without affecting its nutritional 
constituents for this important pollination application (Goblisrsch et al., 
2021). However, limited studies thus far have pursed use of irradiation 
technologies (Hidalgo et al., 2020) that have been applied and regulated 
for food applications that includes important knowledge transfer from 
the adjacent medical device sector (McEvoy et al., 2023). Hidalgo et al. 
(2020) have reported that gamma irradiation at a dose of 7 kGy effec-
tively killed the majority of aerobic bacteria and the spores of fungi that 
contaminated commercial pollen when treating small sample quantities; 
however, aerobic endospore forming bacteria survived treatment at 9 
kGy, particularly Bacillus pumilus. Meeus et al. (2014) reported that 
gamma irradiation of pollen is capable of reducing the pathogenicity of 
honey bee virus IAPV, and two commercial bumblebee produces (Bio-
best, Waesterloo, Belgium; Koppert B. V, Verkel en Rodenrijs, The 
Netherlands), have started to use this method for pollen sterilization in 
Europe. Other researchers have also noted that gamma irradiation re-
duces viral incidences in bumblebee mass rearing, along with reducing 
the level of other bee pathogens, such as C. bombi, A. bombi, N. bombi, 
Nosema apis, N. ceranae, deformed wing virus (DWV), Kashmir bee virus 
(KPV), black queen cell virus (BQCV), sacbrood virus (SQB), Ascos-
phaera fungi, and American foulbrood and European foulbrood bacterial 
(Graystock et al., 2016). However, Simone-Fintrom et al. (2018) re-
ported that the recalcitrant Chronic bee paralysis virus and the Black 
queen cell virus can withstand 25 kGy gamma irradiation delivered over 
9 h 45 min (standard dose used for sanitation purpose; ISO#13409 
2002); however, this dosage was reported to effectively inactivate the 
fungus Ascosphaera apis, the microsporidian gut parasite Nosema cera-
nae, and Deformed wing virus. 

Yook et al. (1998) previously reported that gamma treatment of 
pollen at 7.5 kGy dose did not significantly affect the nutritional 
composition of pollen; thus, intimating that this irradiation method of-
fers potential as a sterilization process for mass rearing of commercial 
bumblebees. McFadden et al. (2016) reported that electron-beam 
treatments of heat sensitive infant milk formulae at 10 kGy did not 
substantially affect nutritional composition. However, there is a marked 
gap in appropriate experimental studies that focus on bee colony sta-
bility, and potential hereditary effects, post consumption of treated 
pollen by commercial bumblebees. 

McEvoy and Rowan (2019) compared the effectiveness of irradiation 
technologies for large scale medical device applications that would be 
potentially similar in high through-put treatment of honey-bee gathered 
pollen destined for mass rearing of commercial bumblebees. E-beam 
uses high energy electrons emitted via an accelerator or 60Co isotope as 
its radiation source (McEvoy and Rowan, 2019). It has advantages over 
gamma-treatments that include short exposure periods (usually mi-
nutes), fast cycle times, flexible batch size, good radiation dose distri-
bution, simple validation process, no quarantine period and enables 
real-time monitoring (McEvoy and Rowan, 2019). E-beam is a non- 
thermal sterilization method for high-throughput treatment of medical 
devices and pharmaceutical drugs (McEvoy et al., 2023). E-beam effi-
ciently penetrates bulk densities between 0.05 and 0.3 g per cc (McEvoy 
and Rowan, 2019). Electron-beam treatment of pollen for rearing 
commercial bumblebees was investigated in this study due also to the 
proximity of a large-scale industrial terminal sterilization process that 
also facilitated fast transportation of samples for analysis and usage in 
nearby specialist laboratories. In addition, McEvoy et al. (2023b) 
recently reported that X-ray, gamma and e-beam are comparable in 
terms of their microbicidal efficacy at equivalent respective dosages for 
medical device applications where these authors used recalcitrant bac-
terial endospore bioindicators (Bacillus species) that may potentially use 
in the future as an umbrella in vitro approach representative of the 
different complex bee pathogens that require an in vivo host (bee) for 
culture. The determination of bee disease inactivation by treatment 
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technologies and approaches is challenging given that there is reliance 
on using bees as host where there is limited information of appropriate 
in vitro assays. Determining the infectivity of complex pathogens, such 
as parasites, is generally very difficult as there is a lack of an appropriate 
in vitro infection models (Gerard et al., 2019; Franssen et al., 2019). 
Naughton et al. (2017) used a novel combined qPCR and cell culture 
assay for Cryptosporidium parvum oocysts (a waterborne enteroparasite), 
where survivor plots were used to scope appropriate pulsed UV dose for 
inactivating the bumblebee trypanosome parasite Crithidia bombi prior 
to using bumblebee infectivity studies. Pulsed UV is not deemed suitable 
as a technology for bulk pollen treatment due to lack of depth of UV 
penetration (Rowan, 2019). We report here, an assessment of the 
effectiveness of industrial electron beam technology for the decontam-
ination of commercial pollen destined for bulk use in feeding commer-
cial bumblebees. The subsequent impact of electron beam-treated and 
membrane-filtered washed pollen on commercial bumblebee colony 
reproductive outputs that includes influencing changes in bee types, 
fatbody proteome and bee gut microbiome composition, is reported. The 
insect fatbody plays a key role in protection against oxidative stress, 
accumulation of toxic compounds, nutrient and energy storage and 
mobilization, which is necessary for biosynthesis of molecules (Stra-
checka et al., 2021). This makes the fatbody an ideal tissue for the 
detection of molecular fluctuations associated with dietary changes. 

2. Materials and methods 

2.1. Industrial electron-beam sterilization 

Pollen was obtained from a commercial supplier treated in an in-
dustrial electron beam site (STERIS AST, Tullamore Industrial Park, 
Ireland), and transported to the lab for analysis and use. E-beam treat-
ments of 1 kg pollen samples were conducted at 1.5 kGy, 5 kGy, 10 kGy, 
25 kGy, 50 kGy, 75 kGy and 100 kGy. This study was repeated in trip-
licate. The effectiveness of reducing microbial burden in these e-beam 
treatment regimes was determined using flow cytometry where propi-
dium iodide (PI) was used to confirm loss of cellular viability as per 
McEvoy et al. (2021). Noting, there were limited opportunities to 
investigate treatment doses due to restricted access as it coincided with 
COVID-19 pandemic where there was increased need for treating med-
ical devices at this industrial e-beam terminal sterilization site. 

2.2. Membrane filtration of pollen 

Untreated pollen was placed on a 5 μm cut-off filter (Whatman) and 
washed with sterile water. The water mixes with the pollen, and passes 
through the membrane filter, while the pollen is retained. It was 
hypothesised that this process could reduce pathogen load, as small 
microorganisms can readily pass through the 5 μm pores of the filter. 

Microbial contamination present in the filtered water was confirmed 
using a haemocytometer, where 1 × 106 microbes/mL were counted 
(Fig. 1). The washed pollen product was blotted dry using Whatman 
filter paper. 

All pollen treatment types were stored in separate containers at 4 ◦C 
for the duration of the experiment. All challenged bumblebee colonies 
were fed on pollen used from the same batch, and fil pollen was made up 
every three days, using sterile water and 5 μm filter paper. 

2.3. Bumblebee colonies 

Research grade colonies of Bombus terrestris audax were sourced from 
Agralan with 40–50 bees per colony. These bumblebees had ad libitum 
access to feeding tubes filled with 40 % (w/v) sucrose. All bumblebee 
colonies were kept at 24 ± 2 ◦C and 58 ± 5 % relative humidity in the 
dark. For the first week, colonies were fed daily with 4 g of pollen, and 8 
g of pollen thereafter. Twelve bumblebee colonies were used that were 
divided them into 3 groups, #1 to 4 were fed untreated pollen (control); 
Bumblebee colonies #5 to 8 were fed the same commercial pollen that 
had been treated with a 100 kGy dose of e-beam radiation. Bumblebee 
colonies #9 to 12 were fed washed pollen. Observations were made on 
each colony every second day, for a total of 28 days. Colonies were 
monitored for weight (once a week) and reproductive output (every 
second day) through visual observations and counting. Reproductive 
output was determined through counting of eggs, larvae and pupae. 

2.4. Tagging callows and dissection for microbiome analysis 

Newly emerged bees (callows) can be distinguished from adult bees 
due to their grey phenotype compared to the adult yellow and black 
phenotype. Callows were anesthetised under CO2, tagged and reintro-
duced into the colony. Tagged callows were removed from the colony 
after 2 weeks, snap frozen in liquid nitrogen and stored at − 80 ◦C until 
required. 

2.5. DNA extractions for microbiome analysis 

Bees were removed from − 80 ◦C storage, pinned to a wax bed 
through the thorax and stinger prior to thawing. The abdomen was 
extended slightly and cut along the dorsal and ventral plane to reveal the 
abdominal contents. The digestive tract was located, transferred toa 
sterile 1.5 mL tube containing 200 μl of the ATL buffer from the DNeasy 
Blood and Tissue Kit (Qiagen) and homogenised using a motorised 
pestle. 100 μl of lysozyme was added and the sample was incubated at 
36 ◦C for 40 min. The remainder of the DNA extraction procedure fol-
lowed the manufacturer’s instructions. Extracted DNA was stored at 
− 20 ◦C before submission to Novogene Europe (UK) Ltd. for and ITS and 
16S amplicon sequencing to determine the bacterial and fungal species 
present. Five replicate samples per treatment were sequenced. 
Sequencing data are available from NCBI BioProject PRJNAXXXXXXX. 
DNA quality control studies exhibited range values between 1.9 and 2.1 
for untreated (control), e-beam and filtered-treated samples for Abs 260 
and Abs 280 ratios (Supplementary Table 1). 

2.6. Proteomic sample preparation 

For fatbody collections, bees were prepared and pinned as they were 
for the digestive tracts. Fat body cells were collected from the inside the 
dorsal and ventral cuticles using sterilized pins and tweezers and 
transferred to individual 1.5 ml tubes containing 300 μl of lysis buffer 
comprising 6 M urea, 2 M thiourea and 1 tablet of Complete™, Mini 
Protease Inhibitor Cocktail (Roche Diagnostics). Samples were snap 
frozen in liquid nitrogen and stored at − 20 ◦C. When all dissections were 
complete the samples were thawed on ice, homogenised for 30 s each 
using a motorised pestle, and centrifuged at 10000 rpm for 5 min to 
pellet any remaining cellular debris. Supernatants were aliquoted into 

Fig. 1. Microscopic visualization of microbial load suspended in sterile water 
that was extracted from commercial pollen using membrane filtration. 
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sterile 1.5 mL tubes and stored at − 80 ◦C. 
Protein quantification was conducted using a Qubit® fluorometer 

version 2.0 following manufacturer guidelines. 100 μg of protein was 
removed from each sample and processed with a 2-D clean up kit (GE 
HealthCare) to remove biological impurities. The resulting pellet was 
resuspended in 50 μl resuspension buffer (6 M urea, 0.1 M Tris HCl, pH 
8.0), of which 20 μl was used for protein digestion. 115 μl of 50 mM 
ammonium bicarbonate was added to each sample. Proteins were 
reduced and alkylated by adding 0.5 M dithiothreitol (DTT) at 56 ◦C for 
20 min followed by 0.5 M iodoacetamide (IAA) and incubated at RT for 
15 min in the dark. 1 μl of 1 % (w/v) Protease Max (Promega) and 1 μl 
sequence grade trypsin (Promega) were added to each sample and 
incubated at 37 ◦C for 16 h. Subsequently, 1 μl of 100 % trifluoroacetic 
acid (TFA) was added to each sample to terminate digestion and the 
samples were incubated at room temperature for 5 min and centrifuged 
at 10,800 rpm for 10 min. The resulting supernatants were purified 
using Pierce C18 spin columns (Thermo Scientific) following manufac-
turer guidelines and the eluted purified peptides were dried using a 
vacuum concentrator (Thermo Scientific Savant DNA 120) and stored at 
4 ◦C. Peptides were resuspended in a volume of loading buffer (2 % (v/v) 
acetonitrile and 0.05 % (v/v) TFA) to yield a concentration of 0.5 μg/μl, 
sonicated for 2 min and centrifuged at 13,400 rpm for 5 min. 

2.7. Mass spectrometry analysis 

1 μg of peptide mix for each sample was eluted onto the Q Exactive 
(Thermofisher Scientific, USA) high resolution accurate mass spec-
trometer connected to a Dionex Ultimate 3000 (RSLCnano) chroma-
tography system. An increasing acetonitrile gradient was used to 
separate peptides on a Biobasic C18 Picofrit™ column (200 mm length, 
75 mm ID), using a 120-minute reverse phase gradient at a flow rate of 
250 nL/min. All data were acquired with the mass spectrometer oper-
ating in automatic data dependent switching mode. A high-resolution 
MS scan (300–2000 Da) was carried out to select the 15 most intense 
ions prior to MS/MS. MaxQuant version 1.6.17.0 (www.maxquant.org) 
was used for protein identification and LFQ normalisation of all MS/MS 
data. The Andromeda search algorithm in MaxQuant was used to 
correlate all MS/MS data against protein reference sequences obtained 
from the National Centre for Biotechnology to correlate the data against 
the protein reference sequences derived from the B. terrestris genome 
(Saad et al., 2015) obtained from the National Centre for Biotechnology 
Information (NCBI) repository (17,508 entries, downloaded September 
2021). The mass spectrometry proteomics data have been deposited to 
the ProteomeXchange Consortium via the PRIDE partner repository with 
the dataset identifier PXDXXXXXX). 

2.8. Proteomic data analysis 

Perseus version 1.6.1.1 was used for data visualization and statistical 
analysis. Normalised LFQ intensity values were used as a measure of 
protein abundance. The data was filtered for the removal of contami-
nants and peptides identified by site. LFQ intensity values were log2 
transformed and samples were allocated to groups corresponding to 
treatment. Proteins absent from any samples in at least one group were 
not used for further analysis. A data imputation step was conducted to 
replace missing values with values that simulate signals of low abundant 
proteins chosen randomly from a distribution specified by a downshift of 
2.1 times the mean standard deviation (SD) of all measured values and a 
width of 0.1 times this SD. Normalised intensity values were used for 
principal component analysis. A two-sample t-test was performed using 
a cut-off value of p ≤ 0.05 to identify statistically significant differen-
tially abundant (SSDA) proteins. Volcano plots were produced by plot-
ting –Log p-values on the y-axis and Log2 fold-change values on the x- 
axis to visualize differences in protein abundance between treatment 
groups. Hierarchical clustering of SSDA proteins was performed using z- 
score normalised intensity values to produce a heat map of protein 

abundance. 

2.9. Functional annotation 

The Search Tool for the Retrieval of Interacting Genes/proteins 
(STRING) version 11 (Szklarczyk et al., 2019) (www.string-db.org) was 
used to map protein-protein interaction networks. Protein sequences 
were inputted into the STRING database and protein-protein in-
teractions were analysed using the homologous Apis mellifera match for 
each identified B. terrestris protein. STRING clusters were inspected for 
the protein sets of higher or lower abundance in fatbodies from bees fed 
E-beam-treated or washed pollen with respect to the control pollen. The 
gene ontology categories enriched with each set (Fisher’s Exact test; p <
0.05) were obtained for molecular function, biological process, cellular 
compartment, KEGG term and others where appropriate to determine 
the pathways and processes affected by the different pollen treatments. 

3. Results 

3.1. Preliminary screening and assessment of treatments for pollen 
sterilization 

E-beam technology was tested for its suitability to decontaminate 
bulk honeybee gathered pollen for the purpose of feeding commercial 
bumblebees. E-beam treatment was carried out on pre-determined mi-
crobial and parasitic bee pathogens extracted from bulk pollen at Steris 
Advanced Sterilization Technologies (AST), Tullamore, Ireland. E-beam 
treatments were not effective at lower treatment doses (≤25 kGy), 
where there was increased level of inactivation achieved using 50 kGy, 
75 kGy and 100 kGy doses that were equivalent to 36.6 %, 51.2 % and 
77.9 % loss of cellular activity respectively using flow cytometry (Fig. 2). 
E-beam samples left in storage at room temperature revealed no mold 
growth after 8 months compared to untreated pollen where fungal 
growth was observed after one-month storage (Fig. 3). Due to this study 
coinciding with the COVID-19 pandemic, it was not possible to access 
the industrial e-beam facility for additional optimisation. Accordingly, a 
dose of 100 kGy for e-beam treatment of pollen was selected that would 
provide a fixed dosage for maximal destruction of pathogens in the 
pollen based on initial findings. 

3.2. Colony reproductive output 

Bumblebee colonies were observed every second day for changes in 
brood development with the changes in eggs clumps, larvae and pupae 
numbers noted and recorded. A reduction in the number of larvae and 
pupae being produced in both treated colonies (e-beam treated and 
washed pollen) compared to untreated colonies was observed after four 
weeks (Fig. 4). A change in egg, larvae, and pupae colour was also 
observed. Eggs from colonies fed with treated pollen failed to develop 
into larvae. Colonies fed untreated pollen continued to produce eggs, 
larvae and pupae. 

Colonies fed on e-beam treated and washed pollen produced signif-
icantly more eggs compared to those fed on control pollen (Fig. 4A) (P ≤
0.05). However, control colonies produced significantly more larvae 
than e-beam-treated and washed pollen-fed colonies (P ≤ 0.001, P ≤
0.05) (Fig. 4B). Control colonies also produced significantly more pupae 
(P ≤ 0.001) (Fig. 4C). 

3.3. Colony numbers and sex typing 

Colonies were examined post-experiment and sex typed bees that 
had died during the course of the experiment were included in the 
overall count, but were not typed due to the poor condition of their 
bodies. These were seen mainly in the control colonies (Fig. 5). Colonies 
fed on treated pollen produced fewer males, while control groups pro-
duced males in all 4 colonies. Female bees that were deemed to be larger 
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Fig. 2. E-beam treatments were administered to microbial samples derived from industrial pollen at intensities of 50, 75 and 100 kGy. Samples were prepared for 
flow cytometry analysis by staining with viability dye Propidium Iodide (PI). Dot plots show percentages and total cell numbers positive for PI fluorescence, 
representative of cell damage/death. 

Fig. 3. Pollen treated with E-beam radiation and control untreated pollen was stored in sealed containers for 9 months post-treatment. Pollen treated with E-beam 
exhibited no fungal growth 9 months post treatment. Untreated pollen exhibited a small amount of fungal growth 1-month post treatment and major growth 9 
months post treatment. 
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than average were denoted as Gyne/Queen. Each colony had 1 queen 
and any other bee of similar size within that colony was labelled as a 
gyne. In the control group three of the four colonies produced gynes. In 
the treated colonies, only the colony fed washed pollen produced a 
single gyne, which was found in colony 11. In total, control groups 
produced 781 females, 856 males and 39 queens/gynes, compared to e- 
beam producing 379 females, 11 males and 4 queens/gynes and washed 
pollen fed colonies producing 661 females, 2 males and 5 queens/gynes 
(Fig. 5B). 

3.4. E-beam pollen vs control pollen proteomic analysis 

A total of 177 statistically significant differentially abundant (SSDA) 
proteins were identified in fatbodies from e-beam treated pollen fed and 
control bees (relative fold change (RFC) range: +21.7 to − 169.2). There 
were 103 proteins with increased abundance and 74 with decreased 
abundance. The top 15 proteins that were upregulated were associated 
with toxicity, immunity, translation and sex hormone production 
(Table 1). The top 15 proteins that were downregulated in colonies fed 
on e-beam treated pollen were associated with bee venom, chitin 
degradation, exoskeleton, peptidoglycan recognition, cellular respira-
tion and heat shock. Cytochrome b5 was detected in high abundance in 
the e-beam treated pollen fed colonies. Cytochrome enzymes are 
generally associated with detoxification. 

Proteins that were in lower abundance in the e-beam treated pollen 
fed group included melittin (RFC-168.9), Chitinase 2 (RFC-10.5) and 
proteins involved in defence and immunity such as the serine proteinase 

Chymotrypsin (RFC-4.3) and Peptidoglycan recognition protein (RFC- 
4.6). It is suggestive of an upregulation of detoxification proteins within 
the e-beam treated pollen fed group coupled with a downregulation of 
proteins involved in immunity. 

3.5. Washed pollen vs control pollen analysis 

A total of 523 (SSDA) proteins were identified in fatbodies from 
washed and control pollen fed bees (RFC range: +47.5 to − 394.3). There 
were 337 proteins with increased abundance and 185 with decreased. 
The top 15 proteins that were upregulated were associated with toxicity, 
immunity, translation and sex hormone production, with clusters in 
proteasomal upregulation and amino acid biosynthesis being identified 
(Table 2, Fig. 6). The top 15 proteins that were downregulated in col-
onies fed on e-beam treated pollen were associated with bee venom, 
chitin degradation, exoskeleton, peptidoglycan recognition, cellular 
respiration and heat shock. 

The most prominent microbiota identifed in individual bumblebee 
colonies were gilliamella, snodgrassella, lactobacillus, chloroplast and 
mitochondria. Gilliamella was more abundant in e-beam treated pollen 
fed colonies (0.3992) compared to washed pollen fed colonies (0.3665) 
and control colonies (0.2568). Snodgrassella was more abundant in 
control colonies (0.3505) compred to e-beam (0.1714) and washed 
(0.2710). Lactobacillus was more abundant in e-beam treated colonies 
(0.2670) compared to washed (0.2313) and control colonies (0.1245), 
(Fig. 7A). The mean abundant differences between species from various 
genera of microbiota found in the digestive tracts of bees fed on either 

Fig. 4. Colony reproductive output was measured after 28 days of feeding on untreated, e-beam treated, and washed pollen. Both e-beam and washed colonies 
produced significantly more eggs (P ≤ 0.05) than the control colony (A). The control colony produced significantly more larvae compared to the e-beam treated 
pollen fed colony (P ≤ 0.001), and washed pollen fed colony (p ≤ 0.05) (B), as well as significantly more pupae (P ≤ 0.001) (C). Colonies were analysed using a one- 
way ANOVA repeated measure test. 
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untreated, e-beam treated pollen or washed pollen were recorded with 
confidence intervals between the groups of a upper limit of 95 % (Fig. 8). 

The abundance and diversity of fungi present varied per colony and 
per pollen source. Zygosaccharomyces averaged in control colonies 
(0.2482), e-beam (0.0041) and washed (0.2759), Rhizopus ranged in the 
control (0.0004), e-beam (0) and washed (0.1085), Wickerhamomyces 
ranged in the control (0.0172), e-beam (0.0049) and washed (0.1339), 
Kazachstania ranged in the control (0), e-beam (0.0129) and washed (0), 
Candida ranged in the control (0.0002), e-beam (0.0096) and washed 
(0.0010). Bettsia was not present in the control (0) or washed (0), while 
small amounts were detected in e-beam (0.0037). Neoascochyta was also 
found in e-beam (0.0074) with a smaller amount found in the control 
(0.00003) and none detected in washed (0). A total of 10 genus were 
identified In bees fed on control pollen 8 of the 10 were present, 9 of the 
10 in bees fed on e-beam treated pollen and 7 of the 10 in the bees fed on 
washed pollen. Bees fed on e-beam treated pollen also had the greatest 
number of unidentified fungi (Fig. 7B). 

4. Discussion 

4.1. Decontamination efficacy 

This study investigated e-beam sterilization as a novel non-thermal 
technology for the purpose of sterilizing pollen for commercial 
bumblebee rearing application. Samples treated with 100 kGy exhibited 
no microbial growth 2 months post treatment when compared to un-
treated controls, based on light microscopy observations. The microbial 
burden treated at 100 kGy exhibited a residual vitality at ca. 22 % of 
treated population as measured by flow cytometry that intimates high 

level disinfection; however, it is likely that this high dosage possibly 
killed bee pathogens such as complex parasites through a multi-hit 
biocidal process. There were no survival of bee parasites when treated 
bumblebees were monitored over a 30 day period. Naughton et al. 
(2017) observed lingering viability in the bumblebee trypanosome 
parasite Crithidia bombi when treated with high intensity pulsed UV 
(PUV). Simone-Fintrom et al. (2018) noted that it is critical to determine 
appropriate physicochemical and operational parameters that inform an 
effective dose for gamma irradiation of honey bee fungal agent causing 
chalkbrood disease, the microsporodium gut parasite Nosema spp. and 
several viruses in the bee host where studies were conducted at 25 kGy 
for disinfecting wax combs with reported survival of Black queen cell 
virus (BQCV) and Chronic bee paralysis virus (CBPV). 

There is currently a reliance on use of surrogate in vitro methods to 
estimate inactivation of broad range of pathogens without properly 
considering the ability of treated pathogens to elicit an infection process 
in the bee host. For example, Farrell et al. (2011) reported that lethal 
action of pulsed light is attributed to a multi-hit biocidal process in 
treated Candida albicans where increased fluence or UV dose enhanced 
the severity of simultaneous or sequential sub-lethal stresses (namely 
membrane-lipid peroxidation, membrane permeabilization, reactive 
oxygen species accumulation, DNA damage, necrosis and apoptosis) to a 
point of irreversible lethality, and death. This study reported on the 
novel use of flow cytometry for determining total microbial bioburden 
lethality; for example, an e-beam treatment dose of 100 kGy achieved 
78 % lethality based on DNA and membrane stability staining. However, 
it is possible that a much lower treatment dose may have been effective 
at killing various types of bumblebee pathogens present in the 
contaminated pollen if challenged in bumblebees. Interestingly, the 
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Fig. 5. Bee output from colonies fed on untreated, e-beam treated, or washed pollen. The differences observed for individual colonies total bee counts (A) and the 
categories they were divided into via treatment (B). Treated colonies as a whole failed to produce male bees (C), whereas control colonies produced more males 
compared to females. Fewer females were also produced in e-beam and washed colonies (D). Data was analysed using one-way ANOVA, Turkey’s method. 
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detection of a bioactive to represent occurrence of an irreversible death 
phase in treated pathogens (such as apoptosis) may also indirectly 
inform future process efficacy that may negate the need for using 
complex surrogate in vitro assays. A dose of 100 kGy was selected in this 
study as it produced the greatest level of microbial lethality and there 
was limited opportunities to test less severe dosages due to the COVID- 
19 pandemic where the industrial e-beam facility was prioritised for 
medical device sterilization. Albeit limited, studies using gamma irra-
diation of pollen (Hildago et al., 2020), or wax combs (Simone-Fintrom 
et al., 2018), using ca 10 kGy (a standard dose employed by commercial 
bumblebee producers) maybe of a sufficient intensity for achieving the 
desired high level disinfection or sterilization of treated pathogens in the 
bee host itself; however, it is likely that higher treatment doses are 
potentially required given the resistance profile of recalcitrant viruses as 
exhibited by BQCV and CPBV in related honey bee inactivation studies 
(Simone-Fintrom et al., 2018). Hildago et al., (2018) reported the sur-
vival of Bacillus pumilus endospores in wax comb studies at 9 kGy; thus, 
inferring the potential use of this particular bacterial species as a bio-
indicator of sterilization efficacy for bee disease migitation where these 
particular spore-forming bacteria are used to confirm sterility assurance 
levels for the adjacent medical device sector (McEvoy et al., 2023; 
Rowan et al., 2023). 

It is recognised that the doses of e-beam ranging from 7 kGy to 44 
kGy have been applied for treating foods (Lee et al., 2017); however, the 
higher dose of 100 kGy was also selected in this study to assure sterili-
zation (or high-level disinfection) so as to avoid any unnecessary use of 
test bumblebees. Use of flow cytometry was used to indirectly measure 
or gauge disinfection of complex parasites as there is no specific in vitro 
infection model for studying bee parasites. Interestingly, use of flow 
cytometry has also been used as a rapid in vitro enumeration method for 

medical device sterilization (McEvoy et al., 2021). Naughton et al. 
(2017) also used a surrogate approach for determining efficacy of 
destroying C. bombi parasites where these researchers used a waterborne 
protozoan parasite as the challenge bioindicator where survivors were 
determined using in vitro combined cell culture-qPCR infectivity assay. 
Recent studies have reported on the development of honey bee and 
bumblebee cell lines that may inform future in vitro infectivity studies 
that would inform scoping in vitro studies to limit use of actual bum-
blebees (Goblirsch and Adamczyk, 2023). 

Bumblebee colonies fed on either e-beam treated or washed pollen, 
produced significantly fewer females, gynes and males compared to bees 
fed on non-treated pollen. They also produced significantly fewer larvae 
and pupae, despite producing more eggs. This is likely due to the eggs 
failing to develop into larvae, meaning a constant egg count was 
observed in treated colonies. The failure to produce adult bees in these 
colonies presents the risk of having fewer workers and nurses to tend to 
the brood, and a lack of gynes means there is less chance of new colonies 
being founded. The lack of males will also heavily impact on repro-
duction as the primary role of males in a bumblebee colony is to mate 
with the queen (Amin et al., 2010). There was a significant difference in 
thorax width and intertegular distance between colonies fed on treated 
and control pollen. As sucrose was readily available across all colonies, 
the differences noted in size and reproductive output could be due to 
nutritional alterations in the pollen, with key components either being 
washed out or denatured. It is possible that the microbial community 
that inhabits commercial pollen plays a key role in nutrition, which is 
required for reproductive output too. Changes in the proteome were 
observed, likely due to microbial and nutritional alterations in the polled 
due to treatment. Several pathways involved in stress and metabolism, 
growth and development and immunity were altered in bees fed on 

Table 1 
The top 15 SSDA proteins in bees from e-beam treated and control pollen fed 
colonies. Positive relative fold change (RFC) values indicate proteins with higher 
abundances in fatbodies from bees fed with the e-beam treated pollen whereas 
negative RFCs indicate proteins with reduced abundances in bees fed with the e- 
beam treated pollen in comparison to those fed the non-treated control pollen.  

Accession 
number 

Protein name Relative fold 
change 

XP_003397300.2 Uncharacterized protein  21.1 
XP_012176245.1 Cytochrome b5  6.9 
XP_012163499.1 Vitellogenin  6.4 
XP_020721756.1 Uncharacterized protein  6.1 
XP_003396646.1 Uncharacterized protein  5.0 
XP_003393261.1 Mitochondrial coenzyme A transporter 

SLC25A42  
4.3 

XP_003395337.1 1-acyl-sn-glycerol-3-phosphate 
acyltransferase gamma  

4.3 

XP_003393699.1 Cytochrome P450 9e2  4.3 
XP_003399652.1 PRA1 family protein 3  3.7 
XP_003398970.1 long chain fatty acid transport protein 1  3.7 
XP_012164498.1 ADP-ribosylation factor 2  3.5 
XP_012164498.1 Chaoptin  3.2 
XP_020723232.1 60S ribosomal protein L39  3.2 
XP_003402576.2 Serine protease inhibitor 3/4 partial  3.2 
XP_003401025.1 Ornithine amninotransferase  3.0 
XP_020718386.1 Melittin  − 168.9 
XP_003395447.1 Epididymal sercretory protein E1  − 17.1 
XP_003400637.1 Probable chitinase 2  − 10.5 
XP_003395094.1 Uncharacterized protein  − 9.8 
XP_012165909.1 Uncharacterized protein  − 9.2 
XP_020718419.1 Glycine rich cell wall structural protein 1  − 9.2 
XP_003397852.1 Nicotinamidase  − 9.2 
XP_020718442.1 Transmembrane protease serine 9  − 8.6 
XP_012169980.1 Protein lethal(2) essential for life  − 7.0 
XP_12172148.1 Uncharacterized protein  − 5.3 
XP_003400160.1 Peptidoglycan recognition protein  − 4.6 
XP_003394953.1 Cuticle protein 16.5  − 4.6 
XP_012169306.1 Uncharacterized protein  − 4.6 
XP_020718419.1 Glycine rich cell wall structural protein 1  − 4.6 
XP_003402742.1 Chymotrypsin  − 4.3  

Table 2 
The top 15 SSDA proteins in bees from washed and control pollen fed colonies. 
Positive relative fold change (RFC) values indicate proteins with higher abun-
dances in fatbodies from bees fed with the washed pollen whereas negative RFCs 
indicate proteins with reduced abundances in bees fed with the washed pollen in 
comparison to those fed the non-treated control pollen.  

Accession 
number 

Protein name Relative fold 
change 

XP_003395548.1 Insulin gf binding protein acid labile 
subunit  

48.5 

XP_020721715.1 Putative fatty acyl CoA reductase CG8306  17.1 
XP_012164498.1 Chaoptin  16 
XP_012163499.1 Vitellogenin  13.9 
XP_020718283.1 Membrane metallo-endopeptidase 1  12.1 
XP_003402924.1 UDP = Gluctonosyltransferase 2B15  11.3 
XP_003399880.1 Putative fatty acyl CoA reductase  11.3 
XP_012175289.2 Retinol dehydrogenase 14  9.8 
XP_003396646.1 Uncharacterized protein  9.1 
XP_003402892.1 Glucosylceramidase  8.5 
XP_003395752.1 Ribosomal protein S29  8 
XP_003397300.2 Uncharacterized protein  7.4 
XP_020723232.1 Ribosomal protein  7.4 
XP_003398436.1 Pancreatic lipase relasted protein 4  6.9 
XP_003395762.1 Omega conotoxin protein 3  6.9 
XP_020718386.1 Melittin  − 388.0 
XP_020718442.1 Transmembrane protease serine 9  − 27.8 
XP_003400637.1 Probable chitinase 2  − 27.8 
xp_012170989.1 Phospholipase A2  − 18.3 
XP_003402742.1 Chymotrypsin 1  − 14.9 
XP_003400160.1 Peptidolycan recognition protein  − 13.9 
XP_003393535.1 Chymotrypsin 1  − 12.9 
XP_003398056.1 DNA-directed RNA polymearse II subunit 

RPB1  
− 10.5 

XP_003394953.1 Cuticle protein 16.5  − 9.8 
XP_003394058.1 Probable salivary secreted peptide  − 9.8 
XP_003401050.2 Serine protease 53  − 9.8 
XP_003395094.1 Uncharacterized protein  − 8 
XP_003402225.2 Maltase A1  − 8 
XP_003399666.1 Collagen alpha (IV) chain  − 7.4 
XP_012165896.1 Uncharacterized protein  − 7.4  
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treated pollen compared to those fed on control pollen. 

4.2. Increased abundance in E-beam treated pollen fed colonies 

4.2.1. Metabolism 
Colonies fed on e-beam treated pollen exhibited upregulation in 

oxidative phosphorylation, endocytosis, fatty acid degradation and the 
pentose phosphate pathway. The pentose phosphate pathway is a key 
pathway in the formation of molecules for nucleic acid and amino acid 
biosynthesis while the non-oxidative pathway can supply glycolysis with 
the necessary metabolites required for normal function. Fructose and 
mannose metabolism was upregulated in the colonies fed on e-beam 
treated pollen, perhaps due to an excess of both sugars in the diet, or a 
dependency on both sugars in the diet in order to maintain energy levels 
for normal function. Mannose and fructose metabolism was down-
regulated in the washed group and normalised in the control, suggesting 
e-beam treated pollen is altered and affecting the metabolism of the 
colonies. An upregulation of cytochrome b5 in e-beam treated pollen fed 
colonies could be a direct result of fatty acid degradation. If bees in these 
colonies were facing a nutrient deficit, then it is possible that fatty acids 
are being broken down to generate ATP, and a remodelling of degraded 
fatty acids is occurring to maintain lipid metabolism. Mitochondrial 

coenzyme A transporter SLC25A42 was upregulated. This mitochondrial 
inner membrane protein transports both cytosolic dephosphoCoA 
(dPCoA) and coenzyme A (CoA), with CoA playing a role in fatty acid 
and cholesterol biosynthesis, fatty acid oxidation and amino acid 
metabolism (Philip et al., 2012). This suggests that there is a breakdown 
and restructuring of various fatty acids in order to maintain homeostasis. 

4.2.2. Stress-related protein upregulation 
Vitellogenin (Vg), which is vital for egg maturation and embryonic 

development (Wu et al., 2021), was upregulated in e-beam treated 
pollen fed colonies. It not only plays a role in egg maturation, but also in 
protecting against oxidative stress, and can act as a pathogen recogni-
tion receptor (PRR) in Apis mellifera (Wu et al., 2021). It is possible that 
Vg upregulation was in response to stress conditions, as an upregulation 
in phagosome, lysosome and oxidative phosphorylation was observed in 
the heat maps. This could be a result of poor nutrition and Vg could be 
acting as sensor for sugar. 

Other proteins upregulated included members of the cytochrome 
p450 family cytochrome p4509e2, which metabolise toxins and promote 
tolerance. In Apis mellifera, these enzymes play a role in detoxification of 
pesticides (Mao et al., 2011). A change in the molecular makeup of the 
pollen due to e-beam treatment may be inducing toxic effects on the 

Fig. 6. Heat map of treated clusters from fat body analysis showing proteins divided into clusters sorted by abundance. Clusters in black/dark purple are normalised, 
with yellow denoting proteins and pathways of low abundance and bright purple denoting proteins and pathways of high abundance. Pathways involved in im-
munity, stress and metabolism were upregulated or downregulated depending on pollen type fed to the commercial bumble bee colonies. 
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colonies. Indeed, e-beam treated pollen visually differed from non- 
treated commercial pollen, it had a waxy glow, resembling plasticine 
and took on a darker colour. 

4.3. Increased abundance in washed pollen fed colonies 

4.3.1. Unsaturated fats and fatty acids biosynthesis 
Biosynthesis of fatty acids and unsaturated fats were upregulated in 

bumblebees fed on washed pollen, they had a less diverse gut micro-
biome, and a greater abundance of Firmicutes and Bacteroidota compared 
to control colonies. High Firmicutes and Bacteroidota levels are an indi-
cator of a high fat diet (HFD). An increase in saturated fatty acids (SFA) 
in the diet decreases microbiota diversity (Wang et al., 2021). When 
considered together, this suggests that bees fed on washed pollen are 
potentially living on a HFD/SFA diet. The upregulation in the biosyn-
thesis of unsaturated fats is possibly a direct result of nutrition defects 
within the pollen. Upregulation of fatty acid biosynthesis along with 
fatty acid degradation may suggest that the pollen diet is driving a 
change in metabolism and a reliance on fat stores in order to maintain 
homeostasis. 

4.3.2. Metabolism 
Proteins associated with the TCA cycle, amino acid biosynthesis, the 

peroxisome and proteasome were upregulated in washed pollen fed 
colonies. Pollen has been shown to affect amino acid levels, with non- 
essential amino acid production being increased in pollen fed honey-
bees (Gage et al., 2020). While additional research is required to 
determine amino acid profiles, altered pollen may not provide enough 
nutrition for sufficient the same level of amino acids as good quality 

pollen. Previous studies have shown altered amino acid profiles in the 
brains of bees deprived of pollen. 

4.3.3. Growth and development 
Insulin like growth factor (IGF) plays a role in growth development, 

reproduction, stress resistance and lifespan, and was upregulated in 
colonies fed on washed pollen. This could be why larger bees were 
observed in these colonies compared to control colonies. IGF works to 
promote body and tissue growth during development, in response to the 
nutritional status (Naoki Okamoto, 2018). Glucosylceramidase breaks 
down glucosylceramide (GlcCer) to glucose and ceramide, and play roles 
in cell adhesion, recognition, growth, development and inflammation 
(Reza et al., 2021). Deficiencies in glucosylceramidase can impair 
memory, and movement via accumulation of glucosylceramide (Reza 
et al., 2021). Glycosphingolipid biosynthesis was downregulated in 
colonies fed on washed pollen and upregulated in control colonies, 
suggesting further negative impacts on colonies fed washed pollen. 

4.4. Decreased abundance in E-beam treated pollen fed colonies 

4.4.1. Immunity 
Proteins associated with inflammatory responses and immunity were 

down regulated in e-beam treated pollen fed colonies. Chymotrypsins 
are a family of proteins that have developed in response to defence 
mechanisms of plants against insects that feed on them (Kim et al., 
2022). It is possible that mechanisms produced by pollen such as pro-
teinase inhibitors and defensive enzymes (Kim et al., 2022) have been 
deactivated by e-beam sterilization process. Peptidoglycan recognition 
proteins were downregulated, potentially because the nutrient quality is 

Fig. 7. The relative abundance of the microbiome (A) and 
mycobiome (B) from the gut of bees fed on either control, e- 
beam treated or washed pollen. Genus distribution varied 
depending on the type of pollen the colonies were fed. The 
three core bacteria Gilliamella, Snodgrassella and Lactobacillus 
made up the majority of the microbiota present, with differ-
ences being observed in the numbers present depending on the 
type of pollen the bees were fed. Bees fed on e-beam treated 
pollen had the greatest diversity of fungi in their mycobiome.   
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poor, and the necessary precursors for maintaining homeostasis are not 
available. Fatty acid degradation was upregulated, suggesting that 
starvation is playing a role in protein regulation and the immune 
pathways are being downregulated in favour of maintaining pathways 
for fatty acid degradation for ATP generation. 

4.5. Decreased abundance in washed pollen fed colonies 

4.5.1. Immunity studies 
The fatbody proteomic profile is similar to what was observed in the 

bees fed on e-beam treated pollen, with a downregulation of proteins 
that play a role in innate immunity. These included serine proteases, 
chymotrypsin, peptidoglycan recognition, phospholipase and chitinase. 
There is upregulation of proteins involved with ATP generation and lipid 
degradation suggests that bees also generate energy through alternative 
pathways under stressful conditions. 

4.6. Microbiomes studies 

Bacteria belonging to the Genus Gilliamella, Snodgrassella and 
Lactobacillus were all present in each treatment group, but varied in 
relative abundance. In each group, several fungi were identified with the 
greatest diversity of fungal species evident in bees that were fed on e- 
beam treated-pollen. Bumblebee colonies fed with untreated control 
pollen exhibited the greatest abundance of Snodgrassella in their diges-
tive tracts, whereas bees fed on treated pollen had a greater abundance 
of Gilliamella. This organism has been previously reported to degrade 
polysaccharides and can trigger host immune responses (Zhang et al., 
2022). There was no clear dominant fungal genus present in the e-beam 
treated group; whereas Rhizopus and Wickerhamomyces were found at 
elevated levels in the washed group compared to the e-beam and 

untreated control group. Adding sterile water to the pollen during the 
filtration step increases the water activity value, and would have sup-
ported greater growth of fungal and other microbial organisms retained 
on the pollen. 

The food spoiling yeast Zygosaccharomyces was the dominant fungal 
species present in bees fed with untreated pollen. Zygosaccharomyces has 
been detected in bee bread and offers a possible transmission route to 
newly emerging bees; it has the ability to grow in pollen due to its high 
osmotolerance (Detry et al., 2020). These fungal pathogens appear to 
have been fully inactivated in e-beam treated pollen. However, the 
presence of colonizing microorganisms (such as yeast and bacteria) in 
the gut microbiome of bees is beneficial as this aids digestion such as 
fermentation of complex sugars (Tauber et al., 2019). 

5. Conclusion 

Identifying an appropriate and effective non-thermal decontamina-
tion technology for pollination industry remains a complex but critical 
challenge. This constitutes the first study to provide an initial insight 
into the impact of decontaminating honeybee pollen, and subsequent 
effects on colony reproductive outputs in commercial-reared bumble-
bees. A range of reproductive and colony level changes were observed in 
bumblebees fed e-beam treated pollen. This coincided with changes in 
the bumblebee proteome and microbiome, which appear to impact 
negatively on bee health. A similarity between test bumblebees fed e- 
beam treated and washed pollen was observed where no males were 
produced. A failure to produce males is most possibly evident of stunt in 
colony stage development. Fewer females were also recorded within 
treated colonies and this failure to produce offspring would most likely 
affect colony productivity with less workers to attend the brood and then 
less foragers to gather food from the developing brood. Also, the failure 

Fig. 8. The mean abundance of microbiota species from the digestive tracts of bees fed on e-beam treated pollen compared to control pollen (A) and fed on washed 
pollen (B). The confidence interval of between group variation demonstrates the lower and upper confidence limits of the 95 % confidence interval, with the centre 
representing the difference of the mean value. 
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to produce gyne (virgin queens) would most likely mean that new col-
onies would not be established. While this might not necessarily be a 
negative factor for commercial colony establishment or production, as 
they are only required for a single growing season; however, it does post 
the question that if these effects are being observed at the colony and 
individual organism level, then what is potentially happening at the 
molecular level. It also poses the question as to whether or not a change 
in the chemical or nutritional makeup of the pollen was a driver for 
changes at the colony level, or perhaps the removal of other microor-
ganisms that be beneficial to bee nutrition. Currently, there is a strategic 
need to identify appropriate decontamination technology for appropri-
ately treating bulk pollen so as to mitigate potential transfer of complex 
parasites and viruses to native pollinators (bees). It appears that a high- 
intensity e-beam sterilization dosage (100 kGy) is not appropriate for 
treating pollen that was informed by using an artificial in vitro flow 
cytometry enumeration approach; thus inferring that additional 
research is required focused on studying lower doses of industrial scale 
e-beam or gamma irradiation. 

5.1. Future related studies should address 

Conduct extensive comparative testing and development of 
industrial-scale gamma irradiation and electron-beam treatment of 
pollen over a range of (appropriate) dosages that targets and measures 
the inactivation performance of different types of problematical 
bumblebee pathogens. There is also a possible future role for the use of 
X-ray technology for bulk pollen treatment as demonstrated by McEvoy 
et al., 2023b in the adjacent medical device area. 

Commensurate physicochemical characterization and visualization 
of pollen post treatments to confirm no structural or nutritional changes 
in treated pollen for rearing commercial bumblebees, such as combined 
novel use of scanning electron microscopy and image analysis. Studies 
revealed that physically treating pollen affects colony outputs; thus to 
co-monitoring of pollen structure over treatment regimes is important. 

Identification of an appropriate non-thermal technology and treat-
ment dosage that will support and enable bee disease mitigation without 
affecting colony reproductive outputs, possibly the use of combinational 
industrial treatments such as X-ray or vaporized hydrogen peroxide 
(such as McEvoy et al., 2021). 

Co-creation and development of an appropriate in vitro diagnostic 
method for studying pathology and physiology of complex bee patho-
gens post treatments, such as possibly the future use of cell lines derived 
from bumblebees similar to approaches adopted from honey bee (such 
as Goblirsch and Adamczyk, 2023). 

Investigate simultaneous and sequential occurrence of lethal stresses 
in treated bee pathogens to inform appropriate dosage for killing similar 
problematical pathogens in the bee host. 

Investigate the potential relationship between producing super clean 
or sterilized pollen on subsequent bee immunity that may affect critical 
housekeeping activities such as foraging in bumblebee colonies fed these 
artificially-treated resources. 

Investigate the potential relationship between floral types and bee 
parasite and virus contamination of gathered pollen with implications 
for effective disease mitigation for the pollinator industry. 

Establish stakeholder consensus on the use and adoption of appro-
priate decontamination technologies for the pollinator industry, such as 
for treating bulk pollen, hive equipment and wax combs. 

Investigate the development of digital (twin) tools for end-to-end 
sterility assurance of pollen and commercially reared bumblebees 
including monitoring for decision-making. 

Investigate the sustainable development of appropriate sterilization 
technologies for pollination and ecosystem service management 
including applying life cycle assessment and other key performance 
indicator tools (such as intimated in adjacent areas by Rowan and 
Pogue, 2021; Garvey et al., 2022; McEvoy et al., 2023; McEvoy et al., 
2023b; Rowan, 2023). 
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The anthropogenic movement of managed bees has led to the introduction and global spread of parasites with significant
adverse effects on the health of both managed and wild species. This constitutes the first study to report on the use of
high-intensity pulsed light (PL) for the inactivation of the trypanosome parasite Crithidia bombi, a pest of wild and managed
bees. Through initial PL range-finding studies we identified a putative effective UV dose of 12.96 μJ/cm2 for C. bombi
treatment. This was a result of tests on waterborne protozoan Cryptosporidium parvum, and was determined using in vitro
combined cell culture-qPCR infectivity assays. This irradiance produced ca. ≥4 log10 oocyst reductions of C. parvum. To
confirm this dose as appropriate for treatment of C. bombi, we used the buff tailed bumble bee (Bombus terrestris) as an
animal infectivity model. C. bombi was collected from the feces of wild B. terrestris queens and used to inoculate 30 com-
mercially supplied workers (B. terrestris audux) in order to obtain a colony-specific C. bombi inoculum. This was used for
subsequent tests on 60 randomly-selected unparasitised workers, which were divided evenly and fed either PL-treated or
untreated (control) C. bombi inoculant. Of the 28 surviving workers fed with pooled C. bombi untreated inoculum, 25
exhibited infection as confirmed by detection of the parasite in fecal samples after 9 days, where the remaining two did
not excrete feces. Twenty-eight of 30 (93%) workers fed PL-treated C. bombi at 12.96 μJ/cm2 under similar test condi-
tions were uninfected after the same time period (the remaining two workers did not produce feces for testing). Thus
we demonstrate for the first time, that PL is potentially a reliable and efficient technology for the non-thermal inactivation
of C. bombi for the pollination industry. Although in vivo treatment of whole bees with PL is not possible, the use of this
technology on equipment used in commercial bumble bee breeding facilities could potentially reduce infection rates,
therefore contributing to making the industry more sustainable and less of a risk to wild pollinators.

Inactivación del parásito tripanosomátido de abejorros, Crithidia bombi, mediante luz pulsada

El movimiento antropogénico de las abejas manejadas ha llevado a la introducción y expansión global de parásitos con
efectos adversos significativos sobre la salud de las abejas tanto manejadas como silvestres. Éste constituye el primer
estudio que informa sobre el uso de luz pulsada de alta intensidad (LP) para la inactivación del parásito tripanosomátido
Crithidia bombi, una plaga de abejas silvestres y manejadas. A través de la búsqueda inicial del rango de LP, encontramos
un efecto putativo de tratamiento de C. bombi con una dosis UV de 12.96 J/cm2. Éste fue el resultado de pruebas con
el protozoo trasladado en barcos, Cryptosporidium parvum, que combinaron el cultivo de células in vitro con los ensayos
de infectividad por qPCR. Esta irradiación produjo aproximadamente una reducción de ≥4 log10 en los oocistos de
C. parvum. Para confirmar que la dosis era apropiada en el tratamiento de C. bombi, usamos el abejorro Bombus terres-
tris como animal modelo de infección. Se colectó C. bombi de las heces de reinas de B. terrestris silvestres y se usó para
inocular 30 obreras de nidos comerciales (B. terrestris audax) para obtener un inóculo C. bombi especı́fico de colonia.
Este inóculo se usó en las pruebas consiguientes en 60 obreras sin parásitos elegidas aleatoriamente, que se dividieron
equitativamente y se alimentaron con inóculos tratados con LP o sin tratar (control). De las 28 obreras supervivientes
alimentadas con el inóculo de C. bombi sin tratar, se confirmó la infección en 25 mediante la detección de parásitos en
muestras fecales a los 9 dı́as, mientras que los dos restantes no excretaron heces. Veintiocho de 30 (93%) obreras ali-
mentadas con C. bombi tratada con LP a 12.96 J/cm2 bajo condiciones similares no estaban infectadas después del
mismo perı́odo de tiempo (las dos obreras restantes no produjeron heces para comprobarlo). Ası́, demostramos por
primera vez que la LP es una tecnologı́a potencialmente segura y eficiente para la inactivación no-térmica de C. bombi
en la industria polinizadora. Aunque el tratamiento in vivo de las abejas enteras con LP no es posible, el uso de esta tec-
nologı́a en el equipamiento usado para criar abejorros comerciales podrı́a potencialmente reducir las tasas de infección,
y contribuir de esta manera a hacer la industria más sostenible y reducir el riesgo para los abejorros silvestres.

Keywords: bumble bee; Bombus terrestris audux; Crithidia bombi parasite; pulsed light; disinfection; pollination industry

Introduction

Pollination is a critical ecosystem process for the mainte-

nance of biodiversity and is economically important for

the production of crops used for human consumption

(Gallai, Salles, Settele, & Vaissière, 2009; Klein et al.,

2007; Ollerton, Winfree, & Tarrant, 2011). Wild bees

are often the most effective crop pollinators (Garibaldi

et al., 2013), but honey bees have been introduced and

*Corresponding author. Email: nrowan@ait.ie

© 2017 International Bee Research Association

Journal of Apicultural Research, 2017

Vol. 56, No. 2, 144–154, http://dx.doi.org/10.1080/00218839.2017.1289668

457



are managed worldwide for commercial crop pollination

(Goulson & Hughes, 2015). In the 1980s, commercial

rearing and importation of bumble bee colonies for polli-

nation of certain crops began and now commercial bum-

ble bee colonies are imported by over 50 countries

(Murray, Coffey, Kehoe, & Horgan, 2013; Velthuis & van

Doorn, 2006). However, recent colony losses of honey

bees and declines in many wild bee species have sparked

widespread concern for food security worldwide (Brown

et al., 2016; Vanbergen & Insect Pollinators Initiative,

2013). A critical contributing factor to bee declines is an

increase in the spread of a broad range of parasites,

including mites, protozoans, bacteria, fungi and viruses

(Daszak, Cunninghan, & Hyatt, 2000; Goulson & Hughes,

2015). Furthermore the host range, natural geographic

range and virulence in different bee hosts are poorly

understood for many bee parasites (Otterstatter &

Thomson, 2008), making it difficult to develop effective

mitigation strategies (Goulson & Hughes, 2015).

The main bee species that are moved by man are

the western honey bee, Apis mellifera, and two species

of bumble bee, the European Bombus terrestris and the

North American Bombus impatiens. The mass-breeding

of commercial or managed bees allows for rapid spread

of pests as well as the development of pathogens and

parasites that are resistant to current treatment meth-

ods (Meeus, Brown, De Graaf, & Smagghe, 2011). This

problem hinders the productivity of the industry and

must be controlled in order to increase its sustainability.

Managed bees are kept in high densities often at subop-

timal conditions, ideal environments for parasite infec-

tion (Meeus et al., 2011). Parasites can move between

managed colonies, and can also spill over into conspeci-

fic wild bee populations. This has already occurred, for

example, in Canada (Colla, Otterstatter, Gegear, &

Thomson, 2006), the UK (Fürst, McMahon, Osborne,

Paxton, & Brown, 2014; Graystock, Goulson, & Hughes,

2014) and Ireland (Murray et al., 2013).

The anthropogenic movement of managed bees for

crop pollination purposes has also led to the accidental

introduction of non-native bee parasites to places where

they do not naturally occur, exposing native bees to

parasites to which they may have little resistance (Goul-

son & Hughes, 2015). For example, In North America,

the accidental importation of a non-native strain of the

parasite N. bombi via commercial bees has been impli-

cated in the dramatic decline of five bumble bee species

(Thorp, 2005; Thorp & Shepherd, 2005; Winter et al.,

2006); declines occurred soon after the global commer-

cial trade of bumble bees began (Cameron et al., 2011).

Additionally, the arrival of the European B. terrestris into

South America appears to have contributed to the rapid

local extinction of the native Bombus dahibomii (Schmid-

Hempel et al., 2014), possibly as a result of pathogen

spillover (Goulson & Hughes, 2015). While the identity

of these pathogen(s) remains uncertain, Schmid-Hempel

et al. (2014) reported high prevalence of the try-

panosome Crithidia bombi in the invading B. terrestris

populations. Mitigation measures that reduce parasite

loads among managed bees must therefore be devel-

oped and implemented in order to reduce risk to wild

bee populations. Currently there are few if any effective

and reliable intervention strategies to cope with bumble

bee parasites in particular (Goulson & Hughes, 2015).

Pulsed light (PL) technology has received consider-

able attention as a promising next-generation approach

for decontaminating food, packaging and air (Garvey,

Farrell, Cormican, & Rowan, 2010; Rowan, Valdramidis,

& Gomez-Lopez, 2016). This approach kills microorgan-

isms using ultrashort duration pulses of an intense

broadband emission spectrum that is rich in UV-C ger-

micidal light (200–280 nm). PL is produced using tech-

niques that multiply power manifold by storing electrical

energy in a capacitor over relatively long times (fraction

of a second) and releasing it in a short time (millionths

or thousands of a second) using sophisticated pulse

compression techniques (Rowan et al., 2016). The emit-

ted light flash has a high peak power and usually consists

of wavelengths of 200–1100 broad spectrum light

enriched with shorter biocidal wavelengths (Hayes, Kirf,

Garvey, & Rowan, 2013). A strong advantage of using

pulsed xenon lamps over continuous low to medium

pressure conventional UV lamps is that the former has

a peak power dissipation, which allows for more micro-

bial inactivation (Garvey, Stocca, & Rowan, 2014).

Despite significant interest in the development of PL as

an alternative or complementary means of disinfection,

most published studies to date have focused on bacteria

or fungi that grow on conventional agar plates, yet there

is a dearth in PL-sanitation data for food and water-

borne parasites that require more complex culture

techniques.

In this study, we tested pulsed light for the destruc-

tion of C. bombi, a Trypansome parasite that infects wild

and commercial bumble bees via the fecal-oral transmis-

sion route. C. bombi is a prevalent gut parasite of B. ter-

restris (Shykoff & Schmid-Hempel, 1991a), widespread

throughout Europe and North and South America.

Transmission is carried out between colonies via flow-

ers (Durrer & Schmid-Hempel, 1994), and within colo-

nies by contact with infected fecal material, and occurs

by ingestion of cells that are shed in the feces of

infected bees. Infection by C. bombi has a number of

subtle, context-dependent pathogenic effects, including

reduced ovary growth and slower colony growth at the

start of the season (Brown, Schmid-Hempel, & Schmid-

Hempel, 2003; Shykoff & Schmid-Hempel, 1991b).

According to Brown, Loosli, and Schmid-Hempel (2000),

C. bombi dramatically increases host mortality when

bumble bees are under starvation (stress) conditions.

Studies also show that colony-level impacts of C. bombi

infection include significantly reduced colony size and

male production as well as a reduction of overall fitness

by up to 40% (Brown, Schmid-Hempel, et al., 2003).

These colony-level impacts may be a result of the nega-

tive impact C. bombi infection can have on foraging

Pulsed light inactivation of Crithidia bombi 145
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behavior of host bumble bees (Gegear, Otterstaffter, &

Thompson, 2005, 2006). For example, Gegear et al.

(2006) found that natural and experimental infections

with C. bombi impaired the ability of bumble bee host

foragers to learn color rewarding flowers and thus

make effective and economic foraging decisions. Thus

even though C. bombi is seemingly a benign gut parasite,

this highly contagious protozoan has the potential to

negatively impact bee health at a colony and even popu-

lation level.

As there is currently no combined in vitro cell cul-

ture-qPCR infectivity assay for parasites in the pollinator

industry, initial range finding PL-sanitation studies were

required to determine an indicative UV dose. Thus the

specific aims of this study were:

(1) Determine the indicative UV dose for treatment

of C. bombi using the protozoan parasite Cryp-

tosporidium parvum as a surrogate indicator

organism.

(2) Using the bumble bee B. terrestris, to test the

effectiveness of PL for in vitro treatment of C.

bombi, and to develop a method that avoids

unnecessary use of bumble bees.

Materials and methods

Pulsed light

A portable pulsed power source (PUV-1, Samtech Ltd.,

Glasgow) was used to power a low-pressure (60 kPa)

xenon-filled flashlamp (Heraeus Noblelight XAP type

NL4006 series constructed from a clear UV transparent

quartz tube) that produced a high-intensity diverging

beam of polychromatic pulsed light (as per Garvey

et al., 2010). This delivery system kills microorganisms

by using ultra-short duration pulses of an intense broad-

band emission that is rich in the UV-C germicidal wave-

length. Pulsed light (PL) is produced by storing

electricity in a capacitor over relatively long times and

releasing it as a short duration pulse using sophisticated

pulse compression techniques. The PL has a broadband

emission spectrum extending from the UV to the infra-

red with a rich UV content, and its intensity also

depends on the level of voltage applied. The light source

has an automatic frequency control function which

allows it to operate at 1 pulse per second (pps); this

setting was used throughout the study. Light exposure

was homogenous as the xenon lamp measuring 9.75 cm

was longer that the 8.5 cm standard diameter Petri dish

used to treat the solutions.

Mammalian cell culture and maintenance of cell

lines for growth of the protozoan parasite C.

parvum

The recalcitrant protozoan parasite C. parvum was used

as a potential surrogate organism to simulate disinfec-

tion of the bumble bee parasite C. bombi, as there is

currently no in vitro diagnostic infectivity assay for the

latter. Similar to C. bombi, C. parvum is an obligate inter-

cellular parasite that requires a human or animal host to

support growth (Garvey et al., 2010). Monolayers of the

human ileocecal adenocarcinoma cell line HCT-8

(ATCC CCL-224: American Type Culture Collection,

Rockville, MD) were grown with regular sub-culturing in

RPMI 1640 growth media with L-glutamine and supple-

mented antibiotics (penicillin G, 100,000 U/l, strepto-

mycin, 0.5 g/l and amphotericin B, 0.5 g/l), sodium

bicarbonate, 2 g/l and 10% fetal calf serum adjusted to

pH 7.4. Caco-2 cells (ATCC HTB-37), established from

a human colon adenocarcinoma Caco-2 cells, were

maintained at 37 ˚C in Dulbecco modified Eagle’s med-

ium/Ham’s F-12 medium, supplemented with 20% (v/v)

fetal bovine serum, 1% 200 mM L-glutamine, 1% (v/v)

non-essential amino acids, 0.5% (v/v) penicillin-strepto-

mycin and 0.5% (v/v) amphotericin B (Sigma-Aldrich).

Maintenance media was stored at 4 ˚C and heated at

37 ˚C prior to use. HCT-8 and Caco-2 cells were cul-

tured and maintained in T75 cm2 cell culture flasks in a

humidified incubator at 37% in an atmosphere containing

5% (v/v) CO2 for ca. 24 h until 80 to 90% confluent

monolayers had formed. Once confluent, cells were

trypsinised to remove the cell monolayer from the flask

and seeded into 6 wells for 24 h at 37 ˚C at a seeding

density of 1 × 106 cells/well for use in real-time PCR

studies and at a density of 1 × 105 cells/well for cham-

ber slides for infectivity studies using fluorescent stains.

Viability and infectivity determination of C. parvum

oocysts post PL treatments

C. parvum oocysts (Iowa isolate derived from a bovine

calf) were purchased from Waterborne Inc., USA.

Ooysts were stored in sterilized PBS (0.01 M phosphate

buffer, containing 0.027 M KCL and 0.137 M NaCl at a

pH of 7.4) with 100 U of penicillin/ml, 100 μg of strep-

tomycin/ml and 100 μg of gentamicin/ml, and stored at

4 ˚C until they were used for UV treatment studies.

A combined surrogate dye staining method comprising

propidium iodide (IP) and a fluorescent-labelled mouse

derived monoclonal antibody A400FLR-1-X Crypt-a-

GloTM (having corresponding epitope on oocyst cell

wall; Waterborne Inc., New Orleans, USA) was used to

confirm viability of oocysts. The excystation rate was

determined for each batch of oocysts by microscopic

observation following sequential incubation at 37 ˚C in

acidified Hanks balanced salt solution (HBSS) for 1 h as

per method of Garvey et al. (2010). All experiments

were carried out using oocysts with greater than 90%

viability, as determined by in vitro excystation and the

uptake of or exclusion of vital dye. Oocysts were

counted using a haemocytometer and inverted

microscope (Olympus, CKX41) with camera (Olympus,

1X2-SLP) attached.

In this study, standard treatments involved suspend-

ing pre-determined numbers of C. parvum oocysts in

146 J. Naughton et al.
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10 ml of PBS that were transferred to Petri dishes that

was then subjected to UV doses at 8 cm distance from

the light source with discharge energy of 16.2 J at a rate

of 1 pulse per second for PL studies. In order to ensure

that any possible negative effects of such treatment was

solely as a result of UV induced change in the natural

environment of the test species, studies were also con-

ducted on heat inactivated (70 ˚C) samples, which were

prepared in the same manner as per Rochelle et al.

(2002). Measurement of UV dose rate (μJ/cm2) was

determined using chemical actinometry as first

described by Rahn (2003), with the modifications of

Hayes, Garvey, Fogarty, Clifford, and Rowan (2012) as

the non-continuous emitted spectrum did not facilitate

use of a calibrated radiometer. Following treatment,

treated and untreated controls were viability assessed

by fluorescent staining using the method described ear-

lier. Treated and untreated oocysts were stimulated by

re-suspension in acidified HBSS and then in 1.0% (wt/v)

bile salts (Sigma, pH 7) for 1 h at 37 ˚C. After two

washing steps and sterile PBS, oocysts were re-sus-

pended in cell culture media and thereafter 350 μl ali-
quots were then separately added to each HCT-8 and

Caco-2 well. Samples were incubated for 48 h at 37 ˚C

in 5% (v/v) CO2 atmosphere, which included addition of

fresh RPMI media after 24 h. Each individual well con-

taining separate monolayer was fixed by flooding with

100% (v/v) methanol (Sigma) and left to stand for

10 min at room temperature. After removal of metha-

nol, 75 μl of the fluorescein stain Sporo-GloTM

A600FLR-20X (Waterborne Inc., UK) was also added to

each well for 45 min (at 37 ˚C), which detects different

life cycle stages of C. parvum in vitro. The inoculate cell

monolayers were then counterstained for 1 min with

C101 containing Evans blue dye (Waterborne Inc.,

USA). All slides were examined under fluorescence

microscopy (Leitz Diaplan fluorescence microscope) at

an excitation wavelength of 460–500 nm and an emis-

sion wavelength of 510–560 nm for Spore-GloTM and

an excitation wavelength of 610 nm for the counterstain

C101. All wells containing separate monolayers were

examined and noted as positive or negative for sites of

parasitic infection or foci of infection. All studies were

performed in triplicate.

Combined cell culture – quantitative PCR assay for

enumerating viable C. parvum post treatments

Real-time, Taqman-quantitative PCR (qPCR) was per-

formed using primers (TIB MOLBIOL, Berlin, Germany)

specific for the 18S region of C. parvum following

method of Keegan, Fanok, and Monis (2003) with some

modification. The Taqman probe, based on the con-

served eukaryotic probe of Amman et al. (1990) with

the following sequence: - 5´-(6-FAM) ACC AGA CTT

GCC CTC C (TAMRA), was used in this study. Real-

time PCR reactions are characterized by an increase in

fluorescence emission due to probe degradation by

DNA polymerase in each elongation step during PCR

cycling as described in Garvey et al. (2010). The higher

the starting copy number of the nucleic acid target, the

earlier the fluorescence will reach the predetermined

threshold cycle (Ct) and the smaller the Ct value will

be. The Ct value is the fractional PCR cycle number, at

which a significant increase in target signal fluorescence

above the baseline is first detected for a sample. Quan-

tification of the test sample is performed by determining

the Ct value and the use of a standard curve to deduce

the starting copy number. Amplification reactions

(20 μl) contained 5 μl of sample DNA (0.5 μM of each

primer, 0.2 μM of probe) and 15 μl of reaction buffer

(Roche Diagnostic, West Sussex, England). Both positive

and negative controls were included in RT-PCR to vali-

date the results. DNase-RNase free water was used as

a negative control throughout. Cycling parameters were

initial denaturation for 10 min at 95 ˚C followed by 50

cycles of denaturation for 10 s at 95 ˚C, annealing for

40 s at 40 ˚C, extension for 1 s at 70 ˚C and cooling for

30 s at 40 ˚C on a Nanocycler device (Roche Diagnos-

tics). Large numbers of cycles were used to ensure

detection of low levels of infection. On completion of

each RT-PCR run amplification curves were analyzed by

Nanocycler software (Roche Diagnostics) and a standard

curve of C. parvum oocyst DNA concentration pre-

pared. DNA standards were prepared from fresh

oocysts ranging in concentration from 101 to 107

oocysts/ml by dilution in PBS following standard viable

count determinations. Aliquots of oocysts at different

densities were then stimulated to infect Caco-2 and

HCT-8 cell lines that were seeded into 24 well plates

(Sarstedt) at a concentration of ca. 1 × 104 cells/ml at

90% confluency. The latter cell line stimulation occurred

by re-suspension and separate incubations for 1 h in

acidified HBSS and bile salts as described earlier. One

milliliter aliquots of each concentration range of

excysted oocysts were re-suspended in RPMI cell cul-

ture growth media and added to on well of a 24 well

plate. Following a 24 h incubation at 37 ˚C, in a

humidified atmosphere of 5% (v/v) CO2, the cell culture

media with non-adherent or internalized C. parvum was

removed by aspiration and discarded. Mammalian cells

were then washed with sterile PBS and trypsinised using

200 μl of 0.25% (v/v) trypsin/EDTA (Sigma) and left for

15 min at 37 ˚C until complete detachment of the

monolayer had occurred. Cells were then centrifuged at

1000 rpm for 10 min and re-suspended in 200 μl sterile
PBS, thereafter the mammalian cells and C. parvum

sporozoite cell membranes were lysed using PCR tem-

plate preparation kit (Roche Diagnostics; West Sussex,

UK) in order to produce DNA (template) and standard

curve following infection in both cell lines. The Ct values

of cell culture RT-PCR of each dilution amplified in trip-

licate were plotted against logarithm of the starting

quantity of oocysts. The equation of this standard curve

was then used to determine the inactivation of UV

treated oocysts. The aforementioned cell culture PCR
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procedure was then repeated to determine infectivity of

oocysts subjected to varying UV doses or heating at

70 ˚C for 30 min (negative control). Log inactivation of

oocysts (L) is defined by L = log10 [Nd/N0), where N0 is

the initial concentration of oocysts and Nd is the con-

centration of viable infectious oocysts post disinfection

treatments as detected by combined cell culture-qPCR

assay as per method of Lee et al. (2008).

Bumble bees and parasite infectivity assay

We investigated how consumption of untreated and PL-

treated inoculant containing a common bumble bee par-

asite, C. bombi, impacted parasite loads of the buff tailed

bumble bee B. terrestris. B terrestris was used as a model

system as (a) this species is an important native pollina-

tor in Ireland and other EU countries, and (b) it is

reared as a commercial pollinator and distributed

throughout Europe, and thus has the potential to

become infected with and spread pathogens/parasites to

wild bees. Bumble bee colonies were obtained from a

commercial supplier (Unichem, Ireland), who source the

native subspecies B. terrestris audax from Koppert

Biological Control (The Netherlands). Upon arrival, the

colony was screened for parasites by examining fecal

samples using established microscopy methods (as in

Tiedeken et al., 2016) from 10 workers. No ethical

approval or licenses are required at the state or

institutional level for insect bioassays, but researchers

complied with good research practices.

Stocks of the parasite C. bombi were obtained from

wild-caught, infected queen bumble bees. Sixty-six wild

B. terrestris queens were caught while foraging between

3 March and 14 April 2016 in Merrion Square and the

National Botanic Gardens (Glasnevin) in Dublin, Ireland.

Captured queens were transported in individual 650 ml

plastic containers (160 × 110 × 45 mm) under chilled

conditions to Trinity College Dublin for parasite screen-

ing as per Tiedeken et al. (2016). Queens were

screened for C. bombi infection by examining a fecal

sample under a phase-contrast microscope (400× mag-

nification). Infected queens were kept in individual plas-

tic containers at 25–30 ˚C and 24 h darkness and fed

ad libitum commercial pollen and 50% diluted Apiinvert

sugar water. Aseptic conditions were maintained when

handling bees and all equipment.

To obtain C. bombi inoculum, fecal samples from

infected queens were obtained and used to infect stock

workers from the commercial colony as per Tiedeken

et al. (2016). Fecal samples from 11 infected native

queens were mixed and diluted with 50% Apiinvert to a

concentration of 2500 Crithidia cells/μl (determined

using a Neubaumer Improved Haemocytometer, VWR,

Ireland) (Logan, Ruiz-Gonzalez, and Brown, 2005; Sch-

mid-Hempel & Schmid-Hempel, 1993). Thirty stock

workers from the B. terrestris colony were removed,

starved for 2 h and fed with 10 μl of standard inoculum.

Stock workers were kept in a wooden box

(10 cm × 7 × 6 cm) for 10 days and fed ad libitum pollen

and 50% Apiinvert until they reached peak infection

(Otterstatter & Thomson, 2008). Thereafter, fecal sam-

ples were pooled from the stock workers for subse-

quent PL treatment and control studies. Fecal samples

were kept for no longer than 48 h under refrigerated

conditions to ensure the parasite remained viable.

PL treatment of the parasite C. bombi for bumble

bee (B. terrestris) infectivity assay

Sixty uninfected workers from the commercial colony

were randomly divided into two groups of 30, kept indi-

vidually in plastic containers, and starved for up to 6 h,

as described above. Pooled fecal material from C. bombi

infected stock workers was diluted in 3 ml of sugar

water and two samples of equal volume were

transferred to 8.5 cm Petri dishes. One of these dishes

was subjected to pulsed light treatment at a UV dose

(μJ/cm2) found in this study to be optimal for recalci-

trant parasite disinfection using C. parvum (see above).

The control sample was kept under the same conditions

but was not exposed to PL treatment. Thirty worker

bees each were individually fed 10 μl of treated or

untreated sugar water containing 2.5 × 104 C. bombi

cells, and then returned to individual containers. Each

bee was screened 9 days post exposure (peak infection)

for C. bombi by collecting a fecal sample and determining

parasite load using haemocytomer counts. Mortality was

recorded in both PL-treated and control samples.

Statistical analysis

The log reduction for UV treated Cryptosporidium

oocysts was calculated as log10 of the ratio of the con-

centration of the non-treated (N0) and PL-treated (N)

samples (log10 (N0/N). Student’s t-tests and ANOVA

one-way model (MINITAB software release 16; Mintab

Inc., State College, PA) were used to compare the

effects of the relationship of independent variables on

PL treatment. Student t-tests were used to compare

infectivity in both cell lines. All range finding PL-experi-

ments using surrogate C. parvum oocysts were

conducted in triplicate in three separate experiments.

Results

Pulsed light range-finding disinfection studies using

recalcitrant waterborne parasite C. parvum as
surrogate indicator of efficacy for C. bombi

Findings revealed that the HCT-8 cell line proved signifi-

cantly more susceptible to infection than the Caco-2

(p < 0.05). This is evident from the lower Ct values

obtained from PCR amplification following HCT-8 infec-

tion, indicating a larger amount of target DNA was

present (Figure 1). The limit of detection for both cell

lines was 10 oocysts per monolayer for both cell lines.

Fluorescent staining and imaging demonstrated that
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infection in Caco-2 cells was less pronounced as there

were less sites of infection present. Also, cell death

attributed to negative effective of parasitic infection on

Caco-2 occurred more rapidly with following exposure

to C. parvum. Caco-2 host cell monolayers were unable

to support infectivity with large numbers of parasites

(>5 log10 oocysts per monolayer), which resulted in loss

of viability. This was not observed with HCT-8 cells that

continued to proliferate with monolayer outgrowth

occurring in both infected and non-infected cells. It was

found that destruction of recalcitrant C. parvum oocysts

at lower infective dose of 5 log10 oocysts per monolayer

by pulsed light requires an augmented UV dose of

12.96 μJ/cm2, which was the highest level of irradiance

used in this study (Table 1). Absence of foci of infection

in both cell lines occurred post exposure to UV dose of

6.84 μJ/cm2, which produced a ca. 2.8 log10 reduction in

oocysts infectivity. There was good agreement between

use of Caco-2 or HCT-8 mammalian cells for the

quantification of PL-treated C. parvum oocyst infectivity

using this in vitro combined cell culture-qPCR assay

where the infective dose used was 5 log10 oocysts per

monolayer (Table 1). Based upon these findings, the

uppermost UV dose of 12.96 μJ/cm2 was used for

pulsed-light treatment of the bumble bee parasite C.

bombi in this study.

Use of the bumble bee (B. terrestris audax) animal

infectivity assay to demonstrate efficacy of C.

bombi inactivation by pulsed light treatment

Findings from this present study showed that 11 of 66

(16.7%) of wild queen bumble bees (B. terrestris) cap-

tured in Dublin, Ireland were infected with the parasite

C. bombi. Of these 66 captured queens, 27 (1 infected

(2.56%)) and 39 (10 infected (25.66% infected) were

captured in Merrion Square and in the Botanic Gardens

respectively, where locations are separated by 4.6 km.
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Figure 1. Standard curve for C. parvum infected Caco-2 and HCT-8 cells as detected via real time PCR following 46 incubation at
37 ˚CC (±SD).

Table 1. Log10 reduction and infectivity of treated C. parvum via real time PCR and cell culture infectivity IF staining of separate
Caco-2 and HCT-8 cell lines following PUV treatments (±standard deviation).

PUV dose (μJ/cm2)

Cell culture infectivity assay

No. of infected
monolayersa

IF microscopic
detection

Presence of foci of
infection

RT-PCR Log10
reductionb

Caco-2 HCT-8 Caco-2 HTC-8 Caco-2 HTC-8 Caco-2 HCT-8

0.00 4 4 High High + + 0 0
1.08 4 4 High High + + 1.1 ± 0.2 1.2 ± 0.3
2.15 4 4 High Medium + + 1.6 ± 0.4 1.8 ± 0.3
4.32 3 3 Medium Medium + + 2.3 ± 0.4 2.5 ± 0.4
6.48 2 2 Medium Low —c —c 2.8 ± 0.3 3.0 ± 0.4
8.64 1 1 Low Low —c —c 3.4 ± 0.4 3.5 ± 0.3
9.72 1 0 Low —c —c —c ≥4 ≥4
12.96 0 0 —c —c —c —c ≥4 ≥4

aStandard dose of ca. 1 × 105 oocysts/ml was applied to each of the 4 replicate cell monolayers per PUV treatment. Infectivity was determined by
both qPCR and immunofluorescence (IF) microscopy of Caco-2 and HCT-8 cells.
bLog reduction in viable C. parvum determined by cell culture-qPCR assay. As lower limit of detection for standard curve using Cryptosporidium DNA
is ca. 10 oocyts, the maximum lethality detected is 4 log10 orders. Mean value shown for 4 replicate cell monolayers, ±SD.
cNot detected.
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Uninfected queens were released back to the wild after

two replicate parasite screens. Findings showed that the

commercial colony of B. terrestris used for this study

was not infected with C. bombi when it was initially

imported. Of the 30 workers fed PL-treated C. bombi

using UV dose of 12.96 μJ/cm2, none were shown to be

infected after 13 days post infection, as determined by

the absence of this parasite in faces via microscopy

methods (Table 2). It was not possible to obtain fecal

samples from 2 of the 30 workers in this treatment

group. A few C. bombi examined immediately post PL-

treatment by phase contrast microscopy was shown to

be still motile prior to ingestion by B. terrestris workers

at commencement of bee survival assay. PL-treated C.

bombi were observed to be altered in appearance at the

cellular level (Figure 2). In marked contrast, of the 30

control workers fed untreated C. bombi under the same

conditions, 25 workers excreted the parasite in feces

where the remaining 5 either died (2) or did not

excrete samples (3) during monitoring period (Table 2).

Discussion

For the first time this study reports on the effective use

of high-intensity pulsed light (PL) to deactivate the bum-

ble bee parasite C. bombi. We demonstrate through an

animal infectivity model that PL-treatment of feces con-

taining C. bombi cells irreversibly kills the parasite at a

UV dose of 12.98 μJ/cm2. Given that there are currently

few if any effective and reliable cures for treating any

bumble bee parasites (Goulson & Hughes, 2015), the

development and deployment of disinfection technolo-

gies such as PL in order to limit the spread of disease

via infected feces is of great importance.

Our experiment demonstrates proof-of-concept for

the use of PL technology in the pollinator industry,

however to determine the best application for this

disinfection technology the transmission of the target

parasite must be well understood. Research to date

indicates that the fecal-oral route is the exclusive

transmission pathway for C. bombi in bumble bees; thus,

Table 2. Infectivity status of B. terrestris at day 9 after consumption of PL-treated or untreated C. bombi parasite (ca. 25,000 cells in
10 μl sugar water) on day 1.

Infectivity of bumble bee (B. terrestris)

Untreated Control with Crithidia bombi PL-treated Crithidia bombi
Worker
No.

C. bombi detected in feces
(cells/μl)

B. terrestris infectivity
status

Worker
No.

C. bombi detected in feces
(cells/μl)

B. terrestris infectivity
status

1 14,500 +d 31 NDc –e

2 25,000 +d 32 NDc –e

3 15,000 +d 33 NDc –e

4 2000 +d 34 NDc –e

5 45,000 +d 35 NDc –e

6 –a Not known 36 NDc –e

7 2500 +d 37 NDc –e

8 –a Not Known 38 NDc –e

9 16,500 +d 39 NDc –e

10 14,500 +d 40 NDc –e

11 –b Deceased 41 –a Not known
12 –b Deceased 42 NDc –e

13 12,000 +d 43 NDc –e

14 1500 +d 44 NDc –e

15 11,000 +d 45 NDc –e

16 17,500 +d 46 NDc –e

17 10,000 +d 47 NDc –e

18 6500 +d 48 NDc –e

19 37,500 + 49 NDc –e

20 –b Deceased 50 –a Not known
21 21,000 +d 51 NDc –e

22 12,500 +d 52 NDc –e

23 9500 +d 53 NDc –e

24 3500 +d 54 NDc –e

25 500 +d 55 NDc –e

26 1000 +d 56 NDc –e

27 12,500 +d 57 NDc –e

28 26,000 +d 58 NDc –e

29 15,000 +d 59 NDc –e

30 18,500 +d 60 NDc –e

aUnable to obtain fecal sample from worker to establish presence or absence of infection.
bWorker died during infection monitoring period.
cND, no detection of C. bombi by light microscopy (×400) observation of fecal samples.
d+, visual confirmation of infectivity of B. terrestris by light microscopy (×400) by detection of C. bombi in feces.
e–, visual confirmation of non-infectivity of B. terrestris by light microscopy (×400) by absence of C. bombi in feces.
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bees contract this parasite by ingesting cells that are

shed in the feces of infected bees (Brown, Moret, &

Schmid-Hempel, 2003; Brown, Schmid-Hempel, et al.,

2003; Gegear et al., 2006). The spread of C. bombi infec-

tion within bumble bee colonies occurs when uninfected

workers are exposed to infected nest materials (Sch-

mid-Hempel, 2001) or via direct contact with infected

workers (Otterstatter & Thomson, 2007). Transmission

between colonies is believed to occur almost exclusively

at flowers via contaminated nectar (Durrer & Schmid-

Hempel, 1994). While in vivo treatment of bees with PL

would likely be fatal to the hosts, the technology could

alternatively be used to disinfect equipment in commer-

cial bumble bee breeding facilities. Some parasite spores

have been shown to contaminate and spread via equip-

ment and clothing of honey bee breeders (Aronstein &

Murray, 2010). The application of PL to reusable equip-

ment in commercial bumble bee breeding facilities could

thus decrease infection rates and transmission of

C. bombi. Ultimately this would reduce the risk of

disease spread to wild pollinator populations via impor-

tation of commercial bumble bee colonies.

Another application of PL technology is in regards

to the use of contaminated honey bee pollen by com-

mercial bumble bee breeding facilities. Honey bee pollen

is commonly used as the protein source used to rear

commercial bumble bees, however it is likely to be con-

taminated with a wide variety of parasites, including

both those that infect honey bees and other bees

(Goulson & Hughes, 2015; Singh et al., 2010). Some

commercial producers of bumble bees now freeze or

routinely treat honey bee pollen with gamma radiation

before feeding it to their bumble bees in an attempt to

reduce parasite levels (Meeus, de Miranda, de Graaf,

Wäckers, & Smagghe, 2014; reviewed in Goulson &

Hughes, 2015). However, there is a shortage of informa-

tion on the nutritional status of gamma irradiated pollen

along with variability in sanitation efficacy for parasite

reduction (Meeus et al., 2014). In addition, gamma or

electron-beam sterilization commonly require off-site

sterilization treatment, thus are not appropriate for

in situ usage (McFadden et al., 2016). PL is a non-thermal

processing technology, hence investigations into poten-

tial uses for minimizing the levels of viable parasites in

pollen, without harming the nutritional value of the pol-

len, should be carried out.

Mediation technologies that can reduce the C. bombi

bioburden to lower the intensity of infections have the

potential to influence important ecological behavioral

processes and decision-making in bumble bees. For

example, Gegear et al. (2005) reported that low intensi-

ties of C. bombi infections (1–1000 cells) had no effect

on the ability of bumble bees (B. impatiens) to learn flo-

ral handing methods; however, high intensities of infec-

tion (>1000 cells) significantly reduced both motor-

learning rate and maximum handling proficiency. Thus

the commercial bumble bee industry should prioritize

decreasing C. bombi infection intensity in its colonies to

reduce the risk to wild pollinators and increase the

quality of the colonies it provides to growers. Based on

Gegear et al.’s (2005) infectivity categorization, C. bombi

was present at both low and high intensities in feces

samples prior to destruction using PL-technology in our

study. Reduction or elimination of parasites is important

as it could also influence a variety of other important

host behaviors including foraging, mate choice and

predator avoidance (Baracchi, Brown, & Chittka, 2015).

In our study, observation of PL-treated C. bombi

samples by phase contrast microscopy revealed that

many parasites were still motile. It is therefore plausible

that subsequent loss of infectivity in workers consuming

PL-treated C. bombi is attributed to a combination of

lethal effects incurred by this complex parasite. Previous

evidence supporting this theory of a PL-mediated, multi-

hit, lethal cellular process is provided by Farrell and co-

workers (Farrell, Hayes, Laffey, & Rowan, 2011) where

pre-determined populations of the yeast Candida albicans

treated with low UV doses were capable of recovery,

yet application of higher UV doses caused irreversible

cell and molecular damage. Farrell et al. (2011) showed

that this lethality was attributed to the nature of the

broad spectrum light pulse (200−1100 nm), which was

delivered at high UV dose killed PL-treated yeast

through a combination of irreversible cell membrane

damage or permeabilisation (with loss of vital cellular

constituents), lipid peroxidation, toxic free radical gen-

eration, necrosis, apoptosis and DNA damage. It is

envisaged that application of PL irradiation delivered at

high intensities will also cause similar irreversible cell

and molecular damage in other established and emerging

Figure 2. Untreated (a) and PL- treated C. bombi at 12.96 μJ/
cm2 (b). C. bombi, occurring in choanomastigote life cycle
phase, are highlighted with arrow (1000× magnification).
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pathogens that infect pollinators, as PL technology was

recently reported to destroy viruses (Barrett et al.,

2016), fungi (Rowan et al., 2016), bacteria (Hayes et al.,

2013) and other recalcitrant food and waterborne pro-

tozoan parasites (Garvey et al., 2014; Wainwright et al.,

2007). PL technology also offers considerable advantages

over other conventional UV irradiation approaches in

terms of biocidal efficacy. Low and medium pressure

UV approaches inactivate pathogens by attacking DNA;

however, many microorganisms have evolved sophisti-

cated protective cellular mechanisms to fixed wave-

length exposures, thus enabling unwanted repair of UV

treated pathogens (Garvey, Thokala, & Rowan, 2014;

Rowan et al., 2016).

A technological challenge for the pollinator industry

is to develop appropriate disinfection biocides and tech-

nologies for obligate bee parasitoids and parasites that

are not easily cultured under laboratory conditions. The

focus of this study, the bumble bee protozoan-parasite

C. bombi, presents a challenge akin to other recalcitrant

foodborne parasites; it is difficult to establish a reliable

in vitro assay for its propagation that will help inform dis-

ease mitigation technologies. Thus, in this study, we

exploited knowledge of in vitro infectivity in the water-

borne protozoan-parasite C. parvum to inform an indica-

tive UV dose for subsequently killing C. bombi. The

diagnostic approaches used to ascertain infectivity for

food and waterborne parasite under ex vivo conditions,

such as combined cell culture-qPCR used in this study

for C. parvum, are more advanced at this point in time.

Use of C. parvum, as an initial in vitro screening surrogate

approach for informing disinfection efficacy of C. bombi,

also avoided unnecessary use of bumble bee colonies

for considerable PL range-finding killing studies. Gaining

and understanding of disinfection kinetics (Rowan et al.,

2016) and relative standing of bumble bee parasites with

other established foodborne microbial organisms would

greatly assist hazard analysis critical control point mod-

elling, risk assessment and management, and would

inform new disinfection innovations for the commercial

pollination industry that would impact positively on con-

servation.

Concluding remarks: PL is an effective mitigation

technology for the inactivation of the bumble bee para-

site C. bombi. Use of the waterborne protozon parasite

C. parvum provided an effective surrogate for informing

PL-inactivation of fastidious C. bombi. PL potentially

offers an innovative option for the destruction of estab-

lished and emerging parasites for the pollination indus-

try. Moreover, given that infection by C. bombi has a

number of pathogenic effects on bumble bees at the

individual and colony level, the development of a disin-

fection technology that can be used in commercial bum-

ble bee breeding facilities is urgently required. Further

investigations of effective mitigation measures for polli-

nator parasites are necessary in order to protect both

managed and wild pollinators and ultimately the vital

service they provide.
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Disease-mitigating innovations for the pollination service
industry: Challenges and opportunities
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Abstract
Commercially reared bumblebees are often deployed for fruit,
vegetable, and seed crop pollination. Commercial bumblebee
pollination contributes significantly to economic and nutritional
security; thus, maintaining healthy stocks should be a priority for
bumblebee producers. Honey bee–collected pollen is used as a
nutritional source for bumblebee rearing, but potential contami-
nationofpollenwithpathogens requiresmitigation to limit spreadof
infectious diseases. Gamma irradiation is the primary means of
sterilizing pollen, but limitations, including off-site access to cobalt-
60, warrant exploration into alternatives. Sterilization technologies
used in the food safetyandmedical device sectors, suchaspulsed
UVand electron beam, offer options with the potential to deliver
safe, effective, and less restrictive mitigation. Adopting these al-
ternatives could ultimately support healthy bumblebee stocks and
reduce pathogen transmission to other bees.
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Introduction
Contamination of pollen with pathogens: a source of
opportunity
Bumblebees reared commercially, mainly Bombus impa-
tiens and Bombus terrestris, are essential contributors to

global food production. Visitation of greenhouse, high
tunnel, and field crops such as tomatoes, peppers, cu-
curbits, and soft fruits by bumblebees results in highly
efficient pollination. This pollination efficiency is
partly explained by the ability of bumblebees to buzz
pollinate or produce thoracic vibrations that trigger the
release of pollen held tightly within the anthers of
these flowering plants [1]. Moreover, bumblebee col-

onies can be produced year-round in commercial facil-
ities, and containment of individual colonies in small,
transportable units simplifies deployment to meet
growers’ demand. There are more than one million
bumblebee colonies reared globally every year, and
pollination by commercially produced bumblebees in-
creases crop yield and quality, promoting economic and
nutritional security [2e4].

Initiating bumblebee colonies artificially requires that
queens be confined to small nesting boxes provisioned

with food (Figure 1). Diet quality and quantity are
essential for queen nesting success and subsequent
colony growth [5e8]. Unlike managed honey bees
(e.g. Apis mellifera), artificial diets are not available to
successfully rear bumblebee colonies [3]. Queens
cannot forage freely during rearing confinement; there-
fore, their diet is provided to them and consists of sugar
solution, which serves as a source of carbohydrates, and
pollen harvested from honey bee colonies, which pro-
vides proteins, lipids, and micronutrients (Figure 2).

One concern of feeding commercially reared bumble-
bees honey beeecollected pollen is pathogens in pollen.
Honey beeecollected pollen can be contaminated with
viruses (e.g. black queen cell virus and deformed wing
virus), bacteria (e.g. Paenibacillus larvae, the causative
agent of American foulbrood), fungi (e.g. Ascosphaera
apis, the causative agent of chalkbrood disease), Micro-
sporidia (e.g. Nosema spp.), and protozoa (e.g. Crithidia
spp.) [9e12]. Pathogens found in honey beeecollected
pollen can infect bumblebees, which may pose a risk of
transmission among managed and wild bee populations

[9,10,13e18]. Although our understanding of the
impact of pathogens on bee health is best characterized
in managed bees [19,20], much remains unknown about
their effects on several thousand species of wild bees
[13,21e24]. As pathogens are a leading contributor to
declining populations of both managed and wild bees
[25e27], there is a precedent for mitigating infection
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and transmission in honey beeecollected pollen provi-
sioned to commercial bumblebee colonies.

Challenges and potentially disruptive pollen
sterilization technologies
Reducing the incidence and spread of pathogens among
bumblebee colonies reared commercially is a priority for

producers. Goulson and Hughes [3] illustrate critical
control points in the flow of pathogens among managed
bees where abatement is possible and that could reduce
transmission to other bees. Honey beeecollected pollen
is a point for control in this scheme [3]. The most
common approach to sterilizing pollen is exposure to
gamma irradiation [28]. Although effective, there are
drawbacks to this technology (see the following sec-

tion). Limitations of gamma treatment prompt explo-
ration of alternative technologies, especially those used
in the medical device and food production sectors
(Table 1), for their efficacy in inactivating bee patho-
gens. Before technologies are adopted to treat honey
beeecollected pollen, studies should establish effective
doses and determine whether there are adverse effects
on nutritional quality and associated dietary microbiota
[29e32].

Biological surrogates and complementary techniques to
optimize sterilization processes for honey bee–collected
pollen
Researchers have historically approached sterilization
efficacy through biological surrogates, such as Bacillus
spp. endospores [33e35] or oocysts of waterborne pro-
tozoa [36,37]. Biological surrogates are innocuous mi-
crobes exhibiting greater resistance to applied
inactivation stresses and provide a safe substitute over
intended target pathogens for validating sterilization
processes [38]. For example, a biological surrogate is
exposed to conditions of a sterilization process, and the
inability of the surrogate to grow in culture after treat-
ment confirms the process is effective. Biological sur-
rogates used in the food safety and healthcare sectors
could serve as calibrators for adapting sterilization pro-

cesses against complex pathogens that affect bees
[39,40]. Biological surrogates would help resolve factors
mediating inactivation of target pathogens, such as
highly infectious P. larvae spores. These factors are
multifaceted and include operational (e.g. applied
dosage, system configuration, nonthermal modality),
environmental (e.g. temperature, pH, water activity),
and biological considerations (e.g. amount of organic
matter, diversity and abundance of parasites present,
inclusion of recalcitrant life stages) [41,42]. The addi-
tion of highly sensitive and specific molecular tech-
niques, such as quantitative polymerase chain reaction

(qPCR), and cell culture could complement the use of
surrogates and permit reliable post-treatment quantifi-
cation of the pathogen load and reduction in viability
and infectivity [38,41]. The appropriateness of com-
plementary in vitro systems will depend on the cell line
selected. In the case of bees, demonstrating inhibition
of infectivity and growth of treated pathogens using cell
lines established from bee tissues could be highly useful
[43]. Moreover, modeling inactivation kinetics of
treated-bee pathogens by flow cytometry would help
evaluate sterilization modalities as it will provide real-

Figure 1

An early stage in the development of a bumblebee colony reared artificially.
A queen incubates the brood raised atop a mass of honey bee–collected
pollen. Two of the first workers have emerged to the adult stage and will
assist the queen in caring for the brood. Photo Credit: Elaine Evans.

Figure 2

Collected pollen dislodged from the corbicula of honey bee foragers that
have returned to their colony. A pollen-trapping device placed on the
colony restricts the passage of returning pollen foragers into their nest,
causing the pollen to become dislodged from their corbiculae. Significant
quantities of pollen ‘pellets’ are harvested using this mechanism. Trapped
pollen is the primary source of nutrition for rearing bumblebees. Photo
Credit: University of Minnesota Bee Laboratory.
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Table 1

Properties of different decontamination approaches considered for treating honey bee–collected pollen.a

Process considerations Hydrogen peroxide
vapor (VH2O2)

Ethylene oxide (EO) Pulsed UV light Moist heat Electron beam Gamma irradiation

Methodology Penetration of sterilant
gas

Penetration of sterilant
gas

Surface irradiation Penetration by uniform
heating

Ionizing energy from
electron beam

Irradiation using photons
from radioisotopes

Efficacy of process Efficacy confirmed by
biological indicators
and/or process
monitoring

Efficacy confirmed by
biological indicators
and/or process
monitoring

Variable, but efficacy
confirmed by
biological indicators or
dosimetry

Efficacy confirmed by
biological indicators
and/or process
monitoring

Efficacy confirmed by
biological indicators

Process parameters
confirmed using
dosimetry

Penetration Limited penetration; gas-
permeable packaging/
product design
required

Gas-permeable
packaging and
product design
required

Limited penetration Suitable for treatment of
packaged products
but depends on
material sensitivity

Efficient penetration at
bulk densities
between 0.05 and
0.03 g/cc

Penetration at high
densities (>0.4 g/cc)

Material compatibility Good material
compatibility except
cellulose-based
materials

Broad material
compatibility

Broad material
compatibility

Broad material
compatibility, but heat
can affect nutrients in
pollen

Negative effects are less
pronounced or
eliminated based on
packaging.

Broad material
compatibility except
plastics such as
acetals, PTFE,
polypropylene

Turnaround time One-day processing Conventional treatment
requires 9–10 days.

Relatively short,
typically �1 h
depending on the
dose

Relatively short,
typically �1 h

Very short, several
minutes depending on
the dose

Relatively short, several
hours depending on
the dose

Process Complex process that
introduces VH2O2

under vacuum or
aerosol

Complex process;
variables include time,
temperature,
humidity, and [EO].

Simple, rapid process;
delivery of UV (J/cm2)
in an enclosed
chamber

Simple, rapid process;
duration depends on
time, temperature,
and RH.

Complex process;
variables include scan
height, processing
speed, number of
passes, beam-
product alignment

Simple process;
variables include time
and isotope load.

Putative mechanisms of
pathogen inactivation

Potent oxidizer of
proteins, but
mechanism is not fully
understood.

Proteins, enzymes, and
nucleic acid alkylation
(targets sulfhydryl
groups)

Irreversible damage to
RNA affecting
replication and
infection

Thermal aggregation of
viral nucleocapsid and
membrane proteins

Extensive degradation
of RNA and DNA —

but yet to elucidate
mechanisms properly

Extensive degradation
of RNA and DNA
molecules

Limitation Complex process
requiring monitoring
and control, not for in
situ application

Toxic residuals
(carcinogenic and
teratogenic), not
recommended for in
situ

Operator safety due to
UV exposure, shading
issues, can be used in
situ

Limited by thermal
sensitivity of materials
(e.g. pollen)

Not often used in situ but
more as an external
contract service

Adversely affects
material, not
recommended for in
situ

PTFE, polytetrafluoroethylene; RH, Relative humidity.
a Modified from the study by McEvoy and Rowan [31*].
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time cellular and molecular mechanistic information
underpinning the killing process [35,44].

Gamma irradiation
Although various sterilization technologies are applied
toward mitigating pathogens found in honey beee
collected pollen and equipment, gamma irradiation
using cobalt-60 is the current standard [28]. Gamma
irradiation causes irreparable breaks in nucleic acids and
has been reported to inactivate several bee pathogens,
including some but not all bee viruses [45e48]. Gamma

treatment has been evaluated as safe for food production
for more than 30 years (US Food and Drug Administra-
tion; URL: https://fda.gov/food/buy-store-serve-safe-
food/food-irradiation-what-you-need-know), and direct
exposure of bees or nest materials does not affect bee
survivorship [28,49]. Gamma treatment improves food
safety and extends the shelf life by reducing or elimi-
nating microorganisms. Furthermore, treatment does
not make foods radioactive, compromise nutritional
quality, or noticeably change taste, texture, or appear-
ance (US Food and Drug Administration; URL: https://

fda.gov/food/buy-store-serve-safe-food/food-irradiation-
what-you-need-know). Gamma irradiation facilities can
accommodate large batch sizes, and treatment is
compatible with high-density materials, with excellent
penetration into nonuniform packaging [33]. However,
treatment must be conducted at regulated facilities,
requires relatively long processing periods (hours), and
potentially degrades products through the release of
heat. Owing to the shortage of cobalt-60 supply, medical
devices are given priority for gamma treatment, making
it prudent to investigate alternative approaches for

pollen sterilization.

Hydrogen peroxide in vapor form
Vaporized hydrogen peroxide (VHP) is an environmen-
tally gaseous process used for sanitation of hospitals and
health-care facilities [51,49]. The mode of action stems
from the generation of free hydroxyl radicals that cause
oxidation of DNA, proteins, and lipids [52]. It is effec-
tive against adenovirus and avian flu virus [53] and
sporicidal when distributed evenly into areas where
manual cleaning is impractical [54]. There are two types
of VHP sterilization: exposure to 30e35% vapor pro-
duced by heating hydrogen peroxide (H2O2) or evapo-

ration of H2O2 droplets from a 5e7% aerosol. These
treatments have long been explored for use in factories
for packaging and machinery sterilization [55] and
decontamination of meat processing facilities, with
varying, but potential, efficacy, against Listeria mono-
cytogenes [51]. VHP is most efficacious on inanimate
objects but would likely be unsuitable for pollen treat-
ment as exposure to condensate or heat (55e60 �C)
would cause structural damage to pollen [55] and
nutrient degradation (Eakins and Rowan, personal
communication, December 9, 2020).

Moist heat
Moist heat uses either plant, process, or pure steam [56]
and is used in the pharmaceutical industry for vaccine
and medical device sterilization and in the food industry
for pasteurization. Most vegetative microorganisms are
inactivated between 55 and 65 �C using moist heat, with
more resistant microbes and spores requiring tempera-
tures �70 �C and 100 �C, respectively, to achieve
inactivation [56]. Owing to pollen’s organic nature and
denaturation of matrix proteins at >60 �C [57], moist
heat could be an obstacle, but further investigation is

warranted. As mentioned previously, pollen will form a
dough-like mass after exposure to condensate, which
may provide opportunistic microbes a substrate for
growth that leads to nutrient degradation and spoilage.
Studies should determine if bees are attracted to pollen
treated with moist heat.

Ethylene oxide gas
Ethylene oxide (EO) is a gaseous process traditionally
used for sterilization of spices and now predominately
for medical devices [58,59]. EO effectively diffuses
through solid matter without causing damage to heat- or
moisture-sensitive materials [58,60]. EO is an explosive,

highly flammable gas and is highly toxic, carcinogenic,
and mutagenic. It is an alkylating agent that interacts
with biomolecules, such as nucleic acids and proteins.
The addition of alkyl groups to these structures pre-
vents regular cellular activity and inhibits microbial
reproduction [61]. The compatibility of EO with
moisture-sensitive products is of potential interest for
pollen treatment. However, the generation of toxic by-
products, such as ethylene glycol, when EO interacts
with water, would require further safety considerations
[58,61]. Other potential drawbacks of EO include cost

and cycle length [58]. Despite the compatibility with a
broad range of materials, this modality will likely be
reduced or replaced because of ongoing environmental
and sustainability considerations.

Pulsed UV light
Pulsed UV (PUV) technology dissipates stored energy in
ultrashort bursts of broad-spectrum light. Currently, PUV
is used for high-throughput sterilization of packaging for
the food industry [38]. PUV inactivates various complex
pathogens [39,40], including those associated with bees
[62]. Brief PUVexposure reduces the viability of surrogate
oocysts of the trypanosome Cryptosporidium parvum [37]
and the trypanosome Crithidia bombi, a common

bumblebee parasite [62]. PUV is considered nontoxic and
environmentally friendly based on an increased under-
standing of the relationship between the UV dose and
inactivation of cellular mechanisms [38,41,63]. PUV can
be delivered from a fixed source in situ or in an adjustable
configuration via a handheld device to achieve maximum
exposure; however, penetration depth is limited by
nontarget materials obstructing the flow of UV radiation
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[38]. These drawbacks could restrict usage to surface
disinfection, but PUV has several advantages compared
with gamma irradiation, including in situ application and
relatively short processing time. Further studies are
required to determine the potential of PUV for pollen
sterilization.

Electron beam
High-energy electrons emitted from an accelerator
(E-beam) are an alternative to gamma irradiation
[33]. E-beam operates through standard electricity,

negating the need for radioactive isotopes [33], and is
a continuous process technology for sterilizing medi-
cal devices and pharmaceuticals [64]. E-beam reduces
bacterial pathogens on fresh foods, including Bacillus
cereus endospores using doses of 3.65 kGy (broccoli)
and 4.8 kGy (red radish) [65]. It also reduces porcine
epidemic diarrhea virus in contaminated feed [66]
and causes minimal changes to powdered infant for-
mula [67]. E-beam lacks the penetrative power of
gamma sterilization, and as an in situ process, there is
potential for recontamination of treated products

during redistribution [65]. Despite these drawbacks,
E-beam has several advantages compared with gamma
irradiation and includes short exposure periods (mi-
nutes), fast cycle time, flexible batch size, even dis-
tribution of dose, simple validation, no quarantine,
and real-time monitoring. Rapid processing of low-
density materials and greater operational flexibility
can make E-beam a cost-effective approach for pollen
treatment.

Conclusions
Development and application of effective, nonthermal
sterilization of contaminated pollen would be a poten-
tially powerful tool to help sustain the health of com-
mercial bumblebee stocks and reduce pathogen
transmission to other managed and wild bees. Currently,

there is a lack of efficacy data for emerging sterilization
technologies, and research that addresses the complex
morphology and culture requirements of bee pathogens
is needed. This review highlights the potential benefits
of alternatives to gamma irradiation for pollen treat-
ment, but additional studies should address appropriate
dosage, treatment configurations, and mechanistic in-
formation underpinning cellular and molecular damage
to pathogenic microorganisms and viruses. There re-
mains a reliance on using live bees to confirm treatment
effect; however, advances in in vitro diagnostics may

enable surrogate approaches as a screening tool. Novel
processes will be informed by applying technology,
policy, and society readiness level framework that con-
siders the intended environment and sustainability of
innovation. Ultimately, the deployment of sustainable
decontamination technologies to treat honey beee
collected pollen used to rear bumblebees would

contribute a vital countermeasure to reduce pollinator
decline.
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Introduction 

Man y medical de vices are supplied as sterile for safe patient care 
(McEvo y and Ro wan 2019 ). The global sterilization services mar- 
ket is projected to reach USD 5.5 billion by 2026, growing at a 
compound ann ual gr o wth rate (C AGR) of 6.0%, primaril y dri v en 
by increasing surgical procedures, the prevalence of hospital- 
acquired infections and increased outsourcing of sterilization 
services (Anon 2021 , McEvoy et al . 2021 ). A sterilization process 
may be defined as a “series of actions or operations needed 
to achieve the specified requirements for sterility” ( ISO 2018 ). 
Sterility is not an absolute; therefore, it must be predicted and 
expressed in terms of the pr oba bility of achieving the inacti v a- 
tion of microbial and other infectious agents post-sterilization 
tr eatment (McEv o y and Ro w an 2019 ). Mor eov er, the underpin- 
ning sterility assurance level (SAL) is defined as the ’probability 
of a single via b le micr oorganism occurring on an item after ster- 
ilization’ ( ISO 2018 ). A sterilization process is validated whereby 
a pre-determined SAL is demonstrated through a series of pro- 
cess ev aluations (McEv o y and Ro wan 2019 ). In accor dance with 
ISO14937:2009, microbicidal effectiveness must be established 
such that it is plausible to predict the probability of a defined 

r esistant micr oorganism survi ving exposur e to a defined tr eat- 
ment. 

In radiation processing, validation is performed through ver- 
ification of the appropriateness of a delivered dose of sterilant 
to inacti v ate the micr oorganisms occurring on medical devices, 
where it is assumed that the commensurate microbial inactiva- 
tion kinetics have been demonstrated as first order (Tallentire et 
al . 2010 , Tallentire and Miller 2015 , Hansen et al . 2020 ). Such first- 
order microbial inactivation has been demonstrated through the 
dose-related killing of Bacillus pumilus as a r e pr esentati v e chal- 
lenge microorganism. The best evidence indicates that nucleic 
acids are the main target of biocidal action for some steriliza- 
tion modalities, such as radiation and ethylene oxide where 
first-order relationships can occur (Mosley 2003 ). Biological indi- 
cators (BIs) are employed to demonstrate microbicidal efficacy 
in gaseous and vapour sterilization processes such as ethylene 
oxide, steam, and vaporized hydrogen peroxide (VH 2 O 2 ) pro- 
cesses. BIs are enclosed in process challenge devices (PCDs) dur- 
ing the validation of industrial sterilization modalities to provide 
sufficient resistance to the applied process (Shintani 2017 ). 

With VH 2 O 2 processing, a BI-containing Geobacillus stearother- 
mophilus is selected and validated, due to its higher endospore 
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r esistance (D-v alue) compar ed to the bioburden that contami- 
nates medical devices, which is carried out in accordance with 
ISO14937:2009 and ISO22441:2022. A D-value is defined as the 
exposure time to achieve a one-log reduction in the treated 
microbial population using a fixed dose of sterilant (McEvoy et 
al . 2021 ). Using what is typically an ’overkill’ validation method 
in terms of the applied sterilant dose, a sterilization process is 
performed at ’half-cycle’ parameters where full lethality of the 
tr eated BI is achiev ed that encompasses a minim um of 6-log 
reduction. Sterilant exposure is then doubled to achieve a theo- 
retical 12 log reduction, where the additional 6-log reduction is 
extrapolated where it is assumed that inactivation follows first- 
order linear kinetics. Such a 12D process can be approximated 
based on an understanding of inacti v ation kinetics on a semi- 
logarithmic plot when the sterilizing conditions (i.e. process 
temper ature , RH, and VH 2 O 2 concentration) remain consistent 
for the duration of the exposure time (McEvoy and Rowan 2019 ). 
While, international sterilization standards such as ISO14937 
r equir e the esta b lishment of the ‘mathematical r elationship 
defining the microbial inactivation’, first-order log-linear micro- 
bial inacti v ation kinetics ar e often assumed to achiev e pr e- 
dictability, allowing for the extrapolation to the desired SAL. 
Gi v en the criticality of extrapolation to a desired SAL, the thresh- 
old for linearity, as determined by the coefficient of determina- 
tion ( R 2 ) of the survi v or curv e, should not be less than 0.8 ( ISO 

2019 ). 
However, it has been previously demonstrated that first- 

order linear inacti v ation-type kinetic data may not be r eadil y 
ac hieved, suc h as when micr oorganisms ar e exposed to r ela- 
ti v el y mild inacti v ation conditions that can str ess-harden these 
microorganisms to subsequent lethal applied doses of the same 
or differ ent pr ocessing str ess, which can yield a low number of 
survi v ors (Row an 1999 , Row an et al . 2007 , Bradley et al . 2012 , 
Garvey et al . 2015 , Fitzhenry et al . 2019 , Rowan 2019 ). Under 
such non-linear conditions that can be experienced using non- 
thermal food processing technologies, inactivation kinetic data 
curves can exhibit pronounced initial shoulders, extended tails, 
or sigmoid curves that are challenging to fit the primary data 
(Rowan et al . 2015 ). Non-linear inactivation has been previ- 
ousl y r e ported for VH 2 O 2 tr eatments, wher e the phenomenon of 
biphasic inacti v ation w as described, which w as being attributed 
to a number of potential sources including micro-condensation 
(Unger-Bimczok et al . 2008 , Dufresne and Richards 2016 ), and 
the physiological factors associated with the treated BIs (Agal- 
loco and Akers, 2013; Shintani 2014 ). However, the cellular 
and molecular mechanisms underpinning the VH 2 O 2 -mediated 
destruction of bacterial endospores remain to be fully under- 
stood (Linley et al . 2012 , McEvoy and Rowan 2019 ). 

Pr evious r esear c hers hav e r e ported the use of chemical bio- 
cides that produced non-linear inactivation curves (Rowan et 
al . 2021 ) that were attributed to different theoretical models, 
namely, the ’vitalistic theory’ that describes the phenotypic vari- 
ation of microorganisms (Cerf 1977 , Humpheson et al . 1998 , 
Stone et al . 2009 ) and the ’mechanistic theory’ that describes 
influencing factors that were associated with the applied steril- 
ization process. The latter theory encompasses concepts such as 
super dormanc y, biocide quenching, microorganism clumping, 
and biocidal action itself as possible contributing sources under- 
pinning non-linear sterilization pr ocessing (J ohnston et al . 2000 , 
Lambert and Johnston 2000 , Dhar and McKinney 2007 , Shintani 
2014 ). 

Pr evious r esear c hers hav e also r e ported on the use of pr e- 
dicti v e micr obiology to addr ess non-linear inacti v ation kinetic 
plots by applying various mathematical models that reflect the 

shape of different curves such as Weibull, Hom, and Gompertz 
(Lambert and Johnston 2000 , Geeraerd et al . 2005 , Coroller et al . 
2006 , Stone et al . 2009 , Bevilacqua et al . 2015 ). Effecti v e mod- 
eling of microbial inactivation arising from physical, chemical, 
or gaseous treatment modalities typically requires the plot to 
encompass a 6-log reduction in microbial count (or survival 
ratio) versus time data (Buzrul 2017 ). This is important as a dose- 
r esponse curv e is necessar y to addr ess the potential occurr ence 
of micr obial v ariance and possib le r esistance to the applied 
stress that may exhibit different inactivation shapes, which can 
be interpr eted thr ough a mathematical best-fit (Garre et al . 2020 , 
Feurhuber et al . 2022 ). Additionally, numerous log reductions of 
treated BIs are required to effectively interpret and fit the inacti- 
vation plots (Rowan et al . 2015 , Rowan 2019 ), which also supports 
international standardization of processes. 

Thus, this constitutes the first detailed study to r e port on 
the inacti v ation kinetics of G. stearothermophilus spor es that wer e 
subjected to VH 2 O 2 treatment in an industrial sterilization pro- 
cess. Inacti v ation kinetic data for Bacillus atr ophaeus w ere also 
determined using similar VH 2 O 2 treatments to establish if first- 
order kinetics produced are specific to the treated microorgan- 
ism. The impact of sterilant residues was elucidated to estab- 
lish that the observed VH 2 O 2 -mediated inacti v ation w as solel y 
attributed to the sterilization process. In addition, scanning 
electr on micr oscopy w as employed to determine if a uniform 

monolayer of dispersed BI spor es occurr ed during VH 2 O 2 tr eat- 
ments where this occurrence provides additional insights into 
the potential impact of this sterilization process on treated 
endospore morphology. 

Materials and methods 

PCD prepar a tion 

PCDs were prepared by placing a BI of G. stearothermophilus (ATCC 

12980) steel coupon (STERIS, Mentor, USA, Lot: AH-126) along 
with a Sterafirm VH2O2 chemical indicator (STERIS, Mentor, OH, 
USA,) into a 10 ml Luer lock syringe (Becton Dickinson, Franklin 
Lakes, NJ, USA) with a 15 cm flexible PVC lumen (3.5 mm inter- 
nal diameter) attached. A PCD with a 15 cm lumen was deter- 
mined to be an appropriate challenge following initial trials with 
lumens of various lengths (unpublished data). The syringe was 
sealed [150 ◦C [ + / −2 ◦C], 40 psi [ + / −5 psi] for 1 s] within a vented 
foil pouch (Nelipak, Ireland) (Fig. 1 ). Similarly, PCDs containing 
a BI of B. atrophaeus (ATCC 9372) steel coupon (MesaLabs, Boze- 
man, USA, Lot AG-022) were prepared by placing into a 10 ml luer 
lock syringe with v ar ying lengths of flexible PVC lumen for PCD 

evaluation. 

Inactiv a tion of Geobacillus stearothermophilus PCDs with 

VH 2 O 2 

PCDs were fixed to the VH 2 O 2 loading cart using Sellotape; there- 
after, the cart was loaded to the industrial LTS-V VH 2 O 2 steril- 
izer (STERIS, Mentor, USA) that had a chamber volume of 2025 
l. VH 2 O 2 processing was performed in the chamber supplied 
with 35% Vaprox sterilant (STERIS, Mentor, OH, USA). A stan- 
dardized VH 2 O 2 process consisting of the parameters of 35 ◦C, 
minim um v acuum 4 millibars, and 5-pulse aeration was devel- 
oped (Fig. 2 ). Sterilant concentration varied by injection of a fixed 
number of pulses (from one to a maximum of five pulses), each 
with appr oximatel y 5 mg l −1 VH 2 O 2 . Following processing, PCD 

samples wer e r emov ed, and BI coupons wer e en umerated and 
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Figure 1 PCD comprising of a chemical and biological indicator placed into a 10 ml syringe with 15 cm lumen length (left), which is then sealed inside a SteriVent 

pouch with a Tyvek window (right). 

Figure 2 Schematic of the pr essur e and r elati v e humidity (RH) profile of a 5-pulse VH 2 O 2 process. Parameters: chamber pr essur e ( — ); chamber RH ( — ). 
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imaged by Scanning Electron Microscopy, while chemical indi- 
cators wer e visuall y examined for colour c hange . VH 2 O 2 inacti- 
v ation cycles wer e performed for both micr oorganism types and 
in triplicate for each survi v or curv e data point. To generate suffi- 
cient data points to meet a first survi v or curv e, 10 r e plicates (BIs) 
were used in each of the 1–5 pulse cycles. The number of repli- 
cates was reduced to 7 in the second and third VH 2 O 2 processing 
runs. 

Inactiv a tion of Bacillus atrophaeus PCDs with VH 2 O 2 

PCDs of v ar ying lumen lengths (15, 20, 25 cm) were trialled 
using v ar ying combinations of sterilant pulses and survi v or 
gr owth w as en umerated to compar e with kinetic inacti v ation 
data achieved using G. stearothermophilus PCDs. Thus, following 
the selection of an appropriate PCD, a survivor curve was gen- 
erated by exposure to varying pulses of VH 2 O 2 (1–5 pulses), in 
triplicate. A total of seven replicates (BIs) were used for each sur- 
vi v or curv e data point. Re pr esentati v e samples during VH2O2 
tr eatments wer e also r ecov er ed for ima ging by SEM. 

Enumer a tion of biological indicators 

Geobacillus stearothermophilus enumeration 
G. stearothermophilus BIs wer e ase pticall y r emov ed fr om packa g- 
ing and transferred into individual sterile glass test tubes con- 
taining 10 ml sterile purified water, which were then sonicated 
(Transsonic T890, Germany) for 25 min at 35 kHz. After sonica- 
tion, 1:10 serial dilutions were prepared in sterile purified water. 
Selected dilutions were pour plated in duplicate in Tryptic soy 
agar (TSA; Biokar, F r ance) cooled to appr oximatel y 45 ◦C. Solidi- 
fied plates were incubated inverted at 55–60 

◦
C for 48 h (48 h was 

determined in pre-study trials to be an appropriate incubation 
period for the BIs being tested following fractional treatment 
with VH 2 O 2 ), after whic h plates w ere counted. For eac h treat- 
ment point, catalase was used to esta b lish if any r esidual VH 2 O 2 

w as a bsorbed onto the carrier to consider if this had any detri- 
mental effect on spore viability, where studies were conducted 
in triplicate. Tubes of sterile dH 2 O were replaced with Phosphate 
Buffer Saline (pH 7.1–7.5, Sigma Lifescience Ireland) containing 
0.2 mg bovine li v er catalase (2000–5000 units/mg protein; Sigma 
Aldrich, Germany) as similarly described by the method of Malik 
et al . 2013 . 

Bacillus atrophaeus enumeration 
B. atrophaeus BI coupons (MesaLabs, Apex discs GRS-090) were 
ase pticall y r emov ed fr om packa ging and transferr ed into indi- 
vidual sterile glass test tubes containing 5 ml sterile Tween-80 
(0.1%) and four 6 mm sterile glass beads. Tubes were sonicated 
for a minimum of 3 min at 35 kHz followed by vortexing for 
a minimum of 5 min. Then 5 ml of sterile purified water was 
added and tubes were vortexed for an additional 30 s. There- 
after, 1:10 serial dilutions wer e pr e par ed in sterile purified water 
and selected dilutions were pour plated in duplicate in TSA 

(Biokar, F r ance) cooled to appr oximatel y 40 ◦C. Solidified plates 
were incubated at 30–35 ◦C for 48 h, after which plates were 
counted. 

Microbial inactivation kinetic data determination and statistical 
analysis and statistics 
Micr obial survi v or curv es wer e generated by plotting the loga- 
rithm of the survi v or fraction (log 10 N / N o ) against the number 
of pulses of VH 2 O 2 (or VH 2 O 2 concentration); wher e N o r e pr e- 
sents untr eated spor es and N r e pr esents the survi ving fraction 

of VH 2 O 2 -tr eated spor es. By using the ideal gas law ( pV = nRT ), 
VH 2 O 2 concentration was calculated for each pulse. Survi v or 
curv es wer e generated se paratel y for both BIs using triplicate 
VH 2 O 2 pr ocessing runs. Micr obial survi v or curv es wer e also gen- 
erated for the treated G. stearothermophilus , where catalase was 
used to determine the impact of sterilant residue on spore inac- 
ti v ation. Regr ession anal yses wer e performed and the av era ge D- 
v alues wer e calculated fr om the slope of VH 2 O 2 -generated sur- 
vi v or plots (ISO 11138–7:2019) for each treated BI. Statistical anal- 
ysis was conducted to determine the impact of VH 2 O 2 residues 
on spor e via bility via Minita b softw ar e using t -testing at the 95% 

confidence level (alpha of 0.05). 

Scanning electron microscopy 
Non-destructi v e SEM EDX (Energy Dispersi v e X-ray) anal ysis w as 
performed using a TESCAN SEM (Brno, Czech Rep.) with an EDX 

detector for elemental profiling set at 20 keV. Stainless steel BI 
specimens were mounted onto aluminium sample stubs coated 
with a surface adhesi v e to hold them in place. Images were 
obtained at 10 000 × and 40 000 × and examined for structural 
modification following treatment with VH 2 O 2 . 

Results 

Inactiv a tion of Geobacillus stearothermophilus spores 
using VH 2 O 2 treatments 

Findings r ev eal that the spore populations of G. stearother- 
mophilus w ere gr adually decreased following treatments with 1– 
5 pulses of VH 2 O 2 , as shown in Fig. 3 . The microbial inactivation 
plot follows a first-order linear kinetic shape where the R 2 coeffi- 
cient was measured at 0.91. Moreover, the number of recovered 
BIs ( n ) has also declined with an increased number of applied 
VH 2 O 2 pulses (Ta b le 1 ). For example, all G. stearothermophilus BIs 
wer e r ecov er ed (96.83%) after 1-pulse cycle, while onl y 15.24% of 
BIs were recovered after a 5-pulse cycle. 

The rapid inacti v ation of BI spor es corr esponds to the 
increasing sterilant concentration from zero to 1 pulse (Fig. 3 ). 
Subsequent examination of the pulse duration r ev ealed that 
not all pulses were of equal duration or sterilant concentra- 
tion. This is attributed to how the sterilizer controls the pro- 
cess: as part of the preconditioning step prior to sterilant injec- 
tion, r elati v e humidity (RH) is r educed to a lev el of 0.0%–0.1% 

RH. In the first pulse, the sterilant is injected from this start- 
ing RH and a vacuum set-point of 4 millibar (mb) to a con- 
trol endpoint of 80% RH. However, for all other pulses there- 
after, vacuums are pulled to a set-point of 4 mb, but RH does 
not reduce to zero as there are no additional preconditioning 
steps. With each vacuum, RH reduces to a typical value of 46%– 
56% RH. Consequently, with an injection set-point of 80%, the 
injection on pulses after pulse 1 is less (delta injection of only 
34%–24% RH), with less sterilant and less ov erall exposur e time. 
Thus, when accounting for this variance in sterilant concentra- 
tion by pulse, inacti v ation plotted a gainst sterilant concentra- 
tion r ev ealed an impr ov ed linearity v alue of R 2 = 0.98 (Fig. 4 ). The 
appear ance of c hemical indicators is shown in Fig. 5 , demon- 
str ating VH 2 O 2 penetr ation of the 15 cm lumen PCD after tw o 
pulses. 

Effect of residual VH 2 O 2 on the survivor curve 

During the pr e paration of the initial VH 2 O 2 -mediated survi v or 
curve for G. stearothermophilus , a second set of samples was 
enumerated with the incorporation of catalase as a sterilant 
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Figure 3 Survi v or curv e of G. stearothermophilus following treatment with pulses of VH 2 O 2 . G. stearothermophilus log surviving fraction in a 15 cm PCD ( �) with vertical 
error bars showing standard deviation of N / N o ; calculated VH 2 O 2 concentration (mg l −1 ; •; values also shown) with error bars showing standard deviation of sterilant 
concentration; linear fit for G. stearothermophilus 15 cm PCD ( •••). 

Ta ble 1 Per cent r ecov er y of G . stearothermophilus and B . atrophaeus BI spores follo wing treatment with 1–5 pulses of VH 2 O 2 sterilant. 

Biological indicator Number of pulses ± SD Av era ge exposur e time (min) 
Recov er ed biological indicators from triplicate 

runs (%) 
Run 1 Run 2 Run3 Av era ge 

G. stearothermophilus 1 8.59 ± 0.49 100.00 100.00 90.48 96.83 
2 14.86 ± 0.66 90.00 100.00 82.38 90.79 
3 20.64 ± 0.36 70.00 100.00 90.00 86.67 
4 27.00 ± 0.50 30.00 71.43 38.57 46.67 
5 32.63 ± 0.70 20.00 14.29 11.43 15.24 

B. atrophaeus 1 9.35 ± 1.01 100.00 100.00 57.14 85.71 
2 15.07 ± 1.22 100.00 100.00 100.00 100.00 
3 23.78 ± 1.29 42.86 42.86 42.86 42.86 
4 30.01 ± 2.18 42.86 57.14 71.43 57.14 
5 35.88 ± 2.53 85.71 28.57 14.29 42.86 

Note: Pulses also expressed as average exposure time from triplicate runs. 

Figure 4 Survi v or curv e of G . stearothermophilus follo wing tr eatment with incr emental doses of VH 2 O 2 sterilant. G. stearothermophilus log survi ving fraction in a 15 cm 

PCD ( �); linear fit for G. stearothermophilus 15 cm PCD ( •••). Vertical error bars show standard deviation of N/N o ; horizontal error bars show standard deviation of 
sterilant concentration. Data labels show sterilant concentration (mg l −1 ) and corresponding pulse number. 
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Figure 5 The appearance of untreated chemical indicator (0) and chemical indicators treated in 1, 2, 3, 4 and 5 pulse cycle. The labels 0–5 stand for the number of 
pulses used in the cycle. Chemical indicators used with G. stearothermophilus (top) were placed in the 15 cm PCD, while chemical indicators used with B. atrophaeus 
were placed in a 25 cm PCD (bottom). 

quencher. Samples treated with catalase r ev ealed that ther e w as 
no statistical difference in these treatments ( P > .05). It was 
noted that even if hydrogen peroxide had absorbed onto the BI 
carrier, this did not affect the VH 2 O 2 -tr eated spor e via bility. 

Inactiv a tion of Bacillus atrophaeus with VH 2 O 2 

Following the esta b lishment of a micr obial survi v or plot using G. 
stear othermophilus , a r ange of PCDs containing B. atr ophaeus w ere 
evaluated to find one appropriate for generating an appropriate 
measura b le inacti v ation data plot ov er the r equir ed range of 1–5 
pulses of VH 2 O 2 . The tested PCD types were as follows: syringe 
with 15, 20, 25, and 30 cm lumen length. First, all trialled PCDs 
were subjected to a 1-pulse cycle to esta b lish the initial reduc- 
tion in population and compared with the results obtained for G. 
stearothermophilus after 1-pulse cycle (Fig. 6 ). PCD with a lumen 
length of 30 cm was excluded from further analysis as it was 
deemed to be too technically challenging, whereas B. atrophaeus 
BIs in the shorter lumen length PCDs were enumerated following 
a 3-pulse cycle for lumen lengths of 15 and 20 cm, and a 4-pulse 
cycle for PCDs of 25 cm to determine their capacity to survi v e 
extensi v e VH 2 O 2 tr eatment wher e these wer e compar ed with G. 
stearothermophilus data sets. As shown in Fig. 6 , a PCD comprising 
of 25 cm lumen was found to closely match the established inac- 
ti v ation plot of G. stearothermophilus . Other lumen lengths were 
found to be either too challenging that r equir ed many pulses 
to achieve an inactivation plot over the 6-log regime or were 
deemed to be not sufficiently challenging as reflected in achiev- 
ing inacti v ation after too few pulses to generate a clear microbial 
kinetic plot. 

A survi v or inacti v ation plot w as generated using the PCD 

of 25 cm lumen with B. atrophaeu s, (Fig. 7 ), where surviv- 
ing BI fractions were plotted using the delivered sterilant 
concentration per pulse over the range of 1 to 5 pulses 

that were shown to exhibit log 10 linear inacti v ation shape 
( R 2 coefficient, 0.93). The colour change of chemical indica- 
tors r etriev ed fr om this same VH 2 O 2 pr ocess is shown in 
Fig. 5 . 

D-v alue calcula tions of Geobacillus stearothermophilus 
15 cm PCD and Bacillus atrophaeus 25 cm PCD 

D-v alues wer e calculated fr om the inv erse of the slope of the 
survi v or curv e and summarized in Ta b le 2 . 

SEM of Geobacillus stearothermophilus and Bacillus 
atrophaeus treated with VH 2 O 2 

SEM images of untreated, VH 2 O 2 treated, and fully inactivated G. 
stearothermophilus and B. atrophaeus spores are shown in Fig. 8 . 

Upon visual observation of SEM images of the untreated 
and VH 2 O 2 -treated BIs, a w ell-distributed monolay er of spores 
was evident with no apparent change to the level of clump- 
ing or a ggr egation with r egard to the inacti v ation pr ocess 
(the number of H 2 O 2 pulses applied) (Fig. 9 ). Similar obser- 
v ations wer e made fr om SEM ima ges of B. atrophaeus BIs 
treated with fractional and sterilization doses of vaporized 
hydr ogen per oxide (VHP) and ethylene oxide gas (unpublished 
data). 

Discussion 

Following the esta b lishment of an appr opriate PCD and VH 2 O 2 

process, experimental studies were found to be very repeatable 
and were appropriate for producing a survivor plot of kinetic 
inacti v ation range using one to five pulses of VH 2 O 2 . As shown 
in Fig. 3 , a first-order log-linear inacti v ation w as observ ed for 

481



VH 2 O 2 inacti v ation of spores 7 

Figure 6 Survi v or inacti v ation plots of PCDs containing B. atrophaeus that wer e compar ed with similarl y tr eated G. stearothermophilus spor e populations. A range of 
PCDs containing pre-determined numbers of B. atrophaeus spores with differ ent degr ees of r esistance (15, 20, 25, and 30 cm lumen) were trialled to esta b lish a PCD 

with a level of resistance comparable to G. stear othermophilus . As shown on the figure: G. stearothermophilus , 15 cm PCD ( �); B. atrophaeus , 15 cm PCD ( � ); B. atrophaeus , 
20 cm PCD ( � ); B. atr ophaeus , 25 cm PCD ( �); B. atrophaeus , 30 cm PCD ( •); linear fit G. stearothermophilus , 15 cm PCD ( •••); linear fit B. atr ophaeus , 25 cm PCD (—). 

Figure 7 Survi v or inacti v ation plot of B. atrophaeus following treatment with VH 2 O 2 with increasing sterilant concentration. B. atrophaeus log surviving fraction in a 
25 cm PCD ( •); linear fit for B. atrophaeus in a 25 cm PCD ( •••). Vertical error bars show standard deviation of N/N o ; horizontal error bars show standard deviation contact 
time ( n = 3). Data labels show sterilant concentration. 

Table 2 Comparison of D-values and sterilization pr ocessing r equir ements, pulses of VH 2 O 2 r equir ed for pr ocessing of PCDs containing G. 
stearothermophilus and B. atrophaeus. 

Sterilization processing requirements G. stearothermophilus B. atrophaeus 

BI D-value (min) (Manufacturer claim) 1.4 0.3 
PCD 15 cm lumen 25 cm lumen 
D-value (min) 7.75 8.72 
12 SLR (Routine process time required for sterilization) (min) 93 104.64 
Av era ge pulse time from survivor curve (min) 7.24 7.90 
VH 2 O 2 Sterilization Process (Pulses of sterilant) ∗ 13 14 

∗VH 2 O 2 pulses are calculated based on 12 SLR time/average pulse time. Fractions of pulses are positively rounded to full integers. 

the BI, G. stearothermophilus contained in a PCD comprising of a 
10 ml syringe with a 15 cm lumen attached that was contained 
in a vented pouch. In compliance with ISO11138-7:2019, an R 2 

coefficient of determination greater than 0.8 was achieved. Fur- 
ther examination of the duration and concentration of sterilant 
deli v er ed in each VH 2 O 2 pulse r ev ealed that not all pulses were 
equal in these pr operties; ther efor e, the survi v or inacti v ation 
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Figure 8 SEM images (10k ×) of untreated B. atrophaeus and G. stearothermophilus , treated with five pulses and fully inactivated with VH 2 O 2 . Higher magnification (40k ×) 
also shown of selected samples. 

Figure 9 Count of G. stearothermophilus single spores ( �) and grouped spores ( ≥ 2; ) from SEM images (10 000 ×). Data are provided for untreated spores, fully inactivated 

spores, and spores treated in VH 2 O 2 cycles ranging from one to five pulses. 

data were re-plotted to log survivor versus sterilant concentra- 
tion that resulted in an improvement in R 2 of 0.98 (Fig. 4 ). This 
demonstrates the importance of esta b lishing the most appro- 
priate measure of ’sterilant dose’ when assessing inacti v ation. 
In this work, pulses are not equal due to how the process is con- 
trolled by the sterilizer with the inactivation of the spores being 
a consequence of sterilant concentration and exposure time, 
which is potentially under-appreciated in the field of steriliza- 
tion microbiology (McEvoy and Rowan 2019 ). The novel finding 
of the degree of linearity of the inacti v ation applies to industrial- 
scale sterilization with VH 2 O 2 and demonstrates the appropri- 
ateness of the use of validation methods such as half-cycle 

overkill as described in ISO14937:2009. The D-value for VH 2 O 2 

sterilant exposure time of 7.75 min (SD = 0.40) was calculated 
to deli v er 12 spor e log r eductions (or 12D), which is equi v alent 
to a SAL of 10 −6 in 93.00 min. With an av era ge exposur e time 
per pulse of 7.24 min, this equates to a routine sterilization 
process of 12.85 pulses. Similarly, D-value may be calculated in 
terms of sterilant concentration ( M = 5.84 mg l −1 ; SD = 0.22), 
and with an av era ge concentration per pulse of 5.78 mg l −1 , 
determined to r equir e a pr ocess of 12.12 pulses. Thus, to pr o- 
vide a SAL of 10 −6 to the described PCD a routine process of 13 
pulses must be programmed on the sterilizer. Furthermore, the 
demonstration of linearity also confirms that fractional methods 
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of D-value determination such as Holcomb–Spearman–Karber 
Pr ocedur e, Limited Holcomb–Spearman–Karber Pr ocedur e, and 
Stumbo–Murphy–Coc hr an Pr ocedur e may be applied ( ISO 2019 ). 

A range of PCDs w as ev aluated for B. atrophaeus by inter- 
preting the linked survivor kinetic data generated from VH 2 O 2 - 
treated G. stearothermophilus in this study (Fig. 6 ). Gi v en the lower 
D-value of the B. atrophaeus BI (D-value = 0.3 minutes) versus 
G. stearothermophilus BI (D-value = 1.4 min), a more challenging 
PCD was selected for survivor kinetic data plot generation: fol- 
lowing treatment with one and four pulses of VH 2 O 2 , a 25 cm 

lumen PCD containing B. atrophaeus was found to yield a similar 
inacti v ation as the 15 cm PCD containing G. stearothermophilus . 
A survi v or curv e w as constructed yielding an R 2 v alue of 0.93, in 
compliance of the r equir ements of ISO11138-7:2019. 

The type of sterilization process and associated experimen- 
tal conditions are significant factors that inform the r elia b le and 
r e peata b le linear destruction of BIs over a period of approx- 
imately 45 min in industrial-scale sterilization using PCDs. 
This contrasts with pr eviousl y r e ported studies wher e bipha- 
sic microbial inactivation kinetic plots were observed over much 
shorter durations of treatments such as within less than 5 min 
(Dufresne and Richards 2016 ). It is plausible that if the zero to 
one pulse range of this study was more closely examined in a 
BI ev aluation r esistometer (BIER) in the absence of a PCD, non- 
linear inacti v ation may potentiall y be observ ed: this is due to 
the inacti v ation kinetics being significantl y shortened when the 
resistance of the PCD is r emov ed and D-v alues mor e aligned to 
the BI man ufactur er stated v alues, e .g., 1.4 min for G. stear other- 
mophilus BI used in this study. In contrast, this present study has 
been performed in an industrial sterilizer with PCDs that are 
typically used to increase the microbiological challenge in the 
validation of such a sterilization process in accordance with the 
r elev ant ISO14937 standard. 

As described by Shintani et al . (2010 ) and Shintani (2014 ), 
experimental artefact of spore clumping has been described as 
a potential source of non-linear inacti v ation kinetics, wher eby 
the a ggr egation of spor es r esult in r educed penetration of the 
sterilant v apour. Furthermor e , the w ork of Johnston et al . ( 2000 ) 
demonstrated the significance of microbial load and the pos- 
sibility for biocide quenching by the inoculum: as quenching 
occurs, the amount of av aila b le biocide for further inacti v a- 
tion of the population reduces at a microbial cellular level, thus 
resulting in the appearance of a more resistant sub-population 
of treated BIs. This was also evident for pulsed-plasma gas- 
discharge tr eated micr obial samples that contained short-li v ed 
oxygenated free radicals (Rowan et al . 2007 ; Hayes et al. 2013 ). 
SEM may be effecti v el y used as an inv estigati v e tool to pr ovide 
visual data on the effect of sterilization processes on spore shape 
and surface topography; e.g. this was demonstrated for Mycobac- 
terium paratuberculosis cells by pulsed electric field treatments 
(Rowan et al . 2001 ) and for Campylobacter jejuni cells treated with 
pulsed-plasma gas-discharge exposures (Rowan et al . 2008 ). In 
this work, the analysis of SEM images revealed (i) an evenly dis- 
tributed monolayer of spores in treated and untreated BIs and (ii) 
no significant change to the distribution of spores on the BI car- 
rier material either before or after treatment (Figs. 8 and 9 ). This 
is consistent with the findings of others who examined treat- 
ment with VHP and ethylene oxide (EO) sterilant and noticed no 
noticea b le morphology differ ences or clumping of cells (Reich 
and Akkus 2013 ). Furthermore, the inclusion of catalase in the 
test method confirmed the absence of any observed sterilant 
residual effect on spore enumeration. 

The appropriateness of B. atrophaeus as a potential BI system 

for use in VH 2 O 2 is demonstrated in the survi v or plot with rapid 

inacti v ation fr om one to three pulses of B. atr ophaeus (F ig. 7 ). 
While the cycles in which B. atrophaeus wer e tr eated had some- 
what higher VH 2 O 2 concentration (Fig. 7 ) in the chamber, it is 
important to note that VH 2 O 2 concentration in the chamber does 
not necessarily correspond to the VH 2 O 2 concentration within 
the PCD. This was evident in the colour change in the chemi- 
cal indicators: unlike G. stearothermophilus , no colour change was 
observed in the B. atrophaeus PCDs after two pulses (Fig. 5 ). This 
would indicate that the longer 25 cm lumen was effective in 
impeding the ingress of vapour. However, once vapour pene- 
trated the PCD lumen, inacti v ation of the B. atrophaeus BI was 
rapid due to its lower intrinsic resistance, with a D-value of only 
0.3 min as compared to G. stearothermophilus of 1.4 min (Ta b le 2 ). 
This may also explain why spore inactivation is observed with 
1- and 2- pulses of VH 2 O 2 treatment even though limited pene- 
tration with sterilant. Thus, while the ov erall r esistance of a PCD 

is a combination of the BI resistance and the PCD materials, the 
contribution of each constituent component may r equir e some 
consideration when assessing both D-value and linearity. 

Calculation of D-value for the B. atrophaeus PCD yielded a con- 
serv ati v e figur e of 8.72 min or 14 pulses for a routine sterilization 
process yielding SAL of 10 −6 . If only pulses 1–3 were considered 
in the calculation of the slope of the line, then D-value would 
adjust to 6.07 min and 10 pulses. Thus, this demonstrates that 
experimental limitations conserv ati v el y add to the final pr ocess 
being deli v er ed such that in this case it is likely that approxi- 
mately four additional logs of kill are being deli v er ed to the pro- 
cess, resulting in a SAL of 10 −10 . 

Furthermore, as shown by this resear c h, the use of a ’most 
resistant organism’, in this case G. stearothermophilus , does not 
seem to be the most important factor as it is the overall resis- 
tance of the PCD r elati v e to the medical device being sterilized, 
which is of most importance when quantifying D-values and 
extrapolating to a r equir ed SAL. In this resear c h, by modifying 
the lumen length of the PCD, similar D-v alues wer e obtained 
using two different biological indicator species. Hence, it may be 
argued that the criteria for an appropriate BI for use in industrial 
sterilization are one of (i) known high resistance within a PCD, 
(ii) known inacti v ation kinetics and linearity of the PCD, and (iii) 
one that may be qualified as equi v alent or gr eater r esistance 
r elati v e to the natural microbiological challenge of the medi- 
cal device itself. The generation of critical data points for VH 2 O 2 

sterilization will also inform the future automation of this pro- 
cess including the uses of digital technologies such as artificial 
intelligence ena b led by machine learning (Row an et al . 2022 ). 

In conclusion, this constitutes the first study to examine the 
inacti v ation of two types of BI spores contained in PCDs and pro- 
cessed with an industrial VH 2 O 2 sterilizer. Findings supported 
the occurrence of linear BI inactivation plots post-VH202 treat- 
ments, which is important gi v en that v alidation methods under- 
pinning terminal medical device sterilization r el y upon this lin- 
ear microbial death-rate assumption. Thus, this study provides 
additional rigour and confidence that an appropriate sterility 
level can be achieved using biological indicators using stan- 
dard validation methods as described in the r ecentl y pub lished 
ISO22441 standard for sterilization with VH 2 O 2 . Hence, this work 
furthers the advancement of VH 2 O 2 for the terminal sterilization 
of medical devices that is critical for patient care. 
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A B S T R A C T   

The radiation resistance of Bacillus pumilus spores to gamma rays, X-rays, and electron beam (e-beam) was 
investigated using industrial irradiators operating at various dose rates. The dose rates were as follows: gamma 1 
and 10 kGy/h; X-ray 10 and 200 kGy/h; e-beam 2000 kGy/h. The regression analysis showed that survivor 
curves were log10 linear for all three sources within the investigated absorbed dose range of 1–6 kGy, irrespective 
of the dose rate applied. All irradiation technologies were equally efficient to inactivate the spores, which is 
reflected in their comparable D-values (p > 0.05), and dose rate had no impact on the microbicidal efficacy. 
These results suggest that wherever a specified minimum dose is delivered, the sterilization dose can be trans-
ferred between irradiation technologies in industrial sterilization of medical devices without any impact on 
product sterility. These findings from a novel single study encompassing all available industrial radiation 
technologies for the purpose of medical devices sterilization, advance our understanding of microbial destruction 
as related to exposure to important sterilization modalities, which will help inform future applicability of these 
technologies for emerging industry opportunities.   

1. Introduction 

Sterilization by radiation is employed as the means of achieving 
required sterility assurance for some 50% of single use medical devices, 
with gamma irradiation being the most widely used technology 
(GIPA-Gamma Industry Processing Alliance, 2017). However, in the past 
number of years certain challenges regarding Cobalt-60, the raw mate-
rial for gamma processing, have been identified (Dethier, 2016; BPSA, 
2021). Such challenges have culminated in the advancement of accel-
erator based technologies, such as X-ray and electron beam (e-beam) 
(McEvoy et al., 2020). In particular, X-ray has been established as a 
sustainable supplement to gamma due to many similarities between the 
two photon-based technologies (McEvoy et al., 2020). Many potential 
changes are considered when migrating to X-ray, including the effect on 
materials, any potential induced radioactivity, the effect of dose rate, 
temperature impacts, and processing time. Considerable focus has been 

placed on material effects (Murray et al., 2012, 2014; Fifield et al., 2021) 
and induced radioactivity in materials processed with energy above 5 
MeV (Michel et al., 2021). Currently, the Association for the Advance-
ment of Medical Instrumentation (AAMI) is generating a Technical In-
formation Report (TIR104) to provide guidance to users when 
considering a change of radiation technology (Montgomery et al., 2021). 
That entails performing a risk assessment to identify and quantify the 
potential impact on the functionality and performance of the medical 
devices following the terminal sterilization process (Montgomery et al., 
2021). Among other factors to be considered when products are moved 
to X-ray, it is imperative to ensure that the sterility assurance level (SAL) 
is achieved. Dose rate is a key differential parameter between gamma, 
electron beam and X-ray, and its effect on sterilization efficacy should be 
considered (Kroc et al., 2017). Dose rate is defined as the quantity of 
radiation absorbed per unit of time, and while it can take hours to 
sterilize products with gamma, the treatment can be completed within 
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minutes with an X-ray (Dethier, 2016) and seconds with an e-beam. 
Furthermore, a recent paper by the Irradiation Panel on gamma and 
electron irradiation (2020) has re-emphasised the need to consider the 
effect of higher dose rates. With regard to medical device sterilization, 
researchers have found that microbicidal efficacy is primarily a dose 
dependant activity. In their work, Tallentire et al. (2010) and Tallentire 
and Miller (2015) found that microbiological responses for water hy-
drated B. pumilus spores were the same for all types of industrial irra-
diators, while Hansen et al. (2020) demonstrated microbicidal 
equivalence of gamma and e-beam when microorganisms were irradi-
ated in a dry state. However, such studies investigating the microbicidal 
efficacy of irradiation technologies under conditions typical for indus-
trial sterilization of medical devices are scarce, and more research is 
needed to evaluate the possibility of transfer of minimum doses required 
for inactivation between irradiators of the same and/or different irra-
diation sources. Therefore, in this study, the microbicidal efficacy of all 
relevant industrial irradiators (gamma, X-ray, and e-beam), operating at 
different dose rates, have been directly compared in terms of decimal 
reduction time (D-value) utilizing a single biological indicator reference 
microorganism. A D-value can be defined as the time or dose required 
under given conditions to achieve inactivation of 90% (or 1 log) of a 
population of the test microorganisms (ISO 11139:2018) and is 
commonly used in sterilization microbiology to express the sterilization 
efficacy of the process. As a reference microorganism, Bacillus pumilus 
spores were selected due to its high radiation resistance and irradiated in 
a dry state, as being representative for industrial sterilization processes. 
Moreover, other sterilization parameters such as temperature and en-
ergy level were also assessed regarding their impact on microbial inac-
tivation. The findings from this novel study herein are expected to 
further substantiate our understanding of the sterilization efficacy of 
industrial irradiators. 

2. Experimental 

2.1. Pre-trial to determine the stability of irradiated spores 

Prior to executing the experiment, a pre-trial was carried out to 
determine the stability of irradiated spores, i.e., to establish a time frame 
within which irradiated spores need to be microbiologically analysed. 
Spores (biological indicator Lot P102, Crosstex, USA) had a certified 
population of 2.2 × 106 and a D-value of 1.6 kGy. The manufacturer’s 
spore population claim was verified, and samples were prepared and 
irradiated with e-beam at a nominal dose of 3.5 kGy. Irradiated samples 
were immediately (within 30 min) incubated at 2–8 ◦C and microbio-
logically analysed at designated time intervals: 0, 24, 48, 72 and 96 h. 
Grown colonies were enumerated and colony forming units (CFU) 
calculated. Viable counts (CFU) recovered at different time points were 
statistically compared to determine the population stability over time. 
Spore population claim verification, sample preparation, irradiation and 
microbiological analysis were carried out as described in the current 
paper. 

2.2. Sample preparation 

Commercial Bacillus pumilus (ATCC 27142) biological indicator (BI) 
paper strips were used in this study. Spores were supplied by Crosstex 
(USA, Lot P104) as a certified population containing 2.6 × 106 viable 
spores (colony forming units (CFU)) per paper strip with a D-value of 
1.7 kGy based on the manufacturers test method. The spore population 
claim was verified following the manufacturer’s instructions prior to 
running the experiment. In brief, the procedure was carried out as 
described for B. pumilus recovery with the addition of a heat shock 
treatment where biological indicators were first incubated at 65–70 ◦C 
for 15 min and then rapidly cooled to below 4 ◦C. B. pumilus samples for 
X-ray and gamma irradiation were prepared as described by Tallentire 
et al. (2010) and Tallentire and Miller (2015) with modifications. 

Briefly, individual B. pumilus spore strips were carefully secured in the 
middle of a Petri dish, without breaking the sterile barrier. Absorbed 
dose was measured with Alanine dosimeters (Harwell Dosimeters, UK), 
placed in a Petri dish next to each spore strip (Fig. 1). Samples were 
prepared differently for e-beam irradiation: two WINdose dosimeters 
(GEX, USA) were secured to a spore strip (each from one side) and then 
taped to the middle of a paper envelope (Fig. 1). Two new spore strips 
were then taped, one on the left and the other on the right side of the 
dosimeter. Duplicate spore strips were used for microbiological analysis, 
while the strip placed between two dosimeters was only used for refer-
ence dose measurement. 

2.3. Irradiation of Bacillus pumilus spores 

Dose mapping experiments were conducted for all technologies to 
determine the maximal and minimal dose zones, reproducibility, and 
dose rate of the process. Different configurations were designed and 
trialled to establish a set-up capable of precise dose delivery (data not 
shown). Once the configuration was established, spore strips were 
irradiated in duplicates, either placed in Petri dishes (X-ray and gamma) 
or as duplicate BI’s placed in a paper envelope (e-beam). Petri dishes 
have been processed in static mode with a fix irradiation field dose rate 
for the X-ray or gamma at 1 kGy dose increments. Each set of duplicates 
received a nominal dose of 1, 2, 3, 4, 5 or 6 kGy. After exposure to the 
nominal dose for a particular set of duplicates was achieved, B. pumilus 
spore strips were retrieved for microbiological analysis, while Alanine 
dosimeters were retrieved for measurement of the absorbed dose. To 
evaluate the impact of dose rate on inactivation efficacy, samples were 
treated at different fixed dose rates: 1 or 10 kGy/h with gamma, and 10 
or 200 kGy/h with X-ray. The X-ray dose rate is directly proportional to 
the electron beam current, and it was modified by changing this current. 
E-beam treatment was performed at 2000 kGy/h, and samples received a 
nominal dose (1, 2, 3, 4, 5 or 6 kGy) with a single conveyance through 
the electron field. All irradiated B. pumilus spore strips were kept at 
2–8 ◦C and microbiologically analysed within 72 h of treatment. Spore 
samples were transported in temperature controlled boxes (2–8 C◦; Peli 
Biothermal, UK). 

2.4. X-ray, gamma, and e-beam irradiation systems 

STERIS AST Radiation Technology Center (RTC) in Däniken 
(Switzerland), Tullamore (Ireland) and in Bradford (UK) were utilized 
for X-ray, e-beam, and gamma treatment, respectively. With X-ray, 
B. pumilus spore strips were treated with photons achieving a maximal 
energy of 7 MeV (560 kW) using a Rhodotron TT1000 (IBA, Belgium) 
electron accelerator. Radiation source for gamma was Cobalt-60, with 
an activity of approximately ~330 kCi. E-beam treatment was per-
formed using a 10 MeV (5 kW) electron accelerator (Mevex, Canada) 
with a horizontal beam delivery. All treatments were carried out at 
ambient atmosphere and temperature. Temperature indicators (GEX, 
USA) with a detection range of 27.5 ◦C–65 ◦C were used to measure the 
maximal temperature achieved during treatment. 

2.5. Evaluation of the absorbed dose 

For gamma and X-ray, Alanine dosimeters (detection range 0.1–100 
kGy) were analysed using an electron spin resonance spectroscopy 
dosimetry system (Aerial/Bruker MS5000). For e-beam, GEX B3 
WINdose radiochromic thin film dosimeters were measured using a 
dosimetry system based on a visible spectrophotometer (Thermo Fisher 
Genesys 20). Dosimetry systems were calibrated for condition of use 
against the National Physics Laboratory (NPL, UK). Dosimetry system 
uncertainty has been assessed at 4% (k = 2) for Alanine and at 6% (k =
2) for GEX dosimetry. 
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2.6. Bacillus pumilus recovery, plotting a survivor curve and D-value 
calculation 

Untreated B. pumilus (No) and surviving fraction of treated spores (N) 
were recovered from spore strips and cultured in Tryptic soy agar (TSA, 
Biokar, France). First, the spore strips were transferred into a sterile test 
tube containing 5 mL of sterile dH2O and 10 sterile 6-mm glass beads. 
The tube was vortexed until the strip was pulped, and another 5 mL of 
water was added. Then the tube was vortexed again until a homoge-
neous suspension was achieved. Serial 1:10 dilutions were aseptically 
prepared using sterile water and 1 mL of the appropriate dilution was 
inoculated in TSA agar, in duplicates. Plates were incubated at 30–35 ◦C, 
enumerated after 48h of incubation, and colony forming units (CFU) 
were calculated to quantify the viable bacteria. The survivor curve was 
generated by plotting the logarithm of the survivor fraction (log10 N/No) 
against the absorbed dose. Regression analyses were performed, and 
average D-values calculated from the slope of the obtained curve (ISO 
11138-7:2019), for each technology and dose rate combination. 

2.7. Statistical analysis 

Student’s T-test was used to determine the statistical significance 
between the population recovered immediately after irradiation (0 h) 
and after incubation at 2–8 ◦C (24, 48, 75 and 96 h). Analysis of variance 
(one-way ANOVA) was used to determine the statistical significance 
between the obtained D-values. Tests were performed at confidence 

level (or intervals) alpha of 0.05, using Minitab Statistical Software. 

3. Results 

3.1. Stability of irradiated spores 

The stability of irradiated spores was tested over a time period of 96 
h. Spore samples were irradiated with e-beam, at an average absorbed 
dose of 3.4 ± 0.08 kGy. No statistical difference was found when pop-
ulation recovered immediately after irradiation (CFU at 0 h) was 
compared with population obtained after designated incubation period 
at 2–8 ◦C (CFU at 0, 24, 48, 72 and 96 h). The population was approx-
imately at 4.4 log CFU up to 96 h of incubation, when it increased to 4.6 

Fig. 1. Experimental set-up. Sample preparation (configuration) was identical for X-ray and gamma: biological indicators were placed in a Petri dish (a) together 
with dosimeters (b), and stacked Petri dishes were irradiated (d). Placement at X-ray in static mode in front of the beam is shown in panel e. For e-beam irradiation, 
one biological indicator was placed in between two dosimeters and taped in the middle of a paper envelope (c), while two individual biological indicators used for 
microbiological analysis were then taped, one on the left and the other on the right side of the dosimeter (not shown in the figure). Sample placement on the carrier 
(paper envelope fixed to the middle of the carrier) for e-beam treatment is shown in panel f. 

Table 1 
A viable population (CFU) of spores recovered immediately after irradiation (0 
h) and after 24, 48, 72 and 96 h of treatment. Spores were incubated at 2–8 ◦C.  

Runs Log CFU at investigated time points 

0 h 24h 48h 72 h 96 h 

Run 1 4.48 ±
0.05 

4.39 ±
0.17 

4.48 ±
0.15 

4.41 ±
0.07 

4.43 ±
0.01 

Run 2 4.42 ±
0.20 

4.44 ±
0.03 

4.37 ±
0.01 

4.53 ±
0.20 

4.65 ±
0.14 

Run 3 4.42 ±
0.18 

4.37 ±
0.01 

4.41 ±
0.11 

4.43 ±
0.08 

4.74 ±
0.06 

Average 4.44 4.40 4.42 4.46 4.61  
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log CFU (Table 1). Although the increase in CFU was not statistically 
significant, for the purpose of this study a time point of 72 h was selected 
as the last stable point. Therefore, further microbiological analysis was 
carried out within 72 h of irradiation. 

3.2. Absorbed doses 

Considering that accurate dose delivery is crucial for obtaining 
reliable results in inactivation experiments, the absorbed dose of each 
sample was monitored in the study. The absorbed doses during treat-
ment at each nominal dose are shown in Table 2. 

3.3. Temperature 

During treatment with gamma and e-beam, the temperature was 
below the detection limit for GEX temperature indicators (27.50 ◦C). 
During X-ray processing at 10 kGy/h, the temperature was observed to 
increase from an average starting temperature of 32 ± 2 ◦C to 36 ± 2 ◦C 
at the end of irradiation. Similarly, at a dose rate of 200 kGy/h, the 
temperature increased from 29 ± 1 ◦C to 34 ± 3 ◦C. 

3.4. B. pumilus survivor curves and resistance to irradiation with regards 
to irradiation technology and dose rate 

The regression analysis indicated that all survivor curves were log10 
linear (ISO 11138-7:2019) within the investigated dose range, irre-
spective of the dose rate applied, with all R2 ≥ 0.95. The curves with 
corresponding R2 values are shown in Fig. 2. Based on the slope of the 
obtained curves, the D-values were calculated and compared (Fig. 3). No 
statistical difference (p > 0.05) was found between irradiation sources, 
irrespective of the dose rate applied. 

4. Discussion 

To ensure that the microbiological growth response is a valid rep-
resentation of the sterilization efficacy of the process, there should be 
adequate control over the biological indicator recovery system (Caputo 
et al., 1980). Namely, there should be a control over the length of time 
elapsed between exposure to a sterilant and growth testing, and the 
temperature at which microorganisms are incubated before the micro-
biological analysis, as these factors are known to impact the recovery of 
treated microorganisms (Caputo et al., 1980). In this study, the recovery 
of irradiated spores (CFU) was comparable for all tested time points. A 
slight increase in CFU was observed at 96 h post treatment, and although 

this change was not statistically significant, the previous time point (72 
h) was selected as a timeframe for carrying out microbiological analysis. 
Therefore, all spore samples in this study were incubated at 2–8 ◦C 
immediately after irradiation (within 30 min of treatment), transported 
at temperature-controlled conditions and microbiologically analysed 
within 72 h of irradiation. 

The resistance ofB. pumilus was examined under the following 
experimental conditions: gamma 1 kGy/h; gamma 10 kGy/h; X-ray 10 
kGy/h; X-ray 200 kGy/h and e-beam 2000 kGy/h. The configuration 
used in the experiment supported accurate and uniform dose delivery, 
which is evidenced by the absorbed dose results (Table 2), but also in the 
clear clustering of data points when recovered microorganisms were 
plotted against the absorbed dose (Fig. 2, panel f). The regression 
analysis indicated that all inactivation curves were log10 linear (R2 ≥

0.95) within the investigated dose range of 1–6 kGy. A log10 linear 
correlation between bacterial inactivation and the treatment dose of 
ionizing radiation was previously reported by others (Tallentire et al., 
2010; Zhang et al., 2020). A non-linear (biphasic) inactivation curve for 
B. pumilus has been reported by Tallentire and Miller (2015); however, 
the inactivation still followed the first-order kinetics up to about 6 kGy, 
whereas for doses above 6 kGy, inactivation occurred at an increased 
rate. Findings from this study support first order model, where a plot of 
the logarithm of surviving fraction against time yields a straight line, 
and the inactivation rates are expressed in terms of decimal reduction 
time, or D-value, which is the reciprocal of the specific inactivation rate 
at a particular dose of the agent. However, there are many exceptions to 
the simple first-order type kinetics, especially when microorganisms are 
exposed to relatively mild inactivation that frequently yield a low 
number of log reductions (Rowan, 2019) that can produce non-log linear 
inactivation curves; moreover, these inactivation curves may exhibit 
pronounced initial shoulders, extended tails, or sigmoid curves that are 
challenging to fit to the primary data (Rowan et al., 2015). Effective 
modelling of microbial inactivation arising from physical, chemical or 
gaseous treatment modalities typically requires the plot to encompass a 
6 log microbial count (or survival ratio) versus time data (Buzrul, 2017) 
for several reasons. Firstly, such a dose-response curve is necessary to 
address the potential occurrence of microbial variance and resistance to 
the applied stress that may take different inactivation shapes interpreted 
through a mathematical best-fit (Garre et al., 2020). A large number of 
log-reductions are required to effectively interpret and fit inactivation 
plots (Rowan, 2019), and 6 log reduction has also been shown to support 
and enable the irreversible destruction of treated microorganisms by 
way of demonstrating simultaneous occurrence of cellular and molec-
ular damage through ‘lethal hits’ (Farrell et al., 2011; Hayes et al., 2013; 
Gérard et al., 2019; Franssen et al., 2019; Fitzhenry et al., 2021). As 
evident from these findings, when microorganisms are exposed to irra-
diation, the concentration of surviving B. pumilus spores decreases 
exponentially with dose. This infers the inactivation process reflects a 
first-order reaction where lethal events occur at random over time with a 
defined population of spores, which are similarly susceptible to the 
agent (Klotz et al., 2007). As reported in this study, the first order ki-
netics are aligned with the physical nature of the process. Thus, when a 
uniform suspension of microorganisms is irradiated, quanta of radiant 
energy interact with spores in a random stochastic, which from first 
principles, implies that lethal ‘hits’ are distributed in a Poissonian 
manner (Klotz et al., 2007). These findings suggest that spores in a 
pre-determined population are equally susceptible to death resulting 
from a single hit in a dried treatment state. In contrast to radiation, moist 
heat may differ where treated microorganisms do not all receive the 
same dose of energy per unit time, as the kinetic energy of water mol-
ecules are distributed according to the Mazwell-Botzmann distribution 
(Klotz et al., 2007). 

No significant statistical difference was detected between the ob-
tained D-values, indicating that all radiation technologies (gamma, X- 
ray, and e-beam) were equally effective at inactivating the challenge 
microorganism, regardless of the dose rate applied. D-values were 

Table 2 
Absorbed doses of samples during irradiation with gamma-rays, X-rays, and 
electron beam radiation at different dose rates. Data are shown as means of three 
independent runs ±1 standard deviation.  

Radiation 
technology 

Dose 
rate 
(kGy/ 
h) 

Absorbed dose during treatment at each nominal dose 
(kGy) 

1 2 3 4 5 6 

Gamma 1 1.00 
±

0.02 

2.00 
±

0.03 

2.95 
±

0.06 

3.91 
±

0.08 

4.86 
±

0.11 

5.86 
±

0.11 
10 1.02 

±

0.02 

2.07 
±

0.03 

3.06 
±

0.08 

4.03 
±

0.05 

5.09 
±

0.06 

6.15 
±

0.10 
X-ray 10 1.01 

±

0.01 

2.00 
±

0.01 

2.97 
±

0.04 

3.99 
±

0.06 

5.04 
±

0.06 

6.10 
±

0.12 
200 0.98 

±

0.04 

2.09 
±

0.20 

2.87 
±

0.08 

3.92 
±

0.04 

4.97 
±

0.15 

6.34 
±

0.22 
E-beam 2000 0.92 

±

0.10 

2.05 
±

0.10 

3.02 
±

0.08 

4.12 
±

0.13 

5.10 
±

0.10 

6.0 ±
0.00  
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within a range of 1.46–1.61 kGy. The finding that dose rate had no 
impact on microbial inactivation supports the possibility of dose transfer 
between technologies. Other researchers have obtained similar results 
for B. pumilus treated with industrial irradiators (gamma and 10 MeV e- 
beam); for example, Tallentire et al. (2010) reported a D-value of 1.5 for 
both technologies, while Hansen et al. (2020) also found the two tech-
nologies to be comparable and reported D-values within a range of 
1.2–1.5 kGy. On the other hand, some authors have reported results 
showing variance when investigating the dose-rate effect and micro-
bicidal efficacy of radiation technologies (Jung et al., 2015; Song et al., 
2016; Kyung et al., 2019; Begum et al., 2020). However, such results are 
often difficult to compare as studies have been carried out under 
differing test conditions (not always applicable to industrial sterilization 
settings) and product types. 

Although dose rate is a critical parameter, other factors, including 
temperature and energy level, may also differ between the technologies. 
The bactericidal effects of ionizing radiation may be enhanced at 
elevated temperatures (usually above 45 ◦C), however, this synergistic 
effect is characteristic for vegetative cells, while spores are impacted to a 
much lesser extent, as pointed out by Emborg (1974) and Silva Aquino 
(2012). To evaluate the potential impact of such parameters on the 

Fig. 2. Inactivation of B. pumilus spores treated with (a) Gamma 1 kGy/h, (b) Gamma 10 kGy/h, (c) X-ray 10 kGy/h, (d) X-ray 200 kGy/h and (e) e-beam 2000 kGy/ 
h. Data points for all investigated technologies are plotted together in panel f. Error bars represent the standard deviations for absorbed dose (horizontal) and counts 
of microorganisms (log CFU; vertical). R2 values are calculated as means of three independent runs (panels a–e). 

Fig. 3. D-values of B. pumilus treated with gamma, X-ray, and e-beam at 
different dose rates. Data are shown as means ± standard deviation. 
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radiation resistance of B. pumilus, spores were treated with gamma and 
X-ray operating at the same dose rate, and temperature was monitored 
during treatment. However, it is not possible to determine the exact 
temperature difference between the two technologies due to the limi-
tations of the measuring system. A higher temperature was detected in 
the X-ray bunker, where spores were exposed to at least ~5 ◦C higher 
temperature than gamma at the beginning and at least ~9 ◦C higher 
temperature at the end of the treatment. More importantly, the 
maximum temperature detected in this study was 36 ◦C which is un-
likely to influence the rate of inactivation of the spores. Regarding the 
differences in the energy level of the two radiation sources, gamma 
emits two wavelengths of high energy rays (1.17 and 1.33 MeV), while 
5–10 MeV X-ray emits a spectrum of photon energies with a peak 
occurring at approximately 0.3 MeV, as highlighted by Meissner et al. 
(2000) and McEvoy et al. (2020). Considering that comparable D-values 
(p > 0.05) were obtained for both technologies operating at 10 kGy/h, 
the results suggest that when the potential impact of the dose rate was 
excluded, the variability in temperature and energy levels used in this 
research had no impact on microbicidal effectiveness of the source. 

As previously pointed out by Tallentire et al. (2010), in industrial 
sterilization of medical devices the microorganisms are commonly 
irradiated in a “dry” state, although “dryness” is not precisely defined, 
and it is often a function of the ambient relative humidity. The goal of 
this study was to evaluate biological indicator spores in a ‘dry’ physio-
logical state, as being representative of a significant microbiological 
challenge in industrial sterilization processing. Hence, based on the 
experimental conditions, results reported in this study suggest that the 
sterilization dose can be transferred between modes of irradiation in 
industrial sterilization of medical devices, without causing any impact 
on the sterility assurance level (SAL), as long as the specified dose is 
delivered. This finding is particularly relevant to the ecosystem of in-
dustry, but also regulators and academia, who seek evidence-based 
findings to further enable and advance a transition from gamma to 
X-ray. 

5. Conclusions 

All investigated technologies (gamma, X-ray, and e-beam) showed 
log-linear inactivation kinetics (R2 ≥ 0.95) and were equally efficient to 
inactivate B. pumilus, which is indicated in comparable D-values (p >
0.05), regardless of the dose rate applied. 

Considering that dose rate had no impact on sterilization efficacy, 
the data suggests that an easier transition can be obtained within 
different ionizing radiation technologies without extensive work related 
to the sterilization effects as a function of the dose rate. That is, the 
results reported herein suggest that transfer of minimum doses required 
for inactivation is possible between irradiators of the same and/or 
different irradiation source without impacting the sterility assurance 
level (SAL), in accordance with ISO11137-2:2013. 
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Abstract

Medical devices provide critical care and diagnostic applications through patient

contact. Sterility assurance level (SAL) may be defined as the probability of a

single viable micro-organism occurring on an item after a sterilization process.

Sterilization microbiology often relies upon using an overkill validation method

where a 12-log reduction in recalcitrant bacterial endospore population occurs

during the process that exploits conventional laboratory-based culture media for

enumeration. This timely review explores key assumptions underpinning use of

conventional culture-based methods in sterilization microbiology. Consideration

is given to how such methods may limit the ability to fully appreciate the

inactivation kinetics of a sterilization process such as vaporized hydrogen

peroxide (VH2O2) sterilization, and consequently design efficient sterilization

processes. Specific use of the real-time flow cytometry (FCM) is described by way

of elucidating the practical relevance of these limitation factors with implications

and opportunities for the sterilization industry discussed. Application of FCM to

address these culture-based limitation factors will inform real-time kinetic

inactivation modelling and unlock potential to embrace emerging opportunities

for pharma, medical device and sterilization industries including potentially

disruptive applications that may involve reduced usage of sterilant.

Introduction

Background to sterilization microbiology and the

industry

The sterilization marketplace can be subdivided into hos-

pital sterilization (such as point of use), in-house manu-

facturing sterilization (such as at point of medical device

manufacture, often inline applications) and contract ster-

ilization, provided by contractors where medical device

manufacturers obtain sterilization services along the sup-

ply chain after manufacturing (McEvoy and Rowan

2019). Central to sterilization microbiology is the treat-

ment of medical devices where associated global market

is estimated to exceed $400bn (International Trade

Administration 2016). An important consideration is the

safe use of sterile medical devices that provide critical

care and diagnostic applications, whereby patient infec-

tion does not arise as a consequence of such patient con-

tact. Addressing hospital-acquired infections (HAIs) and

sepsis is a global challenge with an estimated annual cost

to healthcare in the United States at $9.8bn (Hensley and

Monson 2015) and $20bn (Guirgis et al. 2017), respec-

tively. HAIs and sepsis are estimated to affect 1.7 m and

700 000 cases in the United States, respectively. While

factors associated with the occurrence of these serious

infections are varied, terminal sterilization modalities are

unlikely to be point-of-infection due to comprehensive

sterilization and validation processes (cited McEvoy and

Rowan 2019).

Sterilization microbiology underpinning these processes

delivers sterile assurance far above minimum require-

ments to achieve sterilization for patient safety. To

achieve a required sterility assurance level (SAL), a
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sterilization process is applied to medical devices prior to

patient use. Sterilization validation typically relies upon

using an overkill validation method, as shown in Fig. 1,

where the process demonstrates a 12-log reduction in

recalcitrant bacterial endospore population enumerated

on artificial laboratory-based media, where it is assumed

that the shape of the inactivation kinetic plot is a straight

line and semi-logarithmic when the sterilizing conditions

remain consistent for the duration of the exposure time

(AAMI 2017). Thus, conventional microbiology assumes

the process is predicable based upon probability of linear

inactivation kinetic death rate plot. Terminal sterilization

processes such as Gamma irradiation, Electron-beam irra-

diation, X-ray irradiation, gaseous ethylene oxide (EO)

and hydrogen peroxide in vapour state are discussed by

McEvoy and Rowan (2019).
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Figure 1 Sterility assurance level and example of the relationship between biological indicator and product bioburden. For illustration purposes,

this graphical representation has been obtained from AAMI TIR16:2017. A BI (denoted by full line) has been selected that has a higher population

and resistance (D-value) than that of the medical device product bioburden (denoted by dashed line). Using an overkill validation method, a steril-

ization process has been applied at ‘half-cycle’ parameters with full lethality on the BI. (In EO processing, half-cycle parameter is half of EO expo-

sure time). To deliver the required sterility assurance level of ≤10�6, a further 6 log reduction is applied by doubling the exposure period in the

routine process. Microbiological death generally follows first-order kinetics and can be approximated by a straight line on a semi-logarithmic plot

when the sterilizing conditions (i.e. process temperature, relative humidity and EO concentration) remain consistent for the duration of the expo-

sure time (AAMI 2017).
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SAL is defined as the ‘probability of a single viable

micro-organism occurring on an item after sterilization’

(International Organization for Standardization [ISO]

2018a), and a sterilization process defined as a ‘series of

actions or operations needed to achieve the specified

requirements for sterility’ (ISO 2018b). Traditional tech-

nologies used in terminal sterilization include EO steriliza-

tion and radiation processing using Gamma, Electron

beam or X-ray irradiation and are described as Category A

sterilization processes by US Food and Drug Administra-

tion (FDA), as they are well established, they have a long

history of use, and consensus standards (administered by

the ISO) are available. Standards such as ISO11135:2014

help (ISO 2014) inform manufacturers and users of the

key aspects to be evaluated in defining the sterilization

process and subsequent qualification and validation.

Underpinning the validation of a sterilization process, in

accordance with an ISO standard, is the microbiology

assessment of the challenge presented by the medical

device and the microbicidal effect of that process on the

measured challenge and or where a biological indicator

(BI) is chosen to represent such a challenge.

Limitations of current techniques in sterilization
microbiology

Uniformity of microbial distribution, bioburden and

predictability

Many of the sterilization standards are underpinned by

the associated microbiological testing standards such as

ISO11737-1 and ISO11737-2, which govern the testing of

bioburden and sterility, respectively (ISO 2018a, 2019).

Bioburden testing refers to the quantification of natural

microflora residing on a medical device product. During

a sterilization, a validation process is applied and quali-

fied. As part of the qualification exercise, ‘Tests of Steril-

ity’ may be applied as part of the demonstration of the

process inactivation. Upon completion of such tests, it

may be possible to plot an inactivation curve such as that

demonstrated in Fig. 1 (McEvoy and Rowan 2019). How-

ever, conventional sterilization processes such as EO often

require use of a BI population of reasonable uniformity

that are reliably predictable in an end-point analysis such

as a fractional sterilization process performed during vali-

dation.

Microbial diversity, heterogenicity and environmental-

stress adaptation

Micro-organisms range in size, form, complexity and

diversity including variety of physicochemical and envi-

ronmental growth requirements for those capable of

sustaining independent life, all with individual phenotypic

identities. Some micro-organisms are highly complex,

such as viruses and parasites, which do not grow on stan-

dard laboratory-based media. These fastidious micro-or-

ganisms require mammalian cell culture or an appropriate

host to propagate, where molecular biology tools are typi-

cally used as indirect means of enumerating their number

(Garvey et al. 2013, 2015). Micro-organisms can respond

to changes in the environment where prior exposure to

sub-lethal amount of stress has been shown to temper or

harden the same micro-organisms against subsequent

lethal levels of the same of different stresses (Rowan 1999,

2019). Micro-organisms can communicate to each other

via quorum sensing (Wu et al. 2015) that further illus-

trates the importance of each single cell in any population.

The heterogenicity of bacterial cells in an evenly dis-

tributed homologous culture may be viewed as a conse-

quence of gene expression and cell-to-cell interactions,

such as quorum sensing. Consequently, the need for anal-

ysis at a single cell level is often required for greater

insight that includes both mechanistic and cellular

responses to applied or lethal stresses (Farrell et al. 2011;

Wu et al. 2015). As highlighted by Geier et al. (2008), ‘so-

cial interactions among bacteria are more specific than

interactions with the environment’, through signalling

compounds called auto-inducers. In addition, research by

Garc�ıa-Contreras et al. (2015) highlights the role for quo-

rum sensing in protecting cells from a wide range of envi-

ronmental stresses. The phenotypic outcomes of such

responses to stress environments, further add to the com-

plexity of micro-organism populations, particular those in

stressed state as would be expected during sterilization

inactivation. The importance of phenotypic heterogenicity

can manifest in the inactivation kinetics of a population

to an environmental stress such as a disinfectant or steril-

ization process: Stone et al. (2009) offered an explanation

for nonlinear inactivation kinetics due to the ‘vitalistic

theory, which holds that the resistance of individual

cells in a population is not the same but follows a

distribution’. Humpheson et al. (1998) further define the

vitalistic theory, where in ‘a genetically homogeneous pop-

ulation, phenotypic variation exists such that resistance to

a lethal agent is not uniform’. Furthermore, when one

considers superdormant spores as a microbial defence

mechanism, the importance of heterogenicity in pheno-

typic composition with varying germinant receptors is

apparent (Dembek et al. 2013; Ghosh and Setlow 2009;

Zhang et al. 2012). Hence, such phenotypic variation in a

population should be considered in sterilization microbi-

ology. Most sterilization methods rely on ‘overkill’, or in

other words a conservative over-processing with sterilant

to provide the greatest level of assurance. However, as a

consequence of that over-processing is the over
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application of a hazardous sterilant like EO gas or a mate-

rial affecting radiation such as gamma. If in the future,

workers may seek to deliver reduced and targeted pro-

cesses, and therefore the need to fully appreciate the beha-

viours of the microbiological target becomes even more

pressing. As researchers strive for greater levels of under-

standing of inactivation kinetics to deliver more measured

and potentially reduced processes, understanding of the

aforementioned microbial mechanisms and behaviours in

sterilization microbiology must be considered.

Binary growth of micro-organism and culture conditions

post-treatment

Cell culture techniques in sterilization microbiology provide

binary information, namely ‘growth’ and ‘no-growth’.

Microbial viability is determined by counting live cells based

upon their ability to grow on artificial-laboratory-based

media such as agars or broths under aerobic cultivation

over a typical 48-h incubation at optimal temperature,

where failure of similarly treated populations of micro-or-

ganisms to grow are presumed dead (Hayouni et al. 2008;

Rowan et al. 2015; L�eonard et al. 2016). Furthermore, cul-

ture-based techniques assume that one colony forming unit

has emanated from a single cell, which may not be the case

as a colony can arise from one or more cells. This limita-

tion has been highlighted by many authors such as Ou

et al. (2017); Laflamme et al. (2005); Mtimet et al. (2017);

Reis et al. (2005) and therefore has the potential to underes-

timate the microbiological population being examined. Fur-

thermore, as identified by both Ou et al. (2017) and

Laflamme et al. (2005), culturability is inherently dependent

on culture conditions. The binary nature of traditional cul-

ture techniques in sterilization microbiology provides little

information regarding the heterogenicity of a population,

phenotypic states as a micro-organism transitions from live

to dead, or environmental conditions such as presence or

absence of oxygen (Rowan 1999; Rowan et al. 2015).

Ability to recover and understand intermediate

microbial states post-treatment

The ability to recover or resuscitate micro-organisms fol-

lowing a sterilization treatment is a key consideration, in

that it may influence the ability to quantify and/or verify

the efficacy of sterilization treatment (McEvoy and

Rowan 2019). The risks associated with non-recovery of

viable micro-organisms may be minimized with the use

of reference micro-organisms, such as BIs, as recovery

may be well characterized and prescribed with culture

conditions. Investigations into BI grow-out times by Gil-

lis et al. (2010) highlight some of the considerations with

recovery of damaged micro-organisms. The authors

identify that out-growth of a non-sterile BI is a function

of (i) initiation of spore germination, (ii) conversion to

the cell form and (iii) cellular metabolism and cell divi-

sion and multiplication (Gillis et al. 2010). Therefore, if

one considers a traditional sterility test where a BI is

immersed in test media and the goal is to be able to

recover a single viable micro-organism, then these multi-

ple events must occur, successfully. The authors postulate

that delayed outgrowth of BIs is likely to be a conse-

quence of the delayed germination time of a damaged

spore. If this is a correct assumption, then the signifi-

cance of the test media and its ability to provide required

conditions for the germination apparatus to operate

effectively, should not be underestimated. If, however,

natural bioburden population is being examined, an

understanding of the identity of the micro-organisms is

necessary to ensure culture conditions for recovery are

appropriate. If one considers the proposal of Keller and

Zengler (2004); ‘As we now understand, >98% of the

micro-organisms in our environment cannot be kept in

culture, culture-independent technologies are required

that can characterize (micro-organisms) precisely’ (M€uller

and Nebe-Von-Caron 2010). These and other authors

(Taimur Khan et al. 2010; Rowan 2011; Wilkinson 2018)

highlighted that some micro-organisms may fail to grow

in culture media simply due to fact that they may be

missing a special requirement such as a growth factor or

a symbiotic support.

Micro-organisms may exist in a viable but not cultur-

able (VBNC) state, which has been observed as a conse-

quence of applying a lethal or sub-lethal stress, such as

that experienced during a decontamination or process

technology (Rowan et al. 2015). The authors postulated

that ‘evidence suggests that these harsh environment cues

(operational parameters of the pulsed light treatment and

biological factors) may trigger a switch to the adaptive

survival VBNC state in PL (pulsed light) treatments’. The

concept of VBNC has been observed in many micro-or-

ganism species (Rowan 2004; Oliver 2005; Rowan et al.

2015) and one could therefore hypothesize that transi-

tionary phases (rapid inactivation, slower inactivation

and VBNC) in a homologous population may occur as a

consequence of progressive cellular activity upon contact

with a sterilizing agent. Stress conditions result in other

subpopulations and phenotypes such as VBNC which

have lost their ability to grow on culture media, but con-

tinue to demonstrate metabolic activity (L�eonard et al.

2016). Therefore, aside from the significance of not being

capable of recovering a viable fraction of the treated pop-

ulation, this limitation also hinders the understanding of

inactivation kinetics and the true mechanisms of the

lethal agent in the life cycle of the micro-organism and

cellular responses to stress.
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Bacterial ‘Viability’ versus ‘Vitality’

Bacterial viability may be defined as the ability to grow

whereby key properties of structural, genetic, metabolic

function to facilitate growth (Wilkinson 2018). Traditional

culture techniques are able to detect such viability, for a

given set of culture conditions. As already stated, many

micro-organisms cannot be recovered or maintained in

culture due to fastidious nutrient and condition needs.

Hence, as stated by Wilkinson (2018), we arrive at a new

term of ‘Vitality’. The work of Kramer and Thielmann

(2016) investigated the cellular activity associated with

vitality in food relevant bacteria being treated with mild

heat: Using non-culture techniques such as flow cytometry

(FCM), the researchers were able to monitor cellular func-

tions and structures such as membrane potential or respi-

ratory activity. Hence, measurement of such cellular

vitality indicators at a single cell level can elucidate detailed

information regarding microbial inactivation.

Ability to examine mixed cultures

Traditional cell culture techniques seek to segregate and

purify culture through the use of selective media and cre-

ation of distinct colonies for counting purposes. This

unfortunately eliminates possibilities to understand the

micro-organism type to micro-organism type interactions,

including quorum sensing that may be happening in situ.

The ability to understand such interactions has been

shown to be particularly relevant in bioprocessing such as

that described by Rodriguez and Thornton (2008).

Speed of analysis: lack of real-time monitoring and

assessment

Traditional culture techniques are a ‘time-consuming

multiday process’, that ‘does not provide timely informa-

tion that is required in applications such as industrial

manufacturing, research and medical diagnoses’ (Ou

et al. 2017). This time lag between point of sampling and

obtaining any results or information regarding the micro-

organism population often renders the information as

retrospective. However, the more significant issue is that

the information gained from the recovery of a cell or

population of cells on a culture plate is not representative

of the state of the micro-organism at the point of sam-

pling, as the micro-organisms more often have been

recovered and artificially grown on nutrient-enriched

media. In industrial bioprocesses, having real-time data

allow decision-making during the real-time operation of

the bioprocess (D�ıaz et al. 2010). Thus, as a consequence

of such limitations, the need for more advanced real-time

tools and methods that provide detailed phenotypic

insights is merited. One such method with growing appli-

cation is flow cytometry.

Flow Cytometry

History of Flow Cytometry

If one considers the optics developed by Leeuwenhoek in

1600s, and combine with the experimental apparatus of

John Tyndall in the 1800s, the early design of flow

cytometry can be imagined (M€uller and Nebe-Von-Caron

2010). In the late 1940s, flow cytometers were generated

to identify bacterial aerosols in warfare. Through the

1970s, the technology was further developed to a point of

being able to detect large viruses. Since the 1980s, flow

cytometry has been deployed to many applications with

extensive publication of its use (M€uller and Nebe-Von-

Caron 2010). The review paper by Picot et al. (2012)

offers a very detailed chronological history of the devel-

opment of FCM.

As described by Picot et al. (2012) and Kalina et al.

(2020), while many early applications focussed on mam-

malian cells, flow cytometry has extended to many clini-

cal applications (Brown and Wittwer 2000; Suo et al.

2020). Furthermore, there is an increasing evidence that

flow cytometry has been extensively used to advance rou-

tine microbiology laboratory analysis (Mejuto et al. 2017)

real-time in vivo clinical determinations (Brown and Wit-

twer 2000; Kalina et al. 2020; Suo et al. 2020), and in

field environmental monitoring (Safford and Bischel

2019). For example, Kalina et al. (2020) have reported on

the effective use of FCM in primary immunodeficiencies,

immunophenotyping, diagnostics and functional studies.

Mejuto et al. (2017) have reported on the use of FCM as

an effective alternative approach for urine culture in rou-

tine clinical microbiology laboratory. �Alvarez-Barrientos

et al. (2000) describe the application of FCM for parasite

and virus detection in clinical specimens. Similarly, Glier

and Holada (2012) describe how anti-prion monoclonal

antibodies conjugates may enable FCM screening of clini-

cal blood samples for prion disease. Safford and Bischel

(2019) reviewed the potential of FCM to radically inform

applications in waste treatment and reuse. L�eonard et al.

(2016) have reviewed the potential opportunities pre-

sented by FCM in the examination of the effect of

antimicrobials on sub-populations of micro-organisms.

Principles of Flow Cytometry

Flow cytometry is best described as automated microscopy

where thousands of cells can be analysed in a second.

FCM quantitatively measures the optical characteristics of

cells as they pass in single file in front of a focused light
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beam (Veal et al. 2000). By measuring fluorescence, either

natural or induced by use of fluorescent markers, cells

may be differentiated based on size, shape or phenotypic

characteristics. The flow cytometer consists of three main

components, namely Fluidics, Optics and Electronics for

measurement (Goure 2013).

The key aspect of flow cytometry is the measurement

of scattered light following impact of the beam from a

light source with the individual cells being analysed. Light

that is scattered at acute angles, called ‘forward scatter’

gives an indication of the particle size, whereas light scat-

tered at wider angles, called ‘side scatter is proportional

to the particles roughness and complexity’ (Ambriz-Avi~na

et al. 2014). Even though measurement of light scatter

can yield very useful information about bacterial cells, it

is unfortunately non-specific to bacterial species. There-

fore, fluorescent dyes must be employed in combination

to achieve further specificity in the analysis. Cell viability,

protein identity and enzymatic activity have been mea-

sured in such a manner (Ambriz-Avi~na et al. 2014).

Another useful advancement of flow cytometry is ‘Flu-

orescence Activated Cell Sorting (FACS)’ whereby cells

are differentiated and sorted by means of detection of a

fluorescent marker using flow cytometry. For the past

two decades, flow cytometry (FCM) has been used to

investigate micro-organisms and offers an ‘accurate tech-

nique to identify spores, vegetative cells and the number

of viable and dead cells in the given population’ (Majeed

et al. 2018). FCM is a sensitive technique operating in

real time that can examine individual cells at rates of

100–1000 cells per second.

Light Scatter

Cell characterization using flow cytometry is achieved by

means of measuring light scatter or fluorescence signals

(D�ıaz et al. 2010). Examining cells with light scatter yields

useful information regarding cell morphology and size:

Forward scatter is normally assumed to be proportional

to cell size, whereas ‘side scatter light has been shown to

be affected by intracellular structure and inclusion body

formation’ (D�ıaz et al. 2010).

Light scatter alone can yield important information

about micro-organisms and can be an early differentiator

of phenotypic populations. Reis and co-workers observed

bimodal side scatter with vegetative cells of Bacillus

licheniformis (Reis et al. 2005). Similarly, Hewitt et al.

(1999) and Schenk et al. (2011) observed a bimodal dis-

tribution of side scatter light with Escherichia coli, which

is characteristic of rod-shaped micro-organisms explained

by Hewitt et al. (1999), as most likely due to ‘an elon-

gated cell’s orientation as it travels through the laser

beam can vary in range from the major to the minor

axis’. Comas-Riu and Vives-Rego (2002) observed bimo-

dal light distribution of forward scatter light from Paeni-

bacillus polymyxa spores, and upon further investigation

with a staining protocol using propidium iodide (PI) and

Syto 13, observed two distinct phenotypic populations,

one permeable to PI (and weakly permeable to Syto13)

and the other sub-population impermeable to both dyes.

Hence, light scatter in this case (unlike that in Reis and

Hewitt studies) served as an early indication of pheno-

typic variation, which was then confirmed by further

exploratory work.

FCM analysis of light scatter may also detect autofluo-

rescence of micro-organisms. As highlighted by Magge

et al. (2009), autofluorescence may occur in some species

as a consequence of spore coat components such as dity-

rosine which cross-links through oxidation activities

involving peroxidase and oxidase. Hence, in the design of

a FCM experiment, it may be necessary to consider the

addition of a negative control for autofluorescence as

adopted by Zhang et al. (2020) in the execution of their

research.

Use of Fluorescent probes

However, when looking at microbial cells, given their

size, light scatter profiles alone may yield insufficient

information. Hence, the use of fluorescent probes has

proved to be a useful methodology when combined with

flow cytometry. Fluorescent probes work from the princi-

ple that the wavelength of emission will be longer than

that of excitation and the difference between the two,

described as the Stokes shift, determines the effectiveness

of the probe (Davey and Kell 1996; Adan et al. 2017).

Various fluorescent probes may be used to determine

the physiological state of the organism and help differen-

tiate a population by viability state. Probes such as those

examples described in Table 1, may be used based on cell

interaction characteristics to identify a population or may

even be used to count micro-organisms. Probes used in

flow cytometry studies may be divided into two broad

groups: (i) nucleic-acid-binding dyes and (ii) metabolic/

cellular/protein-binding dyes (Mathur et al. 2016).

Trevors (2003) describes the advantages and limitations

of the use of fluorescent probes in bacterial research.

Combinations of dyes may be used to generate ‘multi-

parametric data’ from individual cells in a heterogeneous

population (Wilkinson 2018). The key properties favour-

able in a fluorescent probe include (i) biologically inert,

(ii) a high extinction coefficient and a high quantum

yield so that small concentrations of the stain can be

detected within the cell, (iii) a narrow emission spectrum

to avoid overlapping, (iv) photostability, (v) low toxicity

and (vi) solubility in water (D�ıaz et al. 2010).
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Fluorescent dyes used in flow cytometry

Membrane integrity and permeabilization

Membrane integrity is often employed as a definitive

measure of cell viability. Thus, as a consequence, dyes

typically fall into two categories, namely cell permeant

and cell impermeant, depending on their ability to pene-

trate an intact cell membrane (Buysschaert et al. 2016).

Membrane integrity indicates that cells continue to dis-

play metabolic activity by maintaining potential without

guaranteeing cell replication (which is required for cell

culturing techniques). Cells with damaged or compro-

mised membranes are unable to maintain the electro-

chemical gradient across the membrane and are therefore

considered as dead (D�ıaz et al. 2010). Dyes employed

typically work on the principle of exclusion from a viable

cell membrane and permeabilization through a damaged

membrane. Propidium iodide is a commonly used dye

for detection of dead cells as evidenced by

permeabilization of the inner membrane. PI contains two

positive charges and is ‘normally excluded from the cells

due to divalence’. Therefore, PI can only enter permeabi-

lized inner membranes (L�eonardet al. 2016). Viability

may be determined through combination with dyes such

as PI (membrane impermeant) where fluorescence indi-

cates non-viability (Buysschaert et al. 2016).

Membrane permeant dyes may be used to combine

with cellular nucleic acids: Sybr green binds to DNA

while Syto9 binds to both DNA and RNA to fluoresce

green (Buysschaert et al. 2016; Wilkinson 2018). Such

dyes yield total counts as nucleic acids may be present in

dead and damaged cells. Furthermore, the asymmetric

cyanine-based dyes such as Syto are non-fluorescent until

such time as they bind with nucleic acid, whereas DAPI

or Sybr-based dyes enhance their fluorescence upon bind-

ing to nucleic acids (D�ıaz et al. 2010). This may be a

consideration when trying to differentiate very small bac-

terial cells from background noise.

Table 1 Selection of Fluorescent stains commonly used with flow cytometry

Probe Property

Cell fraction

identified References

Carboxyfluorescein

diacetate (cFDA)

Intracellular esterase activity Viable cell fraction Majeed et al. (2018);

Cronin and Wilkinson

(2008); Wilkinson (2018)

DiBAC4 Anionic structure which enters cell and binds to

intracellular proteins

Membrane potential Buysschaert et al. (2016)

Dihydroethidium (HE) Oxidation of HE results in formation of ethidium which, in

turn, binds with DNA yielding fluorescence

Reactive oxygen

species

Buysschaert et al. (2016)

Ethidium Bromide (EB) Positively charged monovalent compound used to evaluate

efflux pump system. Enters intact cells but is pumped out.

However, where membrane and efflux pump is damaged,

intracellular DNA is stained

Efflux pump and

membrane activity

L�eonard et al. (2016)

Fluorescein Binds to proteins Protein Cronin and Wilkinson

(2008)

Hoechst 33342 Binds to DNA DNA Cronin and Wilkinso

(2008)

Propidium Iodide (PI) PI is a commonly used dye for detection of dead or

damaged cells as evidenced by permeabilization of the

inner membrane. PI contains two positive charges

normally excluded from the cells due to divalence.

Therefore, PI can only enter permeabilized inner

membranes

Dead or damaged

cells

Leonard et al. (2016);

Majeed et al. (2018)

Rhodamine 123 Cationic dye that only accumulates in cells with active

membrane potential and reciprocally can be pumped

back out of cells

Membrane potential Buysschaert et al. (2016)

Sybr Green DNA Total cell counting Buysschaert et al. (2016)

SYTO BC

SYTO 9

Nucleic Acid stain (both DNA and RNA) Total cells—intact and

damaged cells

Majeed et al. (2018);

Trevors (2003);

Wilkinson (2018)

SYTO

BC + polystyrene

microspheres

Nucleic acid stain (both DNA and RNA) Total cell counting Majeed et al. (2018)
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Cell structure and differences between gram-positive

and gram-negative bacteria is an important consideration

when design staining strategies (Berney et al. 2007; Buyss-

chaert et al. 2016; L�eonard et al. 2016). Gram-negative

cells present greater challenge to staining, often requiring

a time-dependant protocol due to presence of the outer

membrane. Buysschaert et al. (2016) found that uptake of

Syto dyes was immediate in gram-positive micro-organ-

isms, whereas approximately 15-min incubation was

required with Gram-negative bacteria. Even allowing suf-

ficient time for dye uptake in gram negative may be

insufficient to see homogeneous staining and therefore

protocols may require addition of EDTA to chelate the

LPS layer of Gram-negative bacteria (Berney et al. 2007;

Buysschaert et al. 2016). As described by Buysschaert

et al. (2016), work is required to determine the appropri-

ate EDTA and dye concentration, and in their research

they found that EDTA improved uptake in Gram-nega-

tive bacteria at lower dye concentrations. However, Davey

and Kell (1996) highlight the impact of the EDTA sample

preparation in terms of cell viability, change to side scat-

ter profiling, cell-sorting and re-growth which should be

considered.

Membrane potential/Energization

Membrane potential is often used to determine cell viability

where viable cells maintain ion potential across the cell

membrane, necessary in ATP synthesis and essential mole-

cule transport (Buysschaert et al. 2016). Given the link

between membrane potential and cell respiration and ATP

synthesis, this may be considered a more appropriate mea-

sure of viability given the criticality of respiration (Hammes

et al. 2011). When the difference between the ions inside

and outside the cell decreases to zero, it serves as an indica-

tion that the membrane is structurally damaged (D�ıaz et al.

2010). Cationic dyes such as DiOCn are able to cross the cell

membrane of viable cells and accumulate inside polarized

cells. However, as advised by Magge et al. (2009), care

should be taken with dyes such as DiOC6, as non-specific

binding to the spore coat was observed during their studies,

further emphasizing the importance of understanding a

selected dye and its site of action.

Metabolic Activity

As part of metabolic activity, cells operate a suite of

esterases and dehydrogenases whose activity may be

detected and measured with dyes and flow cytometry.

Like nucleic acids stains, enzymes may still be active after

cell death (Buysschaert et al. 2016). Therefore, staining

protocols should be carefully designed and more often

involve multi-stain approach. Carboxfluorescein diacetate

(cFDA) is cleaved by esterases to release the fluorescent

fluorescein. cFDA is a viability stain that is effectively

retained in the cell, but staining protocols should con-

sider pH conditions as it may affect fluorescence emission

intensity with pH 9 being most intense (Buysschaert et al.

2016). Another enzymatic activity of interest is that of

superoxide dismutase in responding to reactive oxygen

species (ROS) during oxidative stress. An increase in ROS

may be detected using dihydroethidium (HE), where the

oxidation of HE results in the cleavage of ethidium which

fluoresces with the intercalation with DNA (Buysschaert

et al. 2016).

Multi-staining strategies

Single staining strategies may overestimate populations or

suggest incomplete determinations of phenotypic frac-

tions whereby intermediate states are elucidated (D�ıaz

et al. 2010; L�eonard et al. 2016). Through the use of mul-

tiple fluorescent probes, different functional properties or

morphological states may be assessed simultaneously and

used to form a more complete understanding of the

micro-organism (Buysschaert et al. 2016). An often used

staining kit is Live/Dead� BacLightTM kit which uses a

combination of SYTO9 and PI to distinguish intact live

cells from permeabilized dead cells. Thus, multiple fluo-

rochromes are often used in combination to label cellular

components or properties and subsequently assist in dif-

ferentiation. As shown by the work of Quir�os et al.

(2007) the dual staining of Lactobacillus hilgardii and Sac-

charomyces cerevisiae using CV6 and PI shows the value

in elucidating cell fractions such as damaged and VBNC

cells, not observed in cell culture plates. The authors were

able to gain a fuller understanding of the culture kinetics

in the bioprocess being examined.

As highlighted by Wilkinson (2018), micro-organism

types may uptake stains differently and this should be

considered in any protocol. The author highlighted some

reliability challenges with PI. Hence, multi-stain strategies

should be considered whereby fractions may be triangu-

lated and validated. For example, a strategy might be to

perform total stain with Syto, a non-viable stain with PI

and a viable stain with cFDA. Majeed et al. (2018) uti-

lized such a strategy whereby they were able to validate

their staining strategy by comparing cFDA fraction to the

Syto-PI fraction (each representing viable cell numbers).

In our own work, we have used multiple dyes to exam-

ine fractions of Geobacillus stearothermophilus. In this

work, biological indicators of G. stearothermophilus were

treated with vapourized hydrogen peroxide sterilization

and examined with flow cytometry to elucidate fractions

recovered in Tryptone Soya media broth. As shown in

Fig. 2, the benefit of having a multi-stain strategy is

apparent: Syto BC plots as expected show total count of

cells due to the nucleic acid staining, while PI shows dead
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and damaged cells due to the penetration of the dye

through the inner membrane of the cell. In panel G of

Fig. 2, PI stained positive as expected for a tube that

yielded no viable growth and this was verified by the

cFDA—population elucidated in panel H. However, in

the TSB tube where growth was observed, PI-positive

cells (Fig 2c) were also observed which was also some-

what expected to indicate damaged cells. Again, cFDA

acted to confirm that albeit the cells were damaged, they

were capable of metabolic activity.

As much as one can observe the ability of FCM and

fluorescent probes to elucidate various fractions as shown

in Fig. 2, the accuracy at which it elucidates such frac-

tions is also a considerable benefit of using flow cytome-

try. Again, in our own research studies, a test tube of

TSB containing a biological indicator of G. stearother-

mophilus was examined by flow cytometry with stains of

CFDA, Syto BC and PI. The results of the examination of

this tube are shown in Fig. 3.

When CFDA experiment is corrected for dilution, a

similar population is observed for Syto BC+, PI+ and

CFDA-. This therefore indicates a population of total cells

(Syto BC+) of approximately 1�5 9 106 cells of G.

stearothermophilus that have damaged inner cell

Figure 2 Flow cytometry of Geobacillus stearothermophilus biological indicators treated with vapourized hydrogen peroxide and incubated in

TSB. Plots (a–d) are of from TSB tubes where growth was observed after 24 h. Plots (e–h) are from TSB tubes where no growth was observed

after 48 h. [Colour figure can be viewed at wileyonlinelibrary.com]

Figure 3 Flow cytometry of plates E–H (Fig. 2) unstained (i) and stained with Syto BC (ii); PI (iii); CFDA (iv) and including values for cells per ml.

(i)–(iii) performed as same experimental test with Syto BC and PI applied as a dual stain. CFDA applied as separate experiment with differing dilu-

tion: When CFDA events are corrected to same dilution as Syto/PI experiment, a CFDA� cell count of 1�47 9 106 is obtained. [Colour figure can

be viewed at wileyonlinelibrary.com]
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membranes (PI+) to such an extent that the cells are not

viable (CFDA�).

In defining a protocol for multiple staining, careful con-

sideration should be given to (i) the individual staining

protocols for each dye, (ii) the possibility for overspill of

fluorescence and the need for compensation, (iii) the inter-

ference of one dye with another, for example, electron

quenching, (iv) dye stability and (v) the potential for cellu-

lar metabolic activity to affect the staining protocol (Buyss-

chaert et al. 2016; Kirchhoff and Cypionka 2017).

For example, Kirchhoff and Cypionka (2017) observed

viable cells of Dinoroseobacter shibae and Bacillus subtilis

being stained with PI and attributed this to a ‘boosted

membrane potential’, that is, an amplified ion-motive

force leading to permeability of the PI cation. In the case

of B. subtilis, this phenomenon was observed when cells

were in early growth phase (similar to our TSB culture

stained after 24 h; Kirchhoff and Cypionka 2017). Again,

this further highlights (i) the careful selection of appro-

priate stains, (ii) the definition of an appropriate protocol

and (iii) the benefit of using multiple stains. In the case

of our work, the use of CFDA acts as the ultimate arbi-

trator of viability, and subsequently, confirmation of the

other fractions obtained.

Key advantages with Flow Cytometry

Key advantages may be summarized as (adapted from

Wilkinson 2018) rapid test time and data generation

(min); high numbers of test cells (in excess of 10 000);

single cell analysis; real-time analysis; minimal sample

volumes; significant data generation; detailed Data analy-

sis tools; and multi-parameter analysis.

With regard to the examination of bacteria, the key

advantage is appropriately summarized by D�ıaz et al.

(2010), as ‘the assessment of structural and/or functional

cell properties such as metabolic activity, membrane

potential and integrity or macro-molecules biosynthesis

leads to a deeper characterization of cell populations’.

Challenges with FCM in sterilization microbiology

With regard to the examination of bacteria with flow

cytometry, there are a number of challenges that must be

considered and strategized for, particularly, bacterial size,

staining protocols and creating a partial picture.

Bacterial Size

Bacteria are some three times smaller than mammalian cells

in mass and therefore contain less cellular constituents, such

as nucleic acids, where fluorescent probes are often targeted.

As a consequence of this, the areas of light scatter of interest

are often either close to the instrumentation noise or the cel-

lular debris detected as events by the flow cytometer (Tracy

et al. 2008; Ambriz-Avi~na et al. 2014).

Staining Protocols

The importance and moreover the significance and impact

of the staining protocol on the final result are highlighted

by many researchers. For example, Nescerecka et al. (2016)

identified that the use of solvents such as DMSO may

affect the permeability of the cell and subsequently affect

results. Other researchers have reported bleaching of

probes over time, for example, Stiefel et al. (2015)

observed loss of SYTO9 in Staphylococcus aureus and Pseu-

domonas aeruginosa cells over time of 10–130 min with a

loss of 4–8% every 5 min. In some studies, cellular and

metabolic interference was observed. As described already,

ion motive force can potentially result in misleading results

with PI. Similarly, Stiefel et al. (2015) describe how Gram-

negative micro-organisms with two cell membranes may

limit the permeabilization of SYTO9. Also, the same work-

ers observed variances in uptake of SYTO9 in live and

dead cell populations. Background fluorescence may also

impact results. Again, related to the size of the bacterial

cell, the impact of background fluorescence must be

known and accounted for. For example, PI yields high flu-

orescence in the unbound form (Stiefel et al. 2015).

Regarding the probes themselves, emission spectra wave-

lengths may overlap and therefore compensation must be

applied to yield accurate determinations. Additionally,

spores themselves have proved to be challenging to anal-

yse. Bacterial endospores have many protective strategies

deployed during dormancy including spore coat, dormant

metabolic activity, nucleic acid protected with small acid

soluble proteins. All of these mechanisms make it some-

what difficult to stain with FCM probes, consequently with

mixed results being observed in the literature (Comas-Riu

and Vives-Rego 2002; Cronin and Wilkinson 2007; Mathys

et al. 2007; Majeed et al. 2018; Trunet et al. 2019; Young

and Setlow 2004b). Some researchers were unable to stain

endospores while others had some success with specific

probes, staining protocols and use of germinants. As

expected, an understanding of the action and target of the

probes is imperative: Laflamme et al. (2004) found that

while Syto9 penetrates free endospores, DiBAC did not

work, not because the molecule could not pass the spore

coat but because the mechanism it is testing namely efflux

pump is dormant in a dormant endospore.

Creating a partial picture

In the research field of Food sterilization and preserva-

tion, flow cytometry has been used as an investigative
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tool quite extensively (Borch-Pedersen et al. 2017; Lv

et al. 2019; Zhang et al. 2020). The very recent work of

Zhang et al. (2020) demonstrates how FCM can be

employed to elucidate various phenotypic fractions

observed during an inactivation treatment. FCM can also

show the sequence of events from intact spores to germi-

nated spores (high fluorescence with Syto) to an interme-

diate (moderate fluorescence) ‘unknown state’ to finally

an inactivated state (PI positive). However, it can equally

be observed that a limitation resides with FCM, where

one fraction is often labelled ‘unknown’—it is known

from a stain fluorescence perspective but not fully

resolved from a phenotypic or vitality state. Some authors

determine this to be the VBNC fraction accounting for

differences with cell counts from conventional plate

count techniques. Zhang et al. (2020) examined the cul-

tivability of each fraction to further inform, and arrived

at the conclusion that this fraction is likely to be ‘germi-

nated with partial sublethal damage’. Our work to date,

as shown in Figs 2 and 3, demonstrates elucidation of

various fractions with Syto and PI stain and viability

assessment using CFDA. However, like many others have

identified, FCM is one of the necessary tools that may be

used to inform but other investigative tools and

approaches are needed to form the rich picture about

bacterial state in a sterilization or decontamination pro-

cess. Comas-Riu and Vives-Rego (2002) observed how

FCM could differentiate culture fractions such as vegeta-

tive cells and spores, all of varying degrees of viability in

a way that microscopic or electric particle analysis were

not able to do. The authors, using cell sorting and exami-

nation under SEM, were able to clearly identify the vari-

ous fractions in the culture of P. polymyxa being

examined, hence demonstrating the complementarity of

using multiple techniques. Table 2 describes some of the

other tools and techniques that may be employed to help

form such a rich picture.

As shown in Table 2, additional information can be

obtained using complementary techniques such as quanti-

tative PCR and image analysis techniques that have been

successfully used in adjacent fields of environmental and

food microbiology. Techniques such as RAMAN spec-

troscopy, Maldi time-of-flight (tof) Mass Spectrometry

along with use of scanning and transmission electron

microscopy can provide important cellular and mechanis-

tic information on spore composition and destruction

post-treatments (De Gelder et al. 2007; Lasch et al. 2008;

Hutchison et al. 2014). Raman bands of calcium dipicoli-

nate and amino acids such as phenylalanine and tyrosine

are more intense in the spectra of sporulating bacteria

compared with those of bacteria from earlier phases of

growth and therefore can be used to detect sporulation of

cells by a characteristic band at 1018 cm(�1) from

calcium dipicolinate. The increase in amino acids could

possibly be explained by the formation of small acid-sol-

uble proteins that saturate the endospore DNA (De

Gelder et al. 2007). These rapid approaches can also be

used to detect intermediate morphological and physiolog-

ical states and therefore complement FCM in providing a

more complete picture.

Opportunities for real-time FCM in sterilization
microbiology

As much as researchers should understand and address

limitations, the benefits of flow cytometry in the exami-

nation of micro-organisms cannot be overlooked. As sta-

ted by Wilkinson (2018), ‘FCM data may reflect differing

properties such as the extent of cell membrane integrity,

functionality of membrane potential, presence of intracel-

lular enzyme activity and DNA base composition’.

As highlighted by Majeed et al. (2018) ‘intermediate

states between viable and dead bacteria like injured and

stressed cells are difficult to detect by the plating method

and are often termed as viable but nonculturable’

(VBNC). Hence, we arrive at another classification based

on the term ‘vitality’ or the degree to which a cell can

perform various aspects of metabolic, physiological and

genetic functionality and the extent of structural and

morphological integrity (Kramer and Thielman 2016).

While significant investigative work has been con-

ducted by a number of researchers regarding the effect of

sterilants at a cellular level (Roth et al. 2010; Leggett

et al. 2016; Setlow et al. 2016; Young and Setlow 2004a,

2004b), often this work is limited to the use of mutants

to compare to wild-type micro-organisms to test such

things as cellular permeability for instance. As identified

by Cronin and Wilkinson (2008), the use of such

mutants still fails to account for the inherent heterogenic-

ity in large micro-organism populations. Some traditional

polymerase chain reaction (PCR)-based methods may be

limited in differentiating genetic material from viable and

non-viable cells (Wilkinson 2018). As highlighted by

Wang et al. (2017), quantitative-PCR (q-PCR) will not

differentiate between viable and non-viable cells, whereas

PCR in combination with a nucleic-acid-binding dye

such as ethidium monoazide bromide offers potential for

differentiation. EMA-q-PCR works on the same principle

of membrane permeabilization where EMA intercalates

into the DNA of permeabilized membranes preventing

amplification by nucleic acids (Pisz et al. 2007). There-

fore, while EMA-q-PCR offers potential assessment of

viability, detection of injured (and viable cells) may be

limited, similar to the use of PI in FCM. Hence, FCM

using a combination of dyes not just those based on

membrane permeabilization as an indicator of viability
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Table 2 Potential use of real-time flow cytometry as a tool to address assumptions and limitations underpinning use of conventional culture-

based media in sterilization microbiology. Complementary methods to FCM are also described

Assumption or

limitation

Enumeration method for determining survivor populations

Gold standard culture-based

method (Agar, Broth) Flow cytometry Other complementary methods

Binary growth of

biological indicator

Conventional plate counts assume

colonies occur from a single cell every

time (Rowan 2019). Broth cultures, for

end-point determinations, also assume

culture are drawn from single cells. No

information may be obtained from non-

cultured states

While plate counts can only detect viable

cells, FCM counts all cells as events,

whether dead or alive. FCM staining

strategy (e.g. PI and CFDA) stain will

elucidate whether cells are alive, dead,

or in an intermediate state, giving exact

numbers for each sub population. Ability

to elucidate non-culturable states

RAMAN spectroscopy

(De Gelder et al. 2007)

Characterization of

viable endospores

and other complex

micro-organisms

Endospores are dormant so assumptions

is these forms would have all

germinated and grown in broth or

media—but little understanding of

potential sub-lethal damage when an

inactivation process is applied (McEvoy

and Rowan 2019)

FCM can readily detect unstained viable

spores. Spores that are damaged may be

stained with PI and germinated spores

with other viability stains such as CFDA

RAMAN spectroscopy

(De Gelder et al. 2007)

RNA transcription (Dembek

et al. 2013)

SEM (Rowan et al. 2008;

Hutchison et al. 2014)

TEM (Rowan et al. 2001;

Hutchison et al. 2014)

Maldi-Tof MS (Lasch et al.

2008)

Detection of

intermediate

morphological and

physiological states

Standard culture-based approaches do

not enumerate intermediate or viable

non-culturable states (Bradley et al.

2012; Rowan et al. 2015)

PI stain can differentiate a gradient of

live-damaged-dead cells depending on

degree of PI uptake. Various stains can

inform about the physiological state, for

example, CFDA regarding metabolic

activity

Redox stains (Yaqub et al.

2004)

ATPase and PCR (Garvey et al.

2016)

TEM (Sahin et al. 2012;

Reineke et al. 2013)

SEM (Reineke et al. 2013;

Georget et al. 2014)

Environmental

conditions and

microbial stress-

adaptation

Prior exposure to sub-lethal stresses may

harden microbes to lethal levels of the

same stress (Rowan 1999; Rowan et al.

2015); ; . Growth in oxygen-rich

environment may cause metabolic

suicide for some aerobic organisms

where vital catalase and superoxide

dismutase genes damaged, yet are

capable of growth under reduced

oxygen conditions (Rowan 1999)

FCM with targeted staining protocols will

help elucidate environment and stress

responses: PI stain, which stains

damaged/dead cells, will give an

indication of the ability of the organism

to adapt to stress.

CFDA may be employed to indicate

vitality by demonstrating metabolic

activity

Gene-chip microarray for

microbial genotypes and

species in communities,

bioinformatics

(Aspedon et al. 2006)

Microfluidic technologies for

microbial community

monitoring (Dhar and

Lee 2018).

qPCR for gene expression

under stress conditions

(Rowan 2019)

Homogeneity versus

Heterogeneity

Natural bioburden may be a mixed

culture of different cell types and

species. In sterilization microbiology, it is

assumed that homogeneity of Biological

Indicators (BIs) as a reference micro-

organism, compensates for this (McEvoy

and Rowan 2019)

Microbes of different size/population will

separate out on dot plots making it

possible to examine heterogenicity in

microbial populations, including those

from natural bioburden

Multiplex PCR assays (Diercks

et al. 2009), MinION for

microbial whole genome

sequencing (Tyler et al. 2018)

Immunoassays (Bartholomew

et al. 2017)

Maldi-TOF (Kryazhevskikh et al

(2015); Li et al (2019)

Speed of

enumeration post-

sterilization

treatment

Treated samples require up to 24- or 48-

hr incubation before enumeration of

survivors (McEvoy and Rowan 2019)

FCM gives total, and population, cell

counts in real time, as the sample is

analysed

PCR is more time-consuming,

but can give complimentary

data (Garvey et al. 2010)

(Continued)

Journal of Applied Microbiology 130, 1794--1812 © 2020 The Society for Applied Microbiology 1805

B. McEvoy et al. Flow cytometry in sterilization microbiology

D
ow

nloaded from
 https://academ

ic.oup.com
/jam

bio/article/130/6/1794/6715711 by T
echnological U

niversity of the S
hannon: M

idlands M
idw

est user on 16 N
ovem

ber 2023

505



and therefore offers complementary technological insights

to addressing complex environmental microbiology chal-

lenges.

In their analysis of the effectiveness of disinfectants on

nosocomial bacterial species, Massicotte et al. (2017)

compared traditional culture techniques and FCM, and

came to the conclusion that the ability of FCM to detect

intermediary states between live and dead cells is a very

important aspect given the hypothesis that some organ-

isms such as Enterococcus faecalis, in a sub-lethal state

had the potential to provide a ‘biocharge of bacteria’ for

future nosocomial infection or food poisoning.

In our investigative work looking at the inactivation of

biological indicators of G. stearothermophilus using

vapourized hydrogen peroxide, the usefulness of FCM as

an informative tool cannot be overstated. As shown in

Fig. 2e–h, from a test tube of TSB showing no growth

and therefore, no useful information from such a tradi-

tional technique, FCM has provided a rich picture of

information regarding cell numbers, viability and damage.

As described by McEvoy and Rowan (2019), investigation

of the cellular location of lethality of VH2O2 is an

important aspect of understanding sterilization kinetics

and one which traditional cell culture techniques simply

cannot inform. FCM is already providing valuable

insights through the use of various fluorescent probes.

However, it is equally recognized that the usefulness of

FCM is further accelerated when used in combination

with other investigative techniques.

Furthermore, sterilization microbiology often relies on

the use of reference micro-organisms in the form of Bio-

logical indicators. BIs are often chosen as their resistance

to a given sterilization or decontamination method is

known and the method for micro-organism recovery is

well described (McEvoy and Rowan 2019). However, as

sterilization methods are designed to be more efficient

and more tailored to the microbiology challenge of the

healthcare product being processed, the reliance on BIs

for process validation becomes less. As a consequence,

the natural microbiology flora is used to define the mini-

mum processing requirement. Use of traditional microbi-

ology techniques that relies upon an understanding of

different microbial species present may necessitate pro-

viding an enormity of different culture conditions for

enumerating and resuscitating the variety of micro-organ-

isms present that have either complex growth require-

ments or fail to grown in laboratory-based culture media

(Tyler et al. 2018; Rowan 2019). There is evidence that

some lethal or sub-lethally treated-bacteria may be

adversely affected by environmental culture conditions

(Rowan 2004; Rowan et al. 2015).

FCM can be used to discern microbial homogeneity

through real-time dot plots of different cell populations.

FCM combined with other techniques (Table 2) can

effectively monitor, profile and investigate changes in

microbial ecosystems. When assessing inactivation from a

sterilization or decontamination process, FCM can

rapidly assess survivors and those bacteria that may enter

a viable but non-culturable state, thus yielding important

information during the examination of the inactivation

kinetics during process design.

Conclusion

Sterilization validation relies on the demonstration of a

measured inactivation of micro-organisms, whether

micro-organisms from the natural microflora of the

device being sterilized or that of a reference BI (McEvoy

Table 2 (Continued)

Assumption or

limitation

Enumeration method for determining survivor populations

Gold standard culture-based

method (Agar, Broth) Flow cytometry Other complementary methods

Uniformity of cell

distribution

CFU counts on agar or broth cultures

assume uniformity of cell distribution

(Farrell et al. 2011; McEvoy and Rowan,

2019)

FCM will give indication of how uniform

(size/granularity) cells with FSC indicating

size and SSC the granularity of the cells.

SSC-Height v SSC-Area to gate out

duplets and aggregates (Zhang et al.

2020)

Microscopy, SEM, qPCR and

combined cell culture (Garvey

et al. 2013)

Image analysis (Rowan et al.

2000; Wan-Mohtar et al.

2016)

Viability versus vitality Treated micro-organisms may retain vital

functions, but are not capable of

growing on artificial laboratory media,

thus underestimating population of

potential survivors (Rowan 1999; Rowan

et al. 2015)

Fluorescent probes may be used to target

specific cell functions that only operate

in alive cells. For example: EB is used to

verify a functioning efflux pump

(L�eonard et al. 2016)

Quantitative PCR for specific

genes related to vitality

(Garvey et al. 2010, 2016)
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and Rowan 2019). To deliver more precise and efficient

sterilization processes, a deeper understanding of the

inactivation must be understood. On account of the

heterogenicity and fastidiousness of micro-organisms,

current traditional culture-based methods are limited:

They offer a binary assessment of growth or no growth,

not taking into account intermediate states that may exist

during an inactivation process. As described by Reis et al.

(2005), ‘Bacillus spp. have been found to exhibit a variety

of rich dynamic behaviour including long-term oscilla-

tions, multiple steady-states, genetic instability and un-in-

terpretable transients’ and the consequences of which

make process (Biotechnology cell culturing) optimization

and process prediction ‘a difficult task’. In addition, cul-

ture-based methods are time-consuming and often

require a prior knowledge of the microflora species to

design experimental recovery methods that are capable of

recovering viable cells, in particular those that may be

only sub-lethally impacted by the inactivation process

(Rowan 2004; Rowan et al. 2015).

FCM can inform limitations associated with conven-

tional sterilization microbiology. The use of FCM with

appropriate fluorescent probes such as PI offers the

opportunity to examine the heterogenous sub-popula-

tions including population transitions from viable to

dead cells upon treatment with a sterilization process

such as VH2O2. The use of FCM multi-parameter analy-

sis using multiple fluorescent probes and alternative

methods helps provide a rich picture of the ‘vitality’

states in heterogenous populations, and such a picture

can potentially help inform the inactivation kinetics

observed with VH2O2 treatment. However, FCM is not

without its own limitations. Such limitations may be

addressed by the researcher taking the appropriate steps

in protocol design (see Box 1) and/or adding comple-

mentary investigative techniques and tools such as those

described in Table 2.

Adjacent techniques described in Table 2 include

Raman spectroscopy and new omics technologies, such as

metagenomics and transcriptomics, which will advance

efficacy and application of FCM analysis. Raman spec-

troscopy may complement FCM analysis of membrane

permeability by providing insights into chemical compo-

sition (CaDPA) changes within the cell through measure-

ment of Raman shifts (De Gelder et al. 2007; Piktel et al.

2017). Similarly, developments in omics (transcriptomics,

proteomics and metabolomics) of micro-organisms may

provide complementary mechanistic cellular information

regarding stress resistance and genetic modifications in

biomarkers during an inactivation treatment (den Besten

et al. 2018). Zhang et al. (2010) describe how multi-omic

strategies may help decipher complex microbial metabo-

lism. Rowan (2019) described the benefits of omics tech-

nologies in advancing pulsed light as a potential

disruptive decontamination technology for agri-food,

water and healthcare applications, where use of FCM

would provide valuable real-time determinations. For

example, automated FCM analysis would offer consider-

able complementary determinations when used with

metagenomics profiling and next-generation sequencing

(Breitwieser et al. 2018). As described by Hammes and

Egli (2010), ‘cultivation-independent viability analysis on

the single cell level is one of the finest uses of FCM’, and

with careful experimental design, coupled with comple-

mentary techniques such as Raman spectroscopy or

omics, FCM may be employed to further inform steriliza-

tion microbiology and ultimately aid the improvement of

decontamination and sterilization processes.
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Box 1: Steps to be considered in the design of an FCM experiment.

a Understand the interaction of the probe and the micro-organism being studied and recognizing the growth stage of the micro-organism

b Include sufficient negative and positive control to subtract any background fluorescence, including autofluorescence from the micro-organ-

ism itself (Zhang et al. 2020).

c Have a multiple staining and counterstaining strategy to triangulate results.

d Assess the requirement for signal compensation (Alvarez et al. 2010; Adan et al. 2017).

e Design the protocol optimizing conditions, for example, temperature, probe concentration and appropriateness of materials, for example,

TRIS buffers as opposed to DMSO (Nescerecka et al. 2016).

f Use other methods such as light microscopy, electron microscopy, Raman microscopy, PCR, etc. (to further inform the results obtained from

FCM (see Table 2).
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Abstract: This constitutes the first study to compare use of electron beam (EB) irradiation 
and pulsed light (PL) for novel sterilisation of infant mik formula retailed in Ireland. The 
microbiological quality of 60 powdered infant milk formula (PIMF), representative of two 
leading brands available in Ireland, were analyzed immediately after reconstitution and were 
shown to exhibit a total aerobic mesophilic count of <104 CFU/g  (mean 3.3 x102 CFU/g) and 
a Bacillus cereus count of <103 CFU/g powder (mean 2.2x102 CFU/g). Only 7 of 60 PIMF 
samples of Irish PIMF were free of Bacillus sp;  while the pathogenic bacteria Cronobacter 
sakazakii and Listeria monocytogenes were not detected in any samples. Application of EB 
irradiation at 10 kGy sterilised the aforementioned PIMF. Pulsed light was not suitable for 
PIMF sterilisation due to turbidity, but did successfully kill C. sakazakii, L. monocytogenes 
and test Bacillus species when suspended and treated in saline solution. D10 values [dosage 
required to elicit a one log10 reduction in microbial numbers], for EB varied over the range 
1.4 to 2.5 kGy for Bacillus species treated. Nutritional studies of EB-treated of PIMF samples 
at upper 10 kGy revealed no discernible difference in appearance, moisture, protein, ash, 
vitamin C, total fat and total carbohydrate content compared with untreated controls. The 
results indicate that EB treatment of Irish retailed infant milk formula at 10 kGy destroyed 
Bacillus endospores in these products without affecting nutritional status or appearance.  
Keywords:  infant milk formula, electron beam, pulsed light, nutritional status, sterilisation. 
 
 

I. INTRODUCTION 

The global baby and infant food market is projected to grow substantially [1]. In 2015, China 

imported over 175,000 tonnes of infant formula, this demand is driven by a high level of 

consumer confidence in product produced outside China. Nielsen Company estimated global 
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baby food and formule sales reached 35 billion U.S. dollars in 2015. This market surge is 

linked with socioeconomic development in these countries commensurate with growing 

number of working women and policy changes such as the one child policy in China. Ireland 

currently produces approximately 10% of products for the global infant formula market.  

However, reconstituted powdered infant formula (PIMF) are considered to be a food class of 

high risk due to the susceptibility of the infant population to enteric bacterial pathogens such 

as Cronobacter sakazakii and Clostridium botulinum, severe response to toxins and increased 

mortality [2, 3].  Since the first reported Cronobacter infection outbreak in 1958, PIMF has 

been identified as a source of these outbreaks resulting in many recalls of products 

worldwide. China recently ceased milk powder importants from New Zealand and Australia 

over concerns with PIMF contamination; Chinese public have grown increasingly distrusful 

of domestically-produced food since 2008, when ca. 300,000 people were poisoned resulting 

in 6 infant deaths from consumption of baby formula and milk containing melamine  and 

poisonings from important products [4].  Despite the elevated temperatures employed in the 

manufacture of PIMF, there have been a number of food related illnesses where PIF has been 

implicated as the vehicle of infection [5 – 10].  

Generally, PIMF are known to be predomintly contaminated with aerobic spore-formers of 

the genus Bacillus [11 – 13], and thus, are not sterile. The application of non-thermal food 

processing technologies may potentially enable elimination of bacterial endospores in PIMF 

rendering them sterile. Electron-beam irradiation (EBI) is a novel food decontamination 

technology that uses low-dose ionizing radiation in the treatment of crops or foods, to 

eliminate contamination [14]. Pulsed light (PL) has also been applied for water and 

disinfection of food surfaces owing to its’ ability to delivery high-intensity, broad-spectrum 

biocidal lighr [15]. Irradation has been approved by the United States Food and Drug 

Administration (USFDA), United Nations Food and Agriculture Organisation (FAO) and 

World Health Organisation for food decontamination [14]. However, from a perspective of 

food safety, it must be proven that these food decontamination technologies not only 

eliminate microorganisms but also exert no adverse effects on the nutrition or residual 

radiation in the food, before it is applied in food processing industry. The aim of this study 

was to assess the efficacy of EBI and PL as novel non-thermal methods for sterilising infant 

milk formula produced in Ireland.  
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II. METHODOLOGY 

Microbiological quality of reconstituted PIMF samples 

The survey was composed of 60 powdered infant milk formula (PIMF), representative of two 

leading brands available in the Republic of Ireland, were prepared as per methods described 

previously [13], with slight modifications. Briefly, 25 g of PIMF was reconstituted  in 225 ml 

sterile distilled water at a water temperature 45ºC by shaking 25 times through an excursion 

of 30 cm.  Following a 30 min cooling period triplicate aliquots of 1 ml was removed for total 

aerobic mesophilic counts (TAMCs) and for other bacteriological enumerations as outlined 

below The reconstituted PIF were then incubated at either 25ºC and 35ºC for periods up to 

and including 24 h. Total aerobic mesophilic bacteria in PIF were enumerated and identified 

at 0, 8, 14 and 24 h sample time intervals by pour and spread plating, decimal diluted samples 

in buffered peptone water (BPW) and plating on  Tryptone Soya Agar supplemented with 

0.6% Yeast Extract (TSYEA; Cruinn Diagnostics, Ireland) followed by aerobic incubation of 

plates at 37ºC for 48 h. This procedure was repeated in duplicate for three separate samples 

analyzed from the same PIF. Bacillus spp present in these PIMF samples were identified as 

per methods described previously [11]. The identity of each Bacillus isolate was confirmed 

using the API 50 CHB and API 20 E galleries (bioMérieux Ltd.). PIMF were also examined 

for the presence of Cronobacter sakazakii using conventional isolation method as according 

to Haughton et al. [13]. Staphyococcal isolates were identified based on Gram reaction, 

ability to produce catalase and oxidase and coagulase activity, with subsequent use of API 

Staph (BioMerieux) to confirm identity. Efficacy of bacterial detection was evaluated in 

PIMF using positive control strains comprising C. sakazakii (NCTC 8155), L. monocytogenes 

NCTC 11994, Salmonella Enteritidis NCTC 3046, Escherichia coli ATCC 29522, 

Staphylococcus aureus ATCC 29523 and Bacillus cereus NCTC 11145. PIMF samples were 

coded based on microbiogical quality for subsequent electron beam irradiation and pulsed 

light treatments.  

Electron-beam irradiation (EBI) 

A Mevex high energy electron beam irradiator (combined 10/12 MeV unit, 30 kW) was used 

to irradiate 25 g samples of IMF at doses of 1.5, 5, 10 and 25 kGy. A range of representative 

test microorganisms were also artificially-seeded in 25 ml reconstituted IMF (and phosphate 

buffered saline) samples where starting populations was ca. 107 vegetative cells or endospores 

per millilitre in order to determine the D10 values for each test test organism post EB 
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treatment (average dose to reduce microbial numbers by 1 log10 order expressed in kGy). All 

samples were irradiated at room temperature in the presence of air at STERIS Advanced 

Sterilisation Technology plant (Tullamore, Ireland).  

Pulsed light (PL) treatments 

Powdered and reconstituted IMF samples (25 g/ml) were treated using pulsed light (PL) at 

UV doses of 4.32, 10.8, 12.98 µJ/cm2 as described in Garvey et al. [16], with modifications. 

A pulsed power source (PUV-1, Samtech Ltd., Glasgow) was used to power a low-pressure 

(60kPa) xenon-filled flashlamp (Heraeus Noblelight XAP type NL4006 series constructed 

from a clear UV transparent quartz tube) that produced a high-intensity diverging beam of 

polychromatic pulsed light. This delivery system produced ultra-short duration pulses of an 

intense broadband emission that is rich in the UV-C germicidal wavelength. PL is produced 

by storing electricity in a capacitor over relatively long times and releasing it as a short 

duration pulse using sophisticated pulse compression techniques. The light source has an 

automatic frequency control function which allows it to operate at 1 pulse per second (pps); 

this setting was used throughout the study. 

Nutritional and cytotoxicity status of irradiated PIMF samples 

Powdered IMF samples subjected to EBI were independently analysied for nutritional content 

changes at ALS Food and Pharmaceutical testing laboratory (Chatteris, Cambridgeshire, 

England); these tests comprised moisture, energy, protein, ash, vitamin C (as ascorbic acid), 

total fat and total carbohydrate content. Changes in physical appearance and texture was also 

examined. Untreated and EBI-treated samples were encoded post treatment and transported to 

this independent, accredited food testing facility under refrigeration conditions. Cytotoxicity 

tests of EBI-treated IMF was determined using MTT (3-(4, 5 dimethylthiazol-2-yl)-2,5-

diphenyl-tetrazolium bromide) assay following exposure to human HepG2 liver cells as 

described previously [17]. IMF was reconstituted at 13% w/v (as recommended by 

manufacturer), 1.0% w/v and 0.1% w/v and exposed to HepG2 cells; release the purple 

formazan product was measured spectrophotometrically at 490nm after addition of 100ul 

decolouriser (DMSO). 

Statistical analysis 

The Fisher’s exact test was used to compare the bacteriological quality (where total aerobic 

counts for 60 PIMF were pooled and compared as a unit under these conditions), differences 

in treatment technologies (PB, PL) were examined using two-way analysis of variance 
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(ANOVA, Minitab version 13.1, Minitab Ltd, State College, Pennyylvania, USA). All 

significant differences were reported at the 95% level of confidence (p<0.05).   

III. RESULTS  

All 60 PIMF examined immediately after reconstitution were of satisfactory bacteriological 

quality as per new guidelines recommended by Codex Alimentarius Commission code of 

hygienic practice for powdered formulae for infants and young children [18]. All PIMF had a 

total aerobic mesophilic counts less than the 1 x 104 bacteria per gram (Table 1). While the 

latter Codex does not recommend an action limit for B. cereus, all PIMF were shown to have 

a count less than 103  CFU/g power for this pathogen that is below the safety limit of 104 

CFU/g recommended by the Association of Dietetic Food Industries of the European 

Community (IDAEC). The PIMF examined, which were representative of two leading brands 

currently available in the Republic of Ireland were of similar bacteriological quality (p<0.05). 

The largest concentration of organisms present in any PIMF product was 4.9x103 CFU/g 

(consisting solely of B. subtilis), while the mean total aerobic plate count for all 60 infant 

foods analyzed was 3.5x102 CFU/g (Table 1). Bacillus cereus was present in 38 of 60 PIMF 

examined (mean B. cereus 2.2x102 CFU/g), where the largest number of B. cereus recovered 

from any formulation was 4.7 x102 CFU/g (Table 1). The microbial flora of PIMF before 

reconstitution consisted mainly of aerobic spore-formers of the genus Bacillus.  

Bacillus species exhibited varying D10 values (average dose in kGy that caused a reduction in 

microbial numbers by 1 log10 order) to EB irradiation over the range 0.5 to 2.8 kGy where 

endospores were shown to be more resistant compared to vegetative cell forms (p<0.05) 

(Table 2). Initial EBI range finding studies was conducted at 25 kGy that was too high a dose 

for D10 determinations. Treatment of Bacillus endospores in reconstituted IMF provided 

protection compared with similar EB irradiated samples in PBS (p<0.05). Cronobacter 

sakazakii and Listeria monocytogenes exhibited similar EBI sensititiy to that of vegetative 

cells of Bacillus species tested. There was no significant difference between retailed IMF1 

and IMF2 products in terms of efficacy of EBI treatments (p<0.05). EB irradiation at 10 kGy 

sterilised retailed powdered IMF of Bacillus endospores present.  

Retailed PIMF treated with EB at 10 kGy were not altered in moisture (2.8 g versus 2.8 g 

treated), ash (2.2 g versus 2.3 g treated), energy (497 kcal versus 497 treated), vitamin C (71.5 

mg versus 69.4 mg treated), total fats (23.4 g versus 23.5 treated), total carbohydrates (62.1 

versus 61.8 treated) or physical compared with untreated controls. There was no discernible 
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cytotoxicity difference in untreated and EB irradiated infant formula at 10 kGy when 

challenged with human HepG2 liver cells post treatments (Fig. 1).  

Pulsed light (PL) produced ca. 6 log10 CFU/ml reduction in Bacillus endospores when treated 

in phosphate buffered saline at varying UV doses over range 4.32 to 12.98 µJ/cm2, but was 

significantly less effective at destroying these endospores when PL-treated in reconstituted 

IMF at same UV dose (p<0.05) (Table 3]. Similar to EBI, Bacillus in endospore state were 

more tolerant of UV irradiance compared to vegative cells. The inability of PL to reduce 

bacterial load in reconstituted IMF is attributed to poor transmissivenss and penetration 

ability of this system, which is turbid (Fig. 2).  

IV. DISCUSSION 

The pathogenic bacterium Cronobacter sakazakii was not isolated from 60 reconstituted 

PIMF in this study, findings agree with the work of O’Brien and coworkers [19] where these 

researchers did not detect C. sakazakii in 468 samples representative of 31 different milk and 

soya-based infant formula products commercially available in European  countries. Maximum 

allowed levels for B. cereus in dried infant feeds have also been set in several countries, 

ranging from an acceptable threshold of 103 CFU of B. cereus per gramme (e.g., Finland)  to 

104 in Sweden [12]. Veda and co-workers also showed that the most frequently isolated 

organisms from dried baby formulae in Japan were B. licheniformis and B. subtilis, while 

other Bacillus recovered included B. cereus, B. pumilus, B. megaterium, B. circulans and B. 

coagulans [cited in 11]. Thus, isolation of aerobic endospores is commonplace for IMF 

products globally.  

Pulsed light is a promising next generation approach for contact surface and water 

decontamination [15], but is not applicable as sterilisation technology for powdered foods due 

to lack of ability to penetrate this product. However, irradiation of retailed powdered IMF at 

dose of 10 kGy can effectively destroy Bacillus endospores. There is a significant gap in 

scientific research on the application of irradiation to powdered foods [14]. Hong et al. [20] 

reported on the use of EB for inactivation of C. sakazakii, B. cereus and Salmonella 

typhimurium in powdered weaning food where D10 values were 4.83, 1.22 and 0.98 kGy, 

respectfully. This reported D10 value is C. sakazakii is approximately 9 times greater to that 

reported for a different strain of this foodborne pathogen in this study, which highlights the 

importance of investigating a broad range of species to EBI in powdered infant formula. 

Sarrias and coworkers [21] revealed that EB can effectively be deployed for rice sterilisation 
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at 7.5 kGy as it destroys Bacillus and Clostrida endospores and fungi. Helfinstine et al. [22] 

previously demonstrated that EB irradiation can effectively destroy Bacillus atrophaeus 

endospores in envelopes under a biodefence study, where D10 value of 1.53 kGy was 

determined for this species that is similar to D10 values reported in this study for Bacillus 

species. Other researchers compared the tolerance of multiple bacterial strains to EBI and 

found variability in tolerances depending on species type such as Listeria monocytogens (D10 

= 1.09 kGy), Listeria innocua (D10 – 0.38 kGy), Salmonella enterica Poona (D10 = 0.38 kGy), 

E. coli O157:H7 (D10 = 0.36) and Salmonella LT2 (D10 = 0.12 kGy) [23]. Lung et al. [14] 

reported that EBI does not significantly affect nutritional or appearance properties of various 

treated foods. However, D10 value determinations for EB treatments of foods should also 

consider other varying factors including food composition, water activity, storage temperature 

and presence of oxygen [24]. While there is gap in current knowledge as to how EB destroys 

Bacillus endospores at molecular level, studies focusing on vegative cell inactivation by 

Shehata et al. [25] revealed DNA is the principal target govering loss of viability post EB 

irradiation. Electron beam irradiation has many advantages such as relatively short processing 

time, in-line process, highly effective, involves few variables, low heat, short release time, 

low equipment cost and controlled dose [14]. Future studies in this area should consider 

broadening microbial targets to encompass anaerobic Clostridia endospores that may 

occasionally contaminate powdered infant formula; use of human duodenal Caco2 cells 

instead of HepG2 cells for cytotoxicity studies; and expand nutritional compostion studies pre 

and post EBI.  
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Table 1: Variation in aerobic plate counts for named bacterial species in 60 Powdered IMF 
(30 IMF1 & 30 IMF2) enumerated immediately after reconstitution at a water temperature of 

45ºC 
Bacterial spp. Number of PIF where named bacterial spp had total aerobic 

count (log10 CFU/g) in the below ranges  
Total Aerobic 

Count 
(log10 CFU/g) 

Meana 
< 2 2 2 - 3 3 - 4 

IMF1 IMF2 IMF1 IMF2 IMF1 IMF2 IMF1 IMF2 IMF1 IMF2 
B. 
licheniformis 

8 5 11 7 11 6 3 1 2.1±1.1 2.2±1.4 

B. subtilis 6 7 6 7 5 5 0 1 2.2±0.6 2.4±0.5 
B. pumilus 1 1 3 3 2 2 0 1 2.0±1.0 2.4±0.5 
B. cereus 7 7 7 8 6 5 1 1 2.4±0.4 2.5±0.3 
B. mycoides 2 1 2 1 1 2 0 0 2.0±0.7 1.9±0.5 
B. megaterium 4 2 3 3 2 2 0 0 2.4±0.7 2.3±0.4 
B. sphaericus 1 3 3 4 1 1 0 0 1.9±0.3 2.0±0.6 
B. circulans 2 0 2 0 1 0 0 0 2.0±0.4 2.0±0.4 
Staphylococcus 
spp. 

3 2 2 1 3 3 0 0 1.8±0.5 1.8±0.3 

Listeria spp. ND ND ND ND ND ND ND ND ND ND 
Cronobacter 
spp. 

ND ND ND ND ND ND ND ND ND ND 

a Mean ± SD refer to variation in total aerobic counts (log10 CFU/g) among PIMF in each brand 
prepared at water temperature of 45ºC  (n=30). No significant difference in microbial numbers was 
observed between brands of PIMF. ND, not detected.  
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Table 2: D10 value determinations for EB irradiated (kGy) test bacteria in vegetative and 
endospore state suspended in reconstituted infant milk formula (RIMF) or phosphate buffered 

saline (PBS) 
Test Bacterium Morphological 

State 
D10 value (kGy)* 

PBS IMF1 IMF2 
C. sakazakii NCTC 8115 Vegetative cell 0.488±0.04 0.492±0.07 0.531±0.06 
L. monocytogenes NCTC 
11994 

Vegetative cell 0.554±0.04 0.705±0.04 0.562±0.05 

B. cereus NCTC 11145 Vegetative cell 0.771±0.03 0.632±0.04 0.618±0.05 
B. cereus NCTC 11145 Endospore  1.588±0.04 1.674±0.11 1.666±0.14 
B. cereus NR3 Vegetative cell 0.513±0.04 0.816±0.08 0.926±0.12 
B. cereus NR3 Endospore 1.658±0.05 1.236±0.24 1.257±0.17 
B. cereus EMF2 Vegetative cell 0.504±0.06 0.554±0.08 0.611±0.07 
B. cereus EMF2 Endospore 1.018±0.08 1.294±0.06 1.898±0.31 
B. cereus NCTC 11143 Vegetative cell 0.501±0.03 0.536±0.07 0.528±0.06 
B. cereus NCTC 11143 Endospore 1.506±0.10 2.155±0.28 2.08±0.24 
B. cereus NB40  Vegetative cell 0.678±0.11 0.690±0.09 0.674±0.13 
B. cereus NB40 Endospore 1.526±0.04 1.722±0.19 2.51±0.05 
B. cereus NB51 Vegetative cell 0.561±0.05 0.554±0.08 0.601±0.12 
B. cereus NB51 Endospore  1.466±0.06 1.309±0.16 2.281±0.15 
B. coagulans NB11 Vegetative cell 0.466±0.05 0.528±0.08 0.518±0.05 
B. coagulans NB11 Endospore 1.521±0.04 1.239±0.14 1.428±0.06 
B. licheniformis NCTC 
10341 

Vegetative cell 0.540±0.11 0.590±0.06 0.612±0.08 

B. licheniformis NCTC 
10341 

Endospore 1.408±0.10 1.622±0.24 1.630±0.13 

B. subtilis NCTC 3610 Vegetative cell 0.582±0.06 0.602±0.04 0.598±0.06 
B. subtilis NCTC 3610 Endospore 1.455±0.03 1.612±0.11 1.550±0.8 
*The D10 value indicates the average dose (kGy) it takes to reduce the bacterial load by 1-
Log 
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Table 3: Log10 reduction in microbial numbers (CFU/ml) of test bacteria treated in phosphate 
buffered saline (PBS) at different UV doses (µJ/cm2) produced by pulsed light 

Test Bacterium Morphological 
State 

(Vegetative 
cell or 

Endospore) 

Log10 reduction (CFU/ml) of test 
bacteria at varying UV doses 

(µJ/cm2) 
4.32 

µJ/cm2 
10.8 

µJ/cm2 
12.96 

µJ/cm2 
C. sakazakii NCTC 8115* Vegetative cell 5.6±0.3 7.2±0.6 7.4±0.3 
L. monocytogenes NCTC 11994* Vegetative cell 5.3±0.6 6.9±0.5 7.3±0.3 
B. cereus NCTC 11145 Vegetative cell 4.2±0.2 6.0±0.5 6.5±0.4 
B. cereus NCTC 11145 Endospore  2.5±0.5 5.6±0.4 5.9±0.3 
B. cereus NR3 Vegetative cell 5.4 ±0.4 6.4 ±0.3 6.9±0.2 
B. cereus NR3 Endospore 3.4 ±0.1 5.3±0.5 5.6±0.5 
B. cereus EMF2 Vegetative cell 5.1±0.3 6.2±0.4 6.7±0.4 
B. cereus EMF2 Endospore 2.3±0.5 5.0±0.4 5.3±0.3 
B. cereus NCTC 11143 Vegetative cell 5.0±0.5 5.8±0.3 6.7±0.2 
B. cereus NCTC 11143 Endospore 3.2±0.4 5.1±0.6 5.5±0.2 
B. cereus NB40  Vegetative cell 4.9±0.1 5.5±0.5 6.4±0.4 
B. cereus NB40 Endospore 2.2±0.3 5.1±0.3 5.5±0.2 
B. cereus NB51 Vegetative cell 5.3±0.2 6.2±0.2 7.0±0.1 
B. cereus NB51 Endospore  3.2±0.5 5.4±0.5 5.8±0.3 
B. coagulans NB11 Vegetative cell 4.3±0.4 6.0±0.4 6.4±0.4 
B. coagulans NB11 Endospore 2.4±0.4 5.4±0.5 5.7±0.3 
B. licheniformis NCTC 10341 Vegetative cell 4.6±0.5 6.6±0.4 6.9±0.2 
B. licheniformis NCTC 10341 Endospore 3.9±0.1 5.7±0.3 6.1±0.5 
B. subtilis NCTC 3610 Vegetative cell 4.3±0.5 6.1±0.6 6.7±0.2 
B. subtilis NCTC 3610 Endospore 3.3±0.3 5.3±0.5 5.6±0.3 
*Non-endospore forming pathogenic bacteria 
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Figure 1 Percentage viability of human HepG2 liver cells exposed to varying dilutions of 

IMF1 and IMF2 pre and post EB irradiation at 10 kGy. **intimates recommended preparation 
mix for reconstituting powdered IMF products 

 
 

 
Figure 2 Log10 order reduction, expressed in CFU/ml of Bacillus cereus (NB3), for serially 

diluted infan t formula and PBS treated with a pulsed light UV dose of 12.98 µJ/cm2. 
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S U M M A R Y

A central tenet in infection prevention is application of the Spaulding classification system
for the safe use of medical devices. Initially defined in the 1950s, this system defines
devices and surfaces as being critical, semi-critical or non-critical depending on how they
will be used on a patient. Different levels of antimicrobial treatment, defined as various
levels of disinfection or sterilization, are deemed appropriate to reduce patient risk of
infection. However, a focus on microbial inactivation is insufficient to address this con-
cern, which has been particularly highlighted in routine healthcare facility practices,
emphasizing the underappreciated importance of cleaning and achieving acceptable levels
of cleanliness. A deeper understanding of microbiology has evolved since the 1950s, which
has led to re-evaluation of the Spaulding classification along with a commensurate
emphasis on achieving appropriate cleaning. Albeit underappreciated, cleaning has always
been important as the presence of residual materials on surfaces can interfere with the
efficacy of the antimicrobial process to inactivate micro-organisms, as well as other risks
to patients including device damage, malfunction and biocompatibility concerns.
Unfortunately, this continues to be relevant, as attested by reports in the literature on the
occurrence of device-related infections and outbreaks due to failures in processing
expectations. This reflects, in part, increasing sophistication in device features and reuse,
along with commensurate manufacturer’s instructions for use. Consequently, this con-
stitutes the first description and recommendation of a new cleaning classification system
to complement use of the traditional Spaulding definitions to help address these modern-
day technical and patient risk challenges. This quantitative risk-based classification sys-
tem highlights the challenge of efficient cleaning based on the complexity of device
features present, as an isolated variable impacting cleaning. This cleaning classification
can be used in combination with the Spaulding classification to improve communication of
cleaning risk of a reusable medical device between manufacturers and healthcare facili-
ties, and improve established cleaning practices. This new cleaning classification system
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will also inform future creation, design thinking and commensurate innovations for the
sustainable safe reuse of important medical devices.

ª 2024 Published by Elsevier Ltd on behalf of The Healthcare Infection Society.
This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

The safe use of any medical device always requires collab-
oration between the manufacturer and the healthcare user.
For sterile, single-use medical devices, the product is provided
ready for use; however, safety can only be assured when the
device is handled correctly during storage and use at the
healthcare facility. The requirement for this collaboration
becomes even greater with medical devices intended to be
processed prior to use or reuse by the healthcare facility. For
reusable medical devices, greater responsibility for the miti-
gation of infection risk lies with the healthcare facility. This
transfer of responsibility is communicated through manu-
facturer’s instructions for use (IFU). As described in interna-
tional standards, the medical device manufacturer must
provide detailed processing instructions to ensure that, when
followed correctly, the risk of patient infection or other com-
plications is minimized [1e3]. The processing IFU are intended
to standardize the quality of the medical device as appropriate
to patient use. Product, including microbiological, quality is a
qualitative concept that encompasses all activities which
provide confidence that a medical device is safe for its inten-
ded use, and is more than just a consideration of the presence
or absence of micro-organisms potentially remaining on a
product. It includes residual chemicals or particulates which
may remain on a device following use and processing that may
also elicit an immune response in a patient [4].

Earle H. Spaulding defined a classification system to address
the microbiological quality of medical devices processed within
a healthcare facility in the 1950s [5]. This system needs to
evolve in order to respond appropriately to the increasing
complexity of reusable medical devices (e.g. endoscopes) since
the late 1960s [5]. The Spaulding classification system for
medical devices is based on the risk of transmission of infec-
tions [1]. This risk is based on the level of contact the device
has with the patient. Devices are classified as critical, semi-
critical or non-critical [6].

Critical devices include those that contact ‘sterile’ tissues
(including blood and internal body spaces) during their use.
Examples include surgical devices. It is recommended that
these devices should be adequately cleaned, inspected and
sterilized prior to patient use [1,5,7,8]. Semi-critical devices

may only contact mucous membranes or non-intact skin.
Examples include flexible colonoscopes, gastroscopes and
respiratory equipment. It is also recommended that these
devices should be adequately cleaned and sterilized prior to
use. However, in many cases, they may be subjected to ter-
minal high-level disinfection (HLD) instead of sterilization
[1,5,7,8]. The purpose of HLD is to remove pathogens safely,
but this may or may not include all dormant micro-organisms
such as bacterial spores. Non-critical devices or instruments
may contact intact skin but do not penetrate it. Examples
include blood pressure cuffs, stethoscopes and skin electrodes
(non-critical patient care devices). They also include a variety
of equipment and environmental surfaces that may not contact
the patient directly, but can become contaminated during use
or over time in clinical practice (non-critical environmental
surfaces). Recommended processing steps can include cleaning
alone or cleaning with disinfection, where the level of dis-
infection can vary depending on the risk to patient or staff
safety, as well as country-specific requirements [1,5,7,8].

The Spaulding classification focuses on the resistance of,
and risks with, known micro-organisms (specifically pathogens)
in parallel with the criticality of the device in clinical use.
Although more information about microbial resistance profiles
to inactivation is known today, this classification system, which
focuses on use of disinfection and sterilization practices, is just
as applicable today as it was when it was developed over 50
years ago [5]. However, criticism on the foundational resist-
ance profiles of micro-organisms to inactivation has shown
variability depending on the type of antimicrobial process
being employed (especially with chemical disinfectants) [5]. It
has been reported previously that exposure to implicit stresses
can enable treated micro-organisms to adapt otherwise-lethal
biocidal processes, particularly when embedded in complex
biofilms [9]. Another topic of debate is the persistence of
micro-organisms on environmental surfaces [10]. Despite being
‘non-critical’ surfaces, the transmission of micro-organisms
from these surfaces to patients and staff has highlighted the
importance of surface disinfection, particularly with bacterial
spores (e.g. Clostridioides difficile), meticillin-resistant
Staphylococcus aureus and, increasing problematic, Gram-
negative bacteria (e.g. Pseudomonas aeruginosa). In these
situations, it is not necessary or practical to ensure that these
surfaces are treated with sporicidal disinfectants/sterilants,
but does emphasize the importance of physical removal
(cleaning). Overall, these examples remind us to remain vigi-
lant in our understanding of microbiology and the potential for
unwanted microbial adaptation to frontline therapeutics and
disinfection practices. It is rare that reports of failure of the
Spaulding classification system have led to patient infections,
when applied correctly. Unfortunately, it is more common that
reports of device-associated infections and other patient
complications with reusable devices/surfaces have arisen due
to incorrect processing practices [7]. A review of the literature
highlights common examples, such as inadequate device design

Minimal

MIN MOD MAX

Moderate Maximal

Figure 1. Examples of potential cleaning classification symbols.
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or maintenance, poor water quality used at important stages of
processing, use of inappropriate processing methods or anti-
microbial technologies, and poor environmental controls dur-
ing storage and handling of devices. Moreover, the most
frequent reports appear to be related to failure of adequate
cleaning, where a keyword search was completed using ‘pro-
cessing’ and ‘reusable medical device’. Of the 56 results, 18
were relevant (Table I). It should be noted that an important,
yet underappreciated, consideration underpinning the earliest
use of Spaulding’s classification was that medical devices are
clean prior to disinfection or sterilization. This assumption
does not take into consideration the increasing number of
different medical devices with highly complex device features
that are not easy to clean, which reflects the dynamic and
evolving needs of modern-day medicine.

Cleaning, defined as the removal of soil to the extent nec-
essary for further processing or for intended use [11], is
essential, and it has been demonstrated repeatedly in the lit-
erature that cleaning failures are a root cause of failing
decontamination of reusable medical devices [5,12]. Many
articles over the last 50 years have highlighted the need for
more attention on the cleaning process related to medical
devices with complex features, with increasing focus on the
relationship between cleaning difficulty and hospital-acquired
infections (HAIs) [13].

How clean is safe?

At the time the Spaulding classification was widely adopted,
the detailed measurement techniques or endpoints for deter-
mining cleanliness had yet to be established. Visual cleanliness
was the expectation, and the Spaulding classification system
was established with the foundational assumption that all
devices would be visibly clean prior to the microbial reduction
step of disinfection or sterilization. It was assumed that vigo-
rous cleaning would always be performed, and, in many cases,
devices (and their associated features) could be inspected
quickly during or following the cleaning process. If the device
was visibly clean, it was assumed that the residual soil level
was sufficiently low to ensure that the antimicrobial process
would be effective, even in the presence of some residual soil.
In regulatory approval requirements worldwide [39,40], the
effectiveness of disinfection or sterilization products/methods
was required to demonstrate activity in the presence of
residual soil. Microbial reduction studies (i.e. disinfection and
sterilization) are typically investigated under laboratory con-
ditions with little (e.g. micro-organism titre with 5% bovine
serum) or no soil remaining on the device. The resistance
profile of the most resistant micro-organism to the process may
change in the presence of soil, depending on soil components,
as demonstrated by spore survival studies [32].

Another example centres on the development of complex
biofilms in or on device surfaces harbouring problematic micro-
organisms, a concept that was not considered initially by
Spaulding. Roberts et al. described traditional conditions
required for biofilms to develop, including the presence of
colonizing micro-organisms, surface to be colonized, sufficient
nutrients and water, temperature conditions for growth, and
time required for development [33]. Micro-organisms har-
boured in biofilms exhibit reduced metabolism or switch to a
dormant state (if endospore formers), and can be protected
from the otherwise-lethal action of biocides at typical labelled

doses (e.g. chemicals, ultraviolet light) [29]. It is now known
that dry biofilms are also a concern with reusable device pro-
cessing [34]. If biofilms are allowed to develop within a device,
the cleaning challenge is increased, as well as limitations to the
access of antimicrobial processes for disinfection and even
sterilization [33,35,36]. For example, Otter et al. [37]
reviewed the contribution made by interfering substances in
supporting microbial survival (e.g. surface-attached cells and
biofilms) on hospital contact surfaces and reducing biocidal
efficacy. The authors advocated that new approaches to hos-
pital cleaning and disinfection are required, including the
potential use of appropriate novel materials to reduce micro-
bial attachment to surfaces. There is also a commensurate
need to elucidate the complex nature and physiology of
microbes on dry hospital surfaces, which takes into consid-
eration the prevalence and composition of biofilms and
cleaning/disinfection.

There has also been interest in defining the scientific end-
points for cleaning in the last 30 years. Part of this was due to
the characterization of proteinaceous infectious particles
(prions), and particular emphasis on risks of protein con-
tamination on reusable medical devices in the wake of the
bovine spongiform encephalopathy crisis in the UK and other
countries [19]. However, in parallel, there continued to be
reports of outbreaks and potential patient risks with surgical
devices that may not have been cleaned effectively, and the
risks of transmission of blood-borne pathogens. It is known
from experience that many such episodes occurred but were
not published, so the published literature may have under-
estimated the true extent of the risk to patients. To address the
risk of devices not being cleaned effectively, efforts have since
been completed at international level to establish cleaning
performance requirements during the processing of reusable
medical devices and medical device manufacturers/healthcare
facilities to establish and monitor the effectiveness of the
cleaning instructions. For washer-disinfectors (WDs), the
International Standards Organization (ISO) 15883 series was
first published in 2006 by an international group of experts [38].
The intention of this standard series was to require WD man-
ufacturers and users to have shared responsibility for the
effectiveness of cleaning (and disinfection) of the equipment.
However, even at the time of publication, there was no con-
sensus agreement on the definition of ‘clean’, the acceptable
endpoints for a cleaning process, and validation methods to
demonstrate cleanliness under laboratory or clinical con-
ditions. The standards at this stage deferred to country-specific
guidance that varied widely.

Following initial publication, a concerted effort was made
by these committees to gain an internationally harmonized
consensus on cleaning requirements. This culminated suc-
cessfully in the recently published updated versions of ISO
15883-1 and ISO 15883-5. While ISO 15883-1 provides general
requirements for all WDs, ISO 15883-5 focuses solely on the
cleaning requirements. This includes a two-phase evaluation
for cleaning efficacy with performance criteria commensurate
to patient safety. The two phases include simulative (type
testing) and clinical or typical use conditions (performance
qualification). A major consideration in simulative testing is the
choice and method of application of test soils to WD loads,
chamber walls and load carriers [39]. The test soil is expected
to be proteinaceous (unless otherwise justified for the inten-
ded use of the equipment), justified based on its relevance to
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Table I

Examples of reports of healthcare-associated infections due to lapses in medical device decontamination

Source Micro-organism(s)/

contaminate

involved

Outbreak or infection summary Patient impact Device issue

Srinivasan
et al.,
2003 [14]

P. aeruginosa Outbreak of P. aeruginosa associated with
lapses in processing best practices including
a contaminated, loose biopsy port cap in
bronchoscopes. Bronchoscopes were
cleaned by trained personnel in accordance
with national guidelines and the
manufacturer’s recommendations (Olympus
America). Bronchoscopic and reprocessing
procedures were observed during random,
unannounced visits. No significant breaches
in technique were observed.

A total of 414 patients underwent 665
bronchoscopic procedures during the
outbreak. The rate of recovery of
P. aeruginosa from bronchoalveolar lavage
specimens obtained using endoscopy suite
bronchoscopes increased from a mean of
10.4% at baseline to 31.0% during the
outbreak. There were 48 infections among
39 of the 414 patients (9.4%) in the 2 weeks
after bronchoscopy. Based on the authors’
definition, exposure to a potentially
contaminated bronchoscope may have had a
role in the death of three patients, all of
whom were critically ill at the time of
bronchoscopy.

The contamination appeared to be related
to a loose biopsy port cap on the
bronchoscopes, which may have sheltered
organisms and thus rendered disinfection
procedures ineffective.

Muscarella,
2008 [15]

P. aeruginosa Literature review following laryngoscopy
and suggestion for increased standardization
for manufacturer’s processing instructions.

Authors focused on a single case study where
15 infants were infected, with two fatalities
[16]. Literature review recommended the
use of sterile disposable sheaths to mitigate
contamination risk.

Rigid laryngoscopes within the USA are
classified as Class 1 devices and are exempt
from the Food and Drug Administration
oversight. Decontamination instructions,
therefore, vary widely frommanufacturer to
manufacturer. The handle and blade of
laryngoscopes have been reported with
residual soil.

Cabronne
et al.,
2010 [17]

K. pneumoniae KPC-producing K. pneumoniae type 2 multi-
hospital outbreak due to what was
suspected to be an ineffectively processed
duodenoscope.

Within 6 weeks, 12 patients were identified
as having an HAI with the same molecular
typing.

The duodenoscope was the only device used
commonly among the infected patients.
Although culturing of the duodenoscope did
not recover the micro-organism, it was
suspected that this was due to reprocessing
after the contamination, and ineffective
cleaning of the channels was the primary
cause of the outbreak. The duodenoscope
was sent back to the manufacturer for
repair, so no additional analysis was
completed.

Williams
et al.,
2010 [18]

Enterococcus spp.
S. aureus
Klebsiella spp.
Acinetobacter spp.

Evidence demonstrating HAI risk from lack of
decontamination of laryngoscope handles.

Patient-ready laryngoscopes were cultured
using a swabbing technique to demonstrate
that 86% of the handles were contaminated
with one or more species of bacteria.

The design feature of the handle was
evaluated, resulting in a higher occurrence
of bacteria residing on the knurled surface
compared with the smooth surface. When in
the closed position, the patient-contacting
blade folds against the handle. This study

(continued on next page)
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Table I (continued )

Source Micro-organism(s)/

contaminate

involved

Outbreak or infection summary Patient impact Device issue

confirms that laryngoscope handles can be a
vector for transmission of infection.

Kovaleva
et al.,
2013 [19]

Most commonly:
Salmonella spp.
P. aeruginosa
Mycobacteria

Literature review of the challenges with
flexible endoscopy. This meta-analysis is a
comprehensive review of 379 sources
evaluating the infection risk from flexible
endoscopes.

It is estimated that 6% of patients will
experience an HAI due to improper infection
control procedures.

Endoscopes have a complex design with
internal lumens and multiple channels that
are easy to damage and difficult to clean.

Lowman and
Venter,
2013 [20]

Enterobacter spp.
A. baumannii

Ineffective decontamination of
laryngoscope blades is a source of microbial
contamination and patient risk.

A contamination rate of 57.3% in a South
African healthcare facility was reported
from a total of 110 laryngoscope blades
swabbed for micro-organism recovery.

Guidelines within the region specify that
laryngoscope blades should be cleaned and
disinfected as a semi-critical device. Blades
were soaked and scrubbed prior to rinsing
and high-level disinfection. The rate of
contaminated samples indicates that either
the decontamination procedure for the
blades is ineffective, or there is
contamination from the unprocessed handle
or from handling during assembly.

Negri de
Sousa
et al.,
2013 [21]

Non-specific
literature review

Literature review of cross-infection risk
from laryngoscope blades and handles. 20
studies were evaluated.

Non-specific literature review. As summarized in this literature review, the
laryngoscope is comprised of many pieces
that have features of varying complexity,
including rows and furrows, that may hinder
the decontamination process.

Magill et al.,
2014 [22]

C. difficile Additional study by authors to look at
multiple facilities (183 hospitals) for the
detection of HAIs. Of the 11,282 patients, 4%
were identified with an HAI.

Surveys conducted in 183 hospitals found
that, out of 11,282 patients, 452
experienced an HAI (4.0%). Device-
associated infections accounted for 25.6%.

Device-specific information was not
provided in this analysis, but the authors
recommend that devices should be reviewed
as a vector for infection transmission.

Kola et al.,
2015 [23]

K. pneumoniae Investigation of a German outbreak with the
root cause being a contaminated
duodenoscope.

7 of 13 cases of K. pneumoniae in two French
hospitals were associated with a
contaminated duodenoscope. Extraction of
the scope channels was conducted by
flushing 100 mL of sterile water through the
channel and collecting it for microbial
cultures.

Duodenoscopes must be thoroughly dried
and reprocessed after a long period of
storage. Special handling is required to
reduce the contamination risk for
duodenoscopes.

Marsh et al.,
2015 [24]

K. pneumoniae HAI outbreak investigation with root cause
being endoscopes.

Pulsed-field gel electrophoresis and multi-
locus sequencing were used to evaluate 43
K. pneumoniae patient isolates. Two
clusters were recovered from endoscopes.

Authors state that this evidence supports
the growing body of literature that
endoscopes are a risk for bacterial
transmission.

Ofstead
et al.,
2015 [25]

Protein
Total organic
carbon
Adenosine
triphosphate

Monitoring of 60 colonoscopes and
gastroscopes in a clinical setting with
demonstration of microbial contamination
despite compendial processing protocols.

Individual channels were swabbed and
extracted using the flushebrusheflush
method with 20 mL of water and a 6-mm
brush. Samples were collected after each
cleaning step (i.e. bedside, manual,

Contamination was reduced with each stage
of the reprocessing step. However, patient-
ready devices, disinfected and stored,
contained microbial contamination.
Cleaning of endoscope channels is time-
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disinfected and stored). Of the 60 samples
collected, 92% of the scopes cleaned at the
bedside, 46% of scopes manually cleaned,
64% of scopes that underwent high-level
disinfection and 9% of stored scopes
contained micro-organisms.

consuming and can be overlooked in
practice. The distal end of duodenoscopes
provides a particular challenge for cleaning
due to the elevator guidewire. Colonoscopes
and gastroscopes have multiple channels,
ports and valves that increase the risk of
ineffective cleaning.

Davis, 2017
[26]

Non-specific
literature review

Compilation of data reporting the rate of
bioburden per patient claim records. There
is an increasing trend of bioburden
prevalence.

Meta-analysis of reported events related to
surgical instruments. An increase in incident
reporting is evident.

Authors hypothesize that the medical device
design, which includes compound hinges,
gaps, channels and lumens, can result in
bioburden accumulation and subsequent
development of biofilm.

Rauwers
et al.,
2018 [27]

E. cloacae
E. coli
K. pneumoniae

Dutch study where duodenoscopes within
the clinical setting were cultured and
demonstrated high levels of bioburden post
processing.

73 Dutch ERCP centres submitted
duodenoscopes for microbial screening.
Samples were collected by flushing the
channels with sterile physiological saline.
15% of the duodenoscopes from 39% of the
facilities had microbial contamination in a
patient-ready state.

Results indicated that a specific design
feature on the TJF-Q180V did not allow for
adequate cleaning and disinfection. In
addition to the design features being a risk
factor, the age of the device is also a
contributing factor. The brush, forceps
elevator and protection cap had the highest
occurrence of microbial contamination.

Rahman
et al.,
2019 [28]

P. aeruginosa Literature review of duodenoscope-
associated HAIs due to difficult-to-remove
biofilm.

16 publications were included in this
literature review from 2000 to 2018 focusing
on ERCP-associated outbreaks.

The elevator channel is a key feature that
predisposes the duodenoscope to
contamination.

Shenoy
et al.,
2019 [29]

K. pneumoniae HAI investigation with transmission
associated with a duodenoscope.

Case study where the transmission of mcr-1-
positive K. pneumoniae for two patients was
caused by a contaminated duodenoscope as
the epidemiological link. K. pneumoniaewas
recovered from the biopsy channel and
distal tip.

The distal cap defect likely allowed material
to penetrate a sealed area that was not
accessible for cleaning. Authors advocate
increased awareness of duodenoscope
design with an emphasis of single-use
components.

Ofstead
et al.,
2020 [30]

Non-specific
literature review

Literature review of duodenoscope-related
HAIs and discussion around risk mitigation.

Literature review consisting of evidence
suggesting the rate of infection is 1 in 1765
or as many as 10% of ERCP procedures.

Reprocessing failures may occur as a result
of the complex design that includes elevator
mechanisms in the distal end and open
wires/channels that are exposed to patient
soil. Suction-biopsy channels are also a
source of residual contamination.

Okamoto
et al.,
2022 [31]

S. aureus
S. lugdunensis
B-haemolytic
streptococcus,
Enterococcus spp.

US study investigating the contamination
rate of duodenoscopes after processing.

859 new-model duodenoscopes (TJF-Q180V)
and 850 older model duodenoscopes (TJF-
160F/VF) were extracted for microbial
contamination using the flushebrusheflush
method with sterile water. The detected
contamination rate for these patient-ready
duodenoscopes was 5.3%.

The authors witnessed reprocessing errors in
27.7% of the procedural reviews, and
recommend increased awareness of the
processing instructions with ongoing staff
training programmes.

P. aeruginosa, Pseudomonas aeruginosa; K. pneumoniae, Klebsiella pneumoniae; S. aureus, Staphylococcus aureus; A. baumannii, Acinetobacter baumannii; C. difficile, Clostridioides
difficile; E. cloacae, Enterobacter cloacae; E. coli, Escherichia coli; S. lugdunensis, Staphylococcus lugdunensis; HAI, hospital-acquired infection; ERCP, endoscopic retrograde
cholangiopancreatography.
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the intended use [40] as protein is the major contaminant
detected on reusable devices following clinical use [41]. In
addition, the test soil must meet new performance criteria
[40,42]. The test method was developed by an interlaboratory
collaboration, and based on investigations using coagulating
blood as a widely used test soil and protein concentration as
the analyte criteria.

The testing conditions in which the WD is challenged are
intended to simulate worst-case conditions for the devices
expected to be cleaned in the WD. As performance testing is
carried out in both a laboratory setting and a clinical setting,
the choice of challenge test soil is a critical element of the
evaluation. Using the soil validation test method in Annex B of
ISO 15883e5:2021 and the soil analyte concentration from the
literature [41,43], a comparison of soil performance allows for
standardization when assessing both phases of the cleaning
efficacy test. In addition to the choice of test soil, the device is
expected to be soiled as it would be in normal use. For exam-
ple, the medical device should be soiled in a manner that is
representative of clinical use with actuation, exposure to
extreme temperatures (e.g. to simulate cauterization), simu-
lated use of accessory chemicals (e.g. lubricants or other
chemicals used during surgery), and drying prior to cleaning.
The effectiveness of the method to remove the analyte from
the device (i.e. extraction) [44] and the analyte detection
method must also be evaluated [45]. WDs can be designed for
the cleaning of single or multiple devices with various device
features (e.g. lumens or internal moving parts) that can be a
challenge to cleaning effectiveness; therefore, representative
worst-case loads should be defined for testing purposes. This
programme for standardization demonstrates confidence
across the supply chain that the WD equipment will perform as
expected under worst-case conditions.

In addition to the traditional requirement for visual clean-
liness, the ISO 15883 series now defines acceptance criteria for
specific analytes when measuring cleaning efficacy. Quantita-
tive, analytical test methods are justified for use based on a
risk assessment, with protein detection being highlighted as a
recommended analyte. The acceptance criteria for analytes
have been defined as both alert and action levels (Table II).
Detection levels of analytes below alert levels over multiple
test cycles are considered ‘clean’, but those falling between
alert and action levels are to be further investigated as they
are considered to be at high risk of failure over time. This was
designed to minimize the risk of soil accumulation or periodic,
insufficient cleaning during normal use of the WD. These levels
have been defined, but the standard does note that country-
specific requirements may also need to be considered, such
as levels of total protein per device [46] or device side [47].

Processing residuals are also assessed to evaluate patient
impact [48] or an impact on further processing.

The ISO 15883-5 acceptance criteria have also been
harmonized in the requirements established recently in the
USA for the validation of cleanliness requirement for reusable
medical devices [49]. ANSI/AAMI ST98:2022 and the US Food
and Drug Administration guidelines detail the conditions in
which the processing steps for cleaning must be challenged to
mitigate the risk of residuals past the point of visual cleanliness
for reusable medical devices [8,49].

The established industry acceptance criteria are supported
by the literature, where the primary analyte (i.e. protein) has
been evaluated for patient safety [50], and the other analytes
have been established as clinically relevant and measurable
[51]. The two levels of acceptance criteria provide a level of
safety within the test system that accounts for variability in the
analyte detection method as well as test system variables that
can impact detectability (e.g. sample extraction [44]). A risk
assessment allows the appropriate level to be identified to
ensure patient safety. For example, if during the cleaning
validation medical device manufactures must be below the
action level with the most challenging cleaning conditions
included in the experimental design, it may be appropriate
during verification testing at a healthcare facility to obtain
results below the alert level for an extra margin of safety.

Evaluation of risk

ISO 14971 describes the evaluation of risk as being a process
of comparing an estimated risk against a risk criteria to
determine the acceptability of that risk [52]. The hazardous
situations at the healthcare facility leading to the inadequate
processing of a reusable medical device can include human
factors (e.g. inadequate training) leading to the inability to
execute the required cleaning process [13], the time before or
during the decontamination process that can lead to increased
cleaning challenge [53], available processing equipment, and
effective process monitoring practices. The estimated risk for
inadequate decontamination is expressed in terms of patient
risk for potential infection/biofilm formation, other adverse
immune responses (e.g. tissue damage or toxicity reactions
from process residuals), or surgical complications/cancella-
tions/delays or device damage. Medical device manufacturers,
when developing the IFU, should assess the acceptability of the
risk of inadequate cleaning, and mitigate any significant risk by
either including device designs with features that are com-
patible for cleaning, or providing robust instructions that are
validated to be reproducible.

It is reasonable to expect that processing instructions will be
followed faithfully at the healthcare facility, defined by AAMI
ST79 as any ‘specialized facility where professionals deliver
services utilizing medical devices’ [54], using validated
equipment that accommodates many decontamination pro-
cesses. However, this has many challenges, including a wide
range of staff training, in-depth knowledge of each device/set
of instructions, and the fact that processing instructions can
vary significantly between manufacturers. The reality is that
sterile or device processing personnel are juggling many
products, and handle products the best they can, in established
processes that have been put in place for the efficient
throughput of their facility [55]. This challenge is compounded
when an increasing number of devices with unique processing

Table II

Analyte acceptance criteria for cleaning efficacy

Analyte Alert level Action level

Protein �3 mg/cm2 �6.4 mg/cm2

Total organic carbon �6 mg/cm2 �12 mg/cm2

Carbohydrate �0.9 mg/cm2 �1.8 mg/cm2

Haemoglobin �1 mg/cm2 �2.2 mg/cm2

ATP �10 femtomoles
ATP/cm2

�22 femtomoles
ATP/cm2

Endotoxin �2.2 EU/device �20 EU/device

T. Kremer et al. / Journal of Hospital Infection 145 (2024) 88e9894

532



instructions are purchased, even though they have many sim-
ilarities in device complexity. The pressures on equipment and
sterile processing departments to meet healthcare needs
cannot be underestimated. In these cases, it seems logical to
increase throughput and consistency such that groups of devi-
ces can be processed together using the same steps and obtain
the same endpoints despite the IFU provided [56]. There is
currently no global industry guidance for how to adopt devices
into such processes using a family grouping strategy. ISO 17664-
1 outlines what instructions must be included in the device IFU
based upon risk to provide sufficient instructions for device
processing [1]. As such, it is left to the discretion of the device
manufacturer to identify the level of detail provided. For
example, complex devices may have pages of cleaning
instructions, whereas simple devices have a single paragraph.
It remains the expectation that each IFU will be followed
exactly [54], but this is not practical considering the number of
devices processed each day.

Standardization efforts to develop decontamination process
flows based on device risk have been an initiative of various
standard committees over the last 10 years, and some have
been deployed based on the geographical region. For example,
the US guidance for device manufacturers, AAMI TIR 12 Annex D
and E, recommends processing instructions depending on the
device category and based on difficulty of cleaning [57]. In
Germany, the responsibility shifts to the healthcare facility,
with the requirement of a process qualification to validate the
cleaning process. The qualification is an assessment of cleaning
performance for the processing steps, and will typically use a
worst-case device or surrogate device as the process challenge
device. There is often a stronger emphasis placed on complete
automated processes for cleaning, and the associated
requirements for qualification of cleaning processes are
described in ISO 15883-1 [39]. However, it is still at the dis-
cretion of the healthcare facility to group devices and adopt
them into the appropriate processing procedures.

Device manufacturers have a similar barrier in validating
each device within a product portfolio that may be comprised
of thousands of devices. An efficient approach to this is the
identification and use of representative product families, and
validation of the worst-case designs with demonstrated com-
monality in device materials, design features, intended use
and clinical soil exposure. Processing instructions must be the
same for each device in such product families [1,8,57].

Cleaning classification

When the Spaulding classification was introduced, it pro-
vided a necessary framework for manufacturers, regulators
and healthcare personnel to consistently deliver an appro-
priate microbiological reduction for devices. However, when
using the Spaulding classification alone, the entirety of the
microbiological quality of the reusable medical device is not
considered, as the risk to ensure cleaning is not considered in
detail. The introduction of a complementary cleaning classi-
fication system would allow for effective communication
between medical device manufacturers and healthcare facili-
ties on the proper risk mitigation for associated cleaning
processes.

For each device design and associated cleaning process,
there is a probability of soil retention. This relationship can be
quantified to assess risk. This relationship has been well

described in the literature [58], and evaluated by standards
organizations with the intent to inform medical device manu-
facturers on the cleaning steps that may need to be included in
the cleaning IFU based on the device features. Michels et al.
described an example based on current validations for reusable
medical devices, regarding how they can be grouped based on
feature, but did not assess the probability of the risk of soil
accumulation based on the feature [59]. AAMI TIR12:2020
Annex D logically describes three device categories based on
cleaning processes designated by device complexity. Category
1 devices are simple devices that can be processed using
manual or automated cleaning methods. Category 2 devices
have features that require human intervention, such as
brushing, to remove soil which is difficult to clean. Category 3
devices require sonication to aid in the removal of soil that is
not accessible or is difficult to remove using brushing and
flushing [57]. The categorization of these groups was com-
pleted by evaluating the cleaning IFU for marketed devices,
and applying them to the complexity of device features of the
medical device. The assumption of this evaluation is that the
IFU contains all necessary steps for cleaning the applicable
device, but no guidance is given regarding how to assess the
device for each category.

A cleaning risk-based approach is proposed that considers
the probability of risk for residual soil to remain on or in the
various design features of a device following cleaning. For
effective cleaning to occur, the cleaning chemistry (cleaning
agent and water) must have access to the soil with enough
exposure (e.g. spray, soak) or force (e.g. brush, flush, soni-
cation) to solubilize and remove the residual soil for surface
removal. The device feature is, therefore, the key variable of a
reusable medical device that can influence this relationship.
Three categories have been established to describe this risk,
and are described in Table III.

The cleaning classification uses device features as the key
elements for risk analysis for the device cleaning process. As
described previously, the device feature approach provides a
more conservative estimate of residual analytes on a reusable
medical device, and allows for identification of the most
probable location for soil accumulation, and thereby risk to the
cleaning process. This approach allows the medical device
manufacturer to assess the risk during the development and

Table III

Cleaning classification

Risk category Description

Maximal Complex device features with a
high probability of soil
accumulation with a medical
device

Moderate Accessible device features that
require specific intervention (e.g.
brushing or flow through lumens,
mated surfaces requiring
disassembly or opening/closing to
ensure access)

Minimal Low-risk reusable medical devices
where all features are exposed
without specific intervention for
cleaning
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validation of the device processing IFU, and to bring the
attention of the healthcare personnel to these high-risk areas
(e.g. focus on inspection protocol) [60]. Consider a device
where the geometry seems simple but, when evaluating the
features for the cleaning challenge, the device contains a
lumen [the most difficult-to-clean feature [61] with a junction
point (i.e. bend)]. If evaluating the entire device during the
cleaning validation, the surface area of the whole device may
dilute the residual protein concentration from the lumen, and
under-report patient risk [59].

For example, if a medical device is used to flush a solution
into a patient, the lumened portion of the device is the highest
risk feature, as the fluid pathway of the lumen will deposit fluid
into the patient whereas the rest of the device is only com-
municating externally. Although other features within the
device may be difficult to clean, if the surface of the lumen has
direct contact with the fluid being flushed through it, remain-
ing soil in the lumen is of the highest risk to the patient. Once
fluid flows through the lumen, any residual soil solubilized in
the fluid pathway and inserted into the patient becomes a
major concern. When using the typical recommended method
to determine cleaning efficacy, it is typical for the entire sur-
face area of the device (or, in some cases, each side of a
device) to be used to calculate the residual concentration
compared with the surface area [49]. This method may under-
report the concentration of residual soil in the most difficult-
to-clean portion of the device, diluting the analyte to below
the limit of detection for the test method. However, when
using the device feature approach, the most difficult-to-clean
area of the medical device is scrutinized for cleanability, and
reported against the established acceptance criteria. The
device feature approach is therefore the most appropriate and
conservative method for a risk assessment.

This cleaning classification is a quantitative risk-based cat-
egorization approach utilizing the probability of soil accumu-
lation for the challenging device feature. It can provide
guidance to manufacturers to improve the design for clean-
ability, and how to label the medical device within the IFU to
communicate the cleaning risk effectively to healthcare per-
sonnel. Examples of associated symbols with a description of
the device feature that resulted in the categorization are
suggested for inclusion within the IFU (Figure 1). Communica-
tion of this information to the healthcare facility can inform
the device risk for cleaning, and alert when special consid-
erations for equipment or training are required to ensure
effective and consistent processing. Using the medical device
example from above, the cleaning classification might be set as
‘maximal’, leading the manufacturer to require enhanced
visual inspection steps (e.g. use of borescope) to assess it for
cleanliness and mitigate risk.

Decontamination risk mitigation

Ineffective device processing is a major risk for HAIs and
other patient complications. Complex features of devices can
make visual inspection and monitoring for cleanliness difficult,
thereby increasing the risk of soil accumulation and biofilm
development. Medical device manufacturers can use this
cleaning classification in conjunction with the Spaulding defi-
nitions to assess the risk for the entire decontamination proc-
ess for reusable medical devices. This can improve cleaning
and disinfection/sterilization validation methods, improve

device design, and ensure that risks are clearly communicated
and mitigated at healthcare facilities. The Spaulding classi-
fication provides an easy mechanism to connect manufacturers
and healthcare facilities regarding how devices must be vali-
dated and processed. By complementing this with a classi-
fication to assess the cleaning risk in more detail, the
appropriate processing methods can be defined and optimized,
thereby further decreasing the risk to patient safety. This
combined approach can help safeguard against and tackle the
emergence of increasingly recalcitrant microbial pathogens,
including drug-resistant fungi [62,63].
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Abstract
The identification of worst-case device (or device 
set) features has been a well-established valida-
tion approach in many areas (e.g., terminal 
sterilization) for determining process effectiveness 
and requirements, including for reusable medical 
devices. A device feature approach for cleaning 
validations has many advantages, representing a 
more conservative approach compared with the 
alternative compendial method of testing the 
entirety of the device. By focusing on the device 
feature(s), the most challenging validation 
variables can be isolated to and studied at the 
most difficult-to-clean feature(s). The device 
feature approach can be used to develop a design 
feature database that can be used to design and 
validate device cleanliness. It can also be used to 
commensurately develop a quantitative cleaning 
classification system that will augment and 
innovate the effectiveness of the Spaulding 
classification for microbial risk reduction. The 
current study investigated this validation 
approach to verify the efficacy of device cleaning 
procedures and mitigate patient risk. This 
feature categorization approach will help to close 
the existing patient safety gap at the important 
interface between device manufacturers and 
healthcare facilities for the effective and reliable 
processing of reusable medical devices. A total of 
56,000 flushes of the device features were 
conducted, highlighting the rigor associated with 
the validation. Generating information from 
design features as a critical control point for 
cleaning and microbiological quality will inform 
future digital transformation of the medical 
device industry and healthcare delivery, includ-
ing automation.

This study sought to validate a device feature 
approach to be used in cleaning validations 
for reusable medical devices.

Reusable medical devices are required to 
be cleaned, disinfected, and/or sterilized 
between patient exposure and can include 
those used directly on a patient during 
surgery or items that have minimal patient 

contact (e.g., blood pressure cuffs) or contact 
surfaces indirectly (e.g., monitor or piece of 
equipment).1 Medical devices that are not 
properly cleaned have demonstrated an 
increased challenge for disinfection/steriliza-
tion and can lead to transmission of 
infectious disease.2

To comply with international standards, 
manufacturers of medical devices for which 
processing is required prior to patient use 
must provide validated processing instruc-
tions to the customer. These instructions for 
use (IFUs) are used to process medical 
devices in a healthcare facility so they are 
safe and functional for subsequent patient 
use.3 Manufacturers validate cleaning  
IFUs by developing a test system that 
challenges each step of the cleaning process 
with worst-case conditions. The process 
steps for the cleaning IFUs, which must be 
defined, may include initial treatment at 
point of use (pretreatment), preparation 
before cleaning (e.g., disassembly), manual 
and/or automated cleaning, rinsing, drying, 
and visual inspection.1

During the cleaning validation, the 
following test conditions are selected to 
mitigate human factors that may affect the 
efficacy of the cleaning process within a 
healthcare setting3:

• Device conditioning (i.e., simulated use): 
Repetition of processing prior to valida-
tion to place the device in a used state 
and account for soil accumulation.3

• Soil formulation: The formulation of 
the of the test soil (i.e., substitute for a 
contaminate found on a device after 
clinical use3) should be representative 
of the clinical soil expected during use 
and validated.4,5

• Soil volume: The soil volume must be 
sufficient to adequately challenge the 
cleaning of the device as it would be 
used in a clinical setting and be repre-
sentative of the clinically relevant 
analyte concentrations.3
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• Soiling location: The most challenging 
areas of the device to clean, including 
areas of test soil and fluid ingress 
accumulation.6 Identifying these areas is 
of critical importance.

• Soil application: The method of applying 
the test soil should be representative of 
the most challenging (worst-case) 
clinical use.7

• Device articulation: Physical manipula-
tions (e.g., actuations, flexures) of the 
device during soiling, thereby allowing 
for soil migration.3

• Soil conditioning/drying: Conditions 
during use (e.g., heating) that can make 
the test soil more difficult to remove 
should be mimicked, and the length of 
time and environmental conditions 
related to the drying of test soil on the 
device should represent the most 
appropriate challenge.8

In addition to the preparation of the test 
samples, the cleaning parameters should also 
be selected to simulate the most challenging 
cleaning conditions. If the cleaning IFUs 
provide a range of processing parameters, the 
validation should be completed at practical 
worst-case parameters.3 Examples include:

• Detergent preparation: If the IFU states 
to dilute the detergent to obtain a 
concentration range, then the weakest 
detergent concentration should be used.

• Flushing: If the device is to be flushed 
for a specific time or until visibly clean, 
then the indicator of visual cleanliness 
should be specified in the validation, 
including use of a timing element.

• Soaking: If a device is intended to be 
submersed for a specified time range 
(e.g., soak for 5–10 min), then the time 
selected should be the most rigorous 
(e.g., 5-min soak selected for validation).

• Volume: If volume of fluid is specified 
(e.g., flush lumen with 60 mL prepared 
detergent), then a volume slightly below 
the volume specified should be used in 
the validation (e.g., 59 mL detergent 
used in the validation procedure).

• Temperature: If a temperature is speci-
fied, the condition representing the most 
rigorous challenge would be selected 
(e.g., devices specified to be cleaned in a 
cleaning chemistry at a specific tempera-

ture [45°C ± 5°C]), then the most extreme 
condition should be selected (e.g., 40°C, 
as it is below the optimal temperature for 
enzyme performance).

By stacking the most challenging cleaning 
validation parameters, a more robust 
validation of the cleaning process can be 
developed and inform more reliable IFUs.

Device Feature Validation Approach
ANSI/AAMI/ISO 17664-1:2022 describes 
methods to classify devices for validation by 
using a risk-based approach (e.g., the 
Spaulding classification) or challenging the 
process based on the device design.1 AAMI 
TIR12:2020 provides design considerations 
that may pose additional challenges during 
the cleaning process.9 Michels et al.6 
expanded on the latter method by grouping 
devices into the following six groups: (1) 
instruments without joints (cavities/
lumens), (2) instruments with joints, (3) 
sliding-shaft instruments, (4) tubular 
instruments, (5) microsurgical instruments, 
and (6) complex instruments. This categori-
zation was developed by analyzing the 
residual protein levels obtained from 
cleaning validations.

The concept of specifically targeting 
variables related to the most challenging 
portion of the medical device has been used 
for many years in validating sterilization 
parameters.10 The process challenge location 
is defined as a “site chosen within a load as 
the position at which the least microbiologi-
cal inactivation is expected to be delivered,” 
and a process challenge device is defined as 
an “item providing a defined resistance to a 
cleaning, disinfection, or sterilization 
process and is used to assess performance of 
the process.”11 The cleaning method for a 
reusable medical device can be validated 
using the actual medical device or surrogate 
devices that are well-designed comparators.1,3

As demonstrated by Michels et al.,6 
underreporting of the residual soil level on 
devices can occur if the validation method is 
not focused on the most difficult-to-clean 
area of the device, which also represents the 
greatest risk to the patient. By using the 
entirety of the device to evaluate cleanliness, 
the surface area of easy-to-clean areas may 
dilute the most challenging-to-clean features 
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or process challenge location,6 thus underes-
timating appropriateness.

The design feature validation approach 
focuses exclusively on the device feature(s) 
that poses a known challenge to cleaning, 
without including the surface area from 
other exposed parts of the actual device that 
are not considered a challenge for cleaning. 
This approach also minimizes the volume of 
extraction fluid required, thereby optimizing 
the limit of quantification. The results of the 
feature testing then can be directly applied 
during the evaluation of actual devices to 
validate by equivalency. If the features of the 
candidate device are equal to or less chal-
lenging than the validated features, the 
candidate device can be considered validated, 
hence delivering a well-designed comparator.

Residual analyte concentrations on soiled 
devices with multiple features are expected 
to be equal to or less than concentrations for 
individual challenging features. This hypoth-
esis is due to the increased surface area from 
the multiple features and the area of other, 
nonchallenging surfaces. Theoretically, the 
device feature approach can be used to 
isolate the most difficult-to-clean feature 
while considering patient risk to evaluate the 
entirety of the device. Although this 
approach has been widely accepted in similar 
processes for reusable medical devices, 
literature is lacking on mathematical 
approaches for cleaning validations.

Material and Methods
To investigate the device feature approach, a 
dead-end (i.e., blind) lumen was selected as 
the most challenging-to-clean feature (as 
demonstrated in the literature12,13). The test 

coupon design is shown in Figure 1. To be 
removed from the feature, a dead-end lumen 
requires a backflow of the eluent flush after 
it reaches the dead end. This requires 
competing pressure gradients in the lumen 
and can limit sheer force of the liquid over 
the surface, resulting in ineffective soil 
removal.14 The longer the lumen and the 
smaller the diameter, the more challenging 
this feature becomes to clean. As the diame-
ter narrows, the competing flow of the liquid 
increases. The length of the lumen will 
require more force for the liquid to reach the 
dead end with enough flow velocity for the 
liquid to exit the lumen.

The null hypothesis of this experiment 
was that the protein-per-surface-area rela-
tionship for a single feature would be 
statistically similar to that of a device with 
multiple features. To challenge this hypothe-
sis, two types of coupons were used: 

1. Single feature: 300 series stainless steel 
block (6 mm × 6 mm × 50 mm) with a 
2-mm diameter hole drilled in the top 
center (Figure 1).

2. Multiple features: 300 series stainless 
steel block (30 mm × 30 mm × 50 mm) 
with 25 holes (2 mm each) drilled in the 
top (Figure 2).

To challenge the flow velocity of the 
lumen, each coupon type had three chal-
lenge lumen lengths (depth) of 20 mm, 30 
mm, and 40 mm, for a total of six coupon 
types to be tested.

As specified in ANSI/AAMI ST98:2022,3 
the surface area of the device was used to 
normalize the analyte concentration by 
applying a constant to evaluate the cleaning 
efficacy of the device against the established 

Figure 1. Single-feature test coupon with a dead-end lumen.
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acceptance criteria (reported in µg/cm2). The 
single-feature-only surface area was calcu-
lated using the feature alone. For the 
multiple-feature coupons, the 25 features 
were added for a total feature surface area. 
The surface area for the whole device was 
calculated using the surface area for the 
entire exterior stainless-steel block and that 
for the feature (Table 1).

In preparation for soiling, the devices were 
rinsed under running critical water15 for 1 
minute while brushing the lumen with a 2.2 
mm × 12 inch lumen brush (Key Surgical, 
Eden Prairie, MN). Devices then were 
immersed in a 10 mL/L concentration of 
alkaline cleaning agent (NeoDisher; Dr. 
Weigert, Hamburg, Germany), and each 

lumen was flushed with the cleaning agent 
solution using a 16.5-G needle and 3-mL 
syringe. Following a 60-minute soak, the 
lumens were again flushed with 10 mL of the 
detergent solution and sonicated for 15 
minutes at 45 kHz in a fresh batch of the 
alkaline cleaning agent. Then, they were 
rinsed under running critical water15 and 
each lumen was flushed two times. The 
lumens were dried using medical-grade 
compressed air and inspected for cleanliness 
using a borescope.

Modified coagulated blood soil has been 
previously described5 and was identified as 
the most difficult-to-remove soil due to the 
complexity of water-soluble and -insoluble 
protein complexes, resulting from fibrin in 

 

 

Figure 2. Multiple-feature test coupon with individual dead-end lumens.

Table 1. Surface area by coupon type.

Surface Area (cm2)

Coupon Type Single Feature Only Whole Device

Single feature: 20 mm 1.257 13.977

Single feature: 30 mm 1.885 14.605

Single feature: 40 mm 2.513 15.233

Multiple features: 20 mm 31.416 109.416

Multiple features: 30 mm 47.124 125.124

Multiple features: 40 mm 62.832 140.832

540



147www.aami.org/bitBiomedical Instrumentation & Technology  2023

RESEARCH

the coagulated blood.4 The soil was prepared 
by mixing 100 mL fresh egg yolk (Eggland’s 
Best, Malvern, PA) with 100 mL sheep blood 
(Rockland, Royersford, PA; with 0.1 mL 
heparin), and 2 g dehydrated hog mucin 
(Sigma-Aldrich, St. Louis, MO) in a blender. 
The soil was stored at 4°C to 8°C and brought 
to room temperature prior to coagulation. 
The soil was poured into a bowl and mixed 
well with 0.05 mL of 100% powdered pro-
tamine sulphate (Thermo Scientific, 
Waltham, MA) for each 5 mL of blood. The 
soil was applied immediately and typically 
would coagulate in 10 to 15 minutes. The test 
soil was applied within 10 minutes of 
preparation (i.e., before coagulation) with a 
pipette. When depositing the test soil, the 
pipette tip was inserted as far as it would go 
into the lumen. The coupon was gently 
tapped on the counter to promote the 
migration of the test soil to the dead end of 
the lumen. The devices then were dried 
under the most challenging conditions (72 
hours at 22°C/50% relative humidity).8

The amount of test soil used in a cleaning 
efficacy should be an appropriate challenge 
but also must be representative of soil levels 
following clinical use. That is, the challenge 
protein concentration should be equivalent 
to clinical protein concentration levels and 
quantifiable via a validated protein residual 
test method. For surgical devices, protein 
analyte levels of approximately 244 µg/cm2 
are representative of clinical use.16 The 
approximate protein concentration of 
modified coagulated blood soil was 108,747 
µg/mL, as measured using the micro-BCA 
protein assay (Thermo Scientific). The 
minimum soil volume for the device was 
calculated using the following equation, 
resulting in the volumes shown in Table 2.

The cleaning procedure began with a 
prerinse, where each lumen was flushed 
with 10 mL water and bushed five times 
using a 2.2 mm × 12 inch lumen brush with 
a twisting motion. The devices then were 
immersed in a 4-mL/L concentration-neu-
tral pH cleaning agent solution (Valsure 
Neutral; STERIS, St. Louis, MO) at less than 
40°C for 5 minutes. While immersed, a 2.2 
mm × 12 inch lumen brush was used to 
clean all traces of test soil from the lumen 
and exterior surface using a twisting motion 
five times for a minimum of 1 minute. To 
rinse, the devices were immersed in critical 
water (<40°C) for a minimum of 1 minute. 
An ultrasonic bath was prepared with the 
neutral pH cleaning agent at a concentra-
tion of 4 mL/L. The lumens were flushed 
with the cleaning agent solution using a 
50-mL syringe before being sonicated for 5 
minutes at 40 kHz. The devices then were 
immersed in critical water (<40°C) for a 
minimum of 1 minute while the lumens 
were flushed with 50 mL water. The lumens 
in the devices were dried by flushing the 
lumen with air using a 16.5-G needle until 
no droplets exited the lumen, and the 
outside of the device was dried using a 
lint-free cloth.

To account for the water-soluble and 
-insoluble protein present in the test soil 
postdrying, an additive extraction was vali-
dated. This was performed by first extracting 
with high-purity water (<50 ppb total organic 
carbon), followed by a second extraction of 2% 
alkaline sodium dodecyl sulfate (SDS) at a pH 
10. The alkaline SDS solution is an aggressive 
extraction eluent and was validated to remove 
the residual protein remaining on the device.17 
The first and second extraction then were 
added together to deliver the total residual 
protein concentration. The validated extrac-
tion efficiencies are shown in Table 3 using a 
sample size of 30 coupons.

The extraction volume used within a 
cleaning efficacy is a critical test variable. 

Table 2. Minimum soil volume, rounded to the nearest microliter.

Lumen Depth Surface Area for Feature Only (cm2) Minimum Soil Volume (µL) Applied Soil Volume (µL)

20 mm 1.257 2.82 3.00

30 mm 1.885 4.23 5.00

40 mm 2.513 5.64 6.00

Soil volume per lumen (mL) =

Protein analyte level            × Lumen surface area (cm2)
µg

cm2

Soil protein concentration
µg
mL
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Too little eluent can result in incomplete 
removal of the residual protein, whereas too 
much will dilute the analyte, causing 
detectability issues.18 To account for this 
situation, the limit of quantification estab-
lished for the protein residual method (2.5 
µg/mL) was divided into the analyte method 
acceptance criteria (6.4 µg/cm2) to establish 
the maximum extraction ratio.3 The ratio 
then was multiplied by the surface area to 
calculate the maximum extraction volume 
for each lumen.

The resulting extraction volumes for the 
devices are shown in Table 3.

Cleaned devices were extracted using the 
validated method of flushing three times; 
thus, the extraction volume was divided by 
three to deliver the flush volume per lumen 
per flush (Table 3). The device was inserted 
into the Whirl-pak extraction bag (Nasco, 
Madison, WI) with the lumen to the side of 
the bag. Using a 16.5-G needle and 3-mL 
syringe, the lumen(s) were flushed. The 
device was oriented so that the lumen 
opening was completely covered by the 
extraction fluid, then the bag was closed 
and sonicated for 15 minutes at 40 kHz. 
Following sonication, the devices were 
placed so that the lumen was oriented to 

the bag opening and an additional flush was 
completed. The bag was again sealed and 
sonicated for an additional 15 minutes at 40 
kHz. After the second sonication, the device 
was again flushed with extraction fluid. The 
extraction fluid was measured for protein 
residuals using the standard addition 
micro-BCA protein assay18 using a Spectra-
Max Plus 384 UV-VIS Spectrophotometer 
and the Pierce BCA Protein Assay Kit 
(Thermo Scientific). Testing was completed 
with a sample size of 30 coupons, and the 
results were calculated with Minitab 19 
using a one-sample t test and a one-way 
analysis of variance. 

Results
A negative sample control, negative device 
control, positive sample control, and positive 
device control were evaluated within the test 
system to verify whether the lumen was 
appropriately challenged and the test system 
would yield accurate results.3 The results for 
the controls for both water and SDS extrac-
tion eluents demonstrated that each validation 
test system was in a state of control and that 
the devices were appropriately challenged.

The calculation method using the device 
feature approach was compared with the 
compendial method, which uses the surface 
area of the entire device (Figure 3). The 
results for the total lumen concentration 
with standard deviation and 95% confi-
dence interval for the mean (µ) are reported 
in Table 4.

Table 3. Protein residual results. Abbreviation used: CI, confidence interval; SD, standard deviation.

Device

Sample 
Size (No. 
Coupons)

Protein Residual 
Concentration (µg/cm2)  
Mean ± SD 95% CI for mean (µ) 

Single feature: 20 mm 30 27.350 ± 10.71 23.35–31.35

Single feature: 30 mm 30 23.710 ± 4.493 22.03–25.39

Single feature: 40 mm 30 24.870 ± 9.990 21.14–28.60

Multiple features:  
20 mm

30 25.829 ± 7.750 22.93–28.72

Multiple features:  
30 mm

30 23.837 ± 4.815 22.04–25.64

Multiple features:  
40 mm

30 19.022 ± 17.44 12.51–25.54

Device maximum extraction volume (mL) =

Device surface area (cm2) × Method acceptance criteria 
µg

cm2

Method LOQ
µg

mL
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The data from both coupon types at 20, 
30, and 40 mm was normally distributed, as 
demonstrated by the probability density of 
results. Comparing the cleaning efficacy of 
the devices with a 20-, 30-, and 40-mm 
single lumen with the results from the 
devices with 25 lumens (20, 30, and 40 mm) 
showed that the associated surface areas 
were statistically similar (P = 0.534 for the 
20-mm devices, P = 0.925 for the 30-mm 
devices, and P = 0.079 for the 40 mm 
devices). All means, except for 40-mm 
devices with multiple features, were 
statistically similar (P = 0.368).

Discussion
When comparing the residual protein 
concentrations between the device feature 
approach and the compendial method, it is 
evident that the concentration of protein is 
diluted when using the surface area of the 
entire device. Using the device feature 
approach, only the surface area from the 
difficult-to-clean feature was used to calcu-
late the extraction volume and soil 
application amount in the test system. The 
surface area then was used to calculate the 
residual protein level (per cm2). The com-
pendial method used the entirety of the 

Table 4. Maximum extraction volume per coupon and validated extraction efficiency.

Device

Surface Area 
for Feature 
Only (cm2)

Maximum 
Extraction 
Volume (mL)

Used 
Extraction 
Volume per 
Lumen (mL)

Flush Volume 
per Lumen per 
Flush (mL)

Total 
Extraction 
Volume (mL)

Extraction 
Efficiency (%)
Mean ± SD

Single feature: 
20 mm

1.257 2.56 2.4 0.8 2.4 93.418 ± 4.942

Single feature: 
30 mm

1.885 4.83 4.5 1.5 4.5 87.837 ± 5.178

Single feature: 
40 mm

2.513 6.28 6.0 2.0 6.0 88.214 ± 4.133

Multiple 
features: 20 mm

31.416 64.00 2.4 0.8 60 98.039 ± 0.973

Multiple 
features: 30 mm

47.124 120.75 4.5 1.5 112.5 96.477 ± 2.671

Multiple 
features: 40 mm

62.832 157.00 6.0 2.0 150.0 93.282 ± 3.713
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Figure 3. Protein residual concentration: design feature approach versus compendial method.
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device, including easy-to-clean features and 
surfaces of the device. As such, the entire 
surface area of the device was included in the 
calculations. This dilution of the analyte in 
the case of the entire device can provide 
misleading passing results when the most 
challenging device feature continues to 
harbor residual soil in a concentration above 
the acceptable level at that location.

To our knowledge, this constitutes the first 
published study demonstrating that the 
device feature approach is a more conserva-
tive method with less risk for determining 
analyte residuals than the compendial 
whole-device approach. These data also 
demonstrated that if a device has multiple 
features, the challenge to the most diffi-
cult-to-clean feature (or combination of 
features) can be representative of the 
cleaning performance of the entire device 
with multiple features. The device feature 
approach therefore is a conservative 
approach to validating a reusable medical 
device.3 This approach also provides a new 
insight into the practicalities of addressing a 
complex device feature for cleaning valida-
tion. It is envisaged that the effectiveness of 
such an approach will be further corrobo-
rated, such as by using advanced surface 
imaging or specific measurement of analytes 
or bioindicator(s).

Next Steps
As demonstrated by comparing the results 
for the whole device with those for the device 
feature approach (Figure 3 and Table 4), the 
device feature approach—as a method to 
assess cleaning efficacy of isolated device 
features—can allow new devices to be 
assessed and validated by equivalency. For 
example, a device that contains multiple 
lumens without any other challenging 
features can be validated by equivalency 
using the results from one lumen feature 
validation—if the lumen feature is more 
challenging than the lumens found on the 
actual device. As the number of lumens 
increase, so does the surface area, keeping 
the amount of analyte (e.g., protein per cm2) 
the same. Further, the amount of analyte 
(per cm2) likely will decrease given the 
addition of any smooth surface area that is 
not a challenge for cleaning.

Using the device feature approach will also 
allow for the creation of a design feature 
database to be used in new device assess-
ments and as guidance to device designers 
for determining which new designs will need 
testing or unique cleaning steps before the 
final assessment. Such a database would 
facilitate designing a device for cleanability 
and cleaning validations. As new, more 
challenging features are used in device 
designs, they can be further validated and 
represent a new master challenge feature. 
Devices consisting of a combination of 
features, and creating a more challenging 
scenario compared each individual feature, 
will be treated as a compound feature and 
have their own validation. Similarly, complex 
design features that consist of many individ-
ual components and, as a result, are difficult 
to assess can be isolated and validated as an 
individual feature.

A design feature database such as the one 
noted here could also be used to assess 
previously validated devices to establish a 
new cleaning classification with associated 
patient risk.19 By providing information 
regarding the device feature cleaning 
efficacy, location within the device, and 
patient exposure, this database would 
provide a quantitative method to establish 
device cleaning requirements and/or 
acceptable analyte residual concentrations.

The design of device categories for clean-
ing validations will help in reducing the risks 
associated with cleaning steps in device 
processing and allow for minimization of the 
cleaning process. As medical devices become 
increasingly complex, it is necessary to 
develop a body of evidence and rigorous data 
to give designers, device users, and regulators 
the scientific support needed to ensure 
consistency in device processing. The current 
Spaulding classification system is not optimal 
in considering the complexity of device 
design and risks of inadequate cleaning; 
therefore, a subsequent classification may be 
established to ensure patient safety.19

Operationally, the practical impact of the 
device feature approach is to assess the 
proposed risk to patients. Using this 
approach, device features can be assessed as 
part of risk management, thus allowing 
developers to design medical device for 
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cleanability in a manner that mitigates risk 
during processing at healthcare facilities.

The risk assessment performed by device 
manufacturers must include an analysis of 
human factors that can lead to the inability 
to properly clean medical devices. Devices 
that are too complex may require additional 
mitigation steps, such as intensive training 
or special equipment, to fully mitigate 
cleaning risk when complex features are 
present. In addition, understanding the risk 
of the most challenging device feature will 
facilitate communication with healthcare 
facilities as part of the shared responsibility 
of ensuring the appropriate microbiological 
quality of reusable medical devices during 
execution of manufacturers’ IFUs.

Conclusion
The device feature approach is a conserva-
tive method for validating the cleaning 
requirements of reusable medical devices 
and validates the use of reliable surrogate(s) 
for a whole device. This method can 
improve the reliability of device processing 
by helping to facilitate a design feature 
database for validation, IFU development, 
and a newly established quantitative 
cleaning classification system.
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There is growing concern about the adverse effects of fungal bioaerosols on the occupants of damp dwellings.
Based on an extensive analysis of previously published data and on experiments carried out within this study,
critical limits for the growth of the indoor fungi Eurotium herbariorum, Aspergillus versicolor, and Stachybotrys
chartarum were mathematically described in terms of growth limit curves (isopleths) which define the minimum
combination of temperature (T) and relative humidity (RH) at which growth will occur. Each growth limit
curve was generated from a series of data points on a T-RH plot and mathematically fitted by using a
third-order polynomial equation of the form RH 5 a3T3 1 a2T2 1 a1T 1 a0. This fungal growth prediction
model was incorporated within the ESP-r (Environmental Systems Performance [r stands for “research”])
computer-based program for transient simulation of the energy and environmental performance of buildings.
For any specified location, the ESP-r system is able to predict the time series evolution of local surface
temperature and relative humidity, taking explicit account of constructional moisture flow, moisture genera-
tion sources, and air movement. This allows the predicted local conditions to be superimposed directly onto
fungal growth curves. The concentration of plotted points relative to the curves allows an assessment of the risk
of fungal growth. The system’s predictive capability was tested via laboratory experiments and by comparison
with monitored data from a fungus-contaminated house.

In developed countries, people spend a substantial propor-
tion of time indoors, and it is now generally accepted that
indoor air quality can have a significant impact on human
health (8, 13–15, 18, 22, 27, 41, 50, 52, 53). The indoor envi-
ronment can contain numerous potentially harmful substances,
such as dust mite and cat allergens, formaldehyde, ozone, and
volatile organic vapors (1, 28, 38, 42). In the present context,
attention is drawn primarily to the presence, growth, and pre-
diction of the xerophilic fungus Eurotium herbariorum and the
mycotoxigenic fungi Aspergillus versicolor and Stachybotrys
chartarum (15, 20, 22, 27, 34).

There is currently a substantial body of evidence to support
the view that fungi in buildings can have severe and wide-
ranging effects on the general health of occupants (7, 14, 15, 20,
22, 43, 53). Respiratory, allergenic, and other symptoms, in-
cluding nausea and vomiting, have been diagnosed (14, 15, 18,
22, 43). Several major investigations have concluded that there
is a significant correlation between the incidence of high levels
of airborne fungal spores containing mycotoxins, particularly
from A. versicolor or S. chartarum, and ill health (13–15, 18, 20,
22, 27, 29). For example, in some damp and moldy buildings,
airborne concentrations of viable S. chartarum spores contain-
ing stachybotryotoxins can reach levels of up to 18,000 CFU/m3

(23). Recent research has focused on the health status of work-
ers in water-damaged office environments after exposure to
fungal bioaerosols (13, 28, 42), especially A. versicolor or S.
chartarum and their toxigenic metabolites (22, 27). It was con-
cluded that prolonged and intense exposure to these toxigenic
fungi is associated with reported disorders of the respiratory

and central nervous systems and of the mucous membranes
and the cellular and humoral immune system, suggesting a
possible immune competency dysfunction (22, 27).

Clearly, the prevention of fungal development and myco-
toxin production within buildings is a priority. While the use of
biocidal compounds may be appropriate to prevent the prob-
lem from occurring in new buildings and to alleviate existing
problems, it is generally agreed that the preferred strategy is
the elimination of conditions which can lead to fungal growth
(1, 46). A key element in such a strategy would be a model
which could predict the likelihood and extent of toxigenic
fungal growth for any given set of conditions (24). Such a
model could be used to critically evaluate a building at the
design stage for inherent problems, allowing appropriate
changes to be made early in the project. It could also be
applied to existing problematic buildings to determine the
most effective remedial action.

Through the International Energy Agency’s Annex 24 pro-
gram, advanced computer models which can be used to simu-
late the moisture behavior of structures have been developed
(25). However, the main focus of that research has been on the
passage of moisture through walls and the prediction of mois-
ture content and condensation within them (25). Until re-
cently, little consideration was given to the prediction of fungal
growth within an integrated building simulation model, prob-
ably because of the perceived difficulties involved in combining
the biological and physical parameters which contribute to the
conditions suitable for fungal development.

The present interdisciplinary study was undertaken to de-
velop a prototype fungal prediction program for the built en-
vironment. First, growth limit curves for the fungi E. herbari-
orum, A. versicolor, and S. chartarum were mathematically
described within a fungal growth prediction (FGP) database.
Second, the FGP database was incorporated into the ESP-r
environmental modelling system to produce a model that can
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Building, 204 George St., Glasgow G1 1XW, Scotland. Phone: 44 (0)
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identify local environmental conditions under which fungal
development may occur. Third, the efficacy of the system’s
predictive capability was tested by laboratory-based experi-
ments and by comparison of real and simulated data from a
building exhibiting visible fungal growth.

MATERIALS AND METHODS

The ESP-r system. ESP-r is an advanced transient energy and environmental
simulation computer package (11, 26, 56) which is used extensively in building
performance appraisal. Since its inception, the system has been the subject of a
comprehensive development and validation process. This has included long-term
involvement in the research portfolio of the European Community, which re-
sulted in the selection of ESP-r as the European reference model for two major
building and environmental research programs (10, 11, 26, 51, 56). The ESP-r
system is comprised of the following elements: the “project manager,” an inter-
face that allows the user to define the problem being investigated, within the
context of the computer language required for processing, and the displaying of
results once the problem has been solved; the “simulator,” a numerical solver
which mathematically solves the problem under investigation; and a number of
supporting programs and databases containing information required by the nu-
merical solver (e.g., thermophysical properties of building materials, glazing
systems, climate).

ESP-r is capable of analyzing the heat, power, and air flow in a building and the
operation of the associated environmental control systems (e.g., air-conditioning,
heating). Typically, the building being investigated is configured within the sys-
tem in terms of geometry, construction, layout, and usage. Flow paths, which
represent air and moisture transfers in the building and the distribution of
environmental systems and electrical power, are defined. This configuration is
then analyzed under specified climate and control conditions (e.g., thermostat
and time-clock settings), and the results are fed to the project manager for user
interpretation. This analysis technique is equally applicable to both existing
buildings and new designs, and it allows the efficacy of measures aimed at
improving the energy and environmental performance of a building to be spe-
cifically quantified.

In the present context, a building can be modelled within ESP-r at any spec-
ified level of resolution. An enhanced resolution can be used at locations of
particular concern (e.g., where there are local moisture sources or where insu-
lation levels are low). Taking explicit account of moisture movement through
walls, internal moisture generation, and air movement, ESP-r can predict
changes in local surface temperature and relative humidity at a specified loca-
tion(s) for any climatic condition. ESP-r is widely available at no cost to research-
ers, and further information and access can be gained through ESRU@strath
.ac.uk.

ESP-r model of the test house. Comparative environmental monitoring and
mycological studies were conducted for a selected fungus-contaminated surface
in a late-1940’s prefabricated three-bedroom, semidetached dwelling located on
a housing estate in Edinburgh, Scotland. Information relating the house’s design,
form, and fabric (e.g., hygrothermal properties); occupancy behavior (e.g., mois-
ture production); building environmental systems (e.g., heating, ventilation); and
outdoor climate were incorporated and simulated in ESP-r. The house was of
steel frame construction, which is prone to condensation. The windows were steel
framed, with high resultant air infiltration rates, and insulation levels were
generally poor. The lower floor consisted of a hall, kitchen, bathroom, store-
room, and living room, while the upper floor consisted of three bedrooms and a
hall. The house was heated by a 3-kW electric heater in the living room and a
1-kW electric heater in the upstairs hallway. During the study, two people resided
in the test house.

Environmental monitoring of the test house. The selected test location was a
fungus-contaminated surface at the junction of a north-facing wall and ceiling in
one of the bedrooms. The local environmental conditions were monitored for
surface temperature and relative humidity at 1.5-h intervals over a 7-day period
in March by using a dedicated thermocouple (60.5°C) and relative humidity
sensor (60.5%) attached to a recording device (data logger, model XT 102; ACR
Systems Inc., Shepshed, United Kingdom). Simultaneous monitoring of external
climatic conditions also took place, by using an on-site weather station consisting
of global horizontal and diffuse solar irradiance measurement (Kipp and Zonen
[St. Albans, United Kingdom] type CM11 pyranometers and shadow band), wet
and dry bulb temperature measurement (Vector Instruments [Rhyl, United
Kingdom] type H301 aspirated psychrometer), and wind velocity and direction
measurement (Vector Instruments type A100R switching anemometer and type
W200P potentiometer windvane). These instruments were connected to a data
logger (model DL2; Delta-T Devices Ltd., Cambridge, United Kingdom).

Mycological examination of the test house. During the same 7-day monitoring
period in March, the types of fungi on the test surface and their minimum
relative humidity (RH) growth requirements were determined by using dichloran
rose bengal chloramphenicol agar (DRBCA) and 2% malt extract agar (MEA)
contact plates (Oxoid Products). The equilibrated relative humidity (ERH)
(which is equivalent to the more commonly used biological term water activity
[aw]) was adjusted for the agar to 98.7, 94.5, 93, 90.5, 88.5, 84.5, 81, 78.5, 76.1,
74.5, 71.2, and 67.8% by the addition of glycerol. The final ERH was confirmed

with an aw-Wert Messer Chamber (Lufft). During the monitoring study, the
DRBCA and MEA plates were pressed against areas of confluent fungal growth
at the test location. The contact plates were positioned on metal rack supports
over 50 ml of appropriate saturated salt solutions, as described by Grant et al.
(19), in crystallizing chambers (100 mm in diameter by 60 mm in depth) which
controlled the ERH in the culture media at the aforementioned levels. In pre-
paring and maintaining the humidity chambers, the stipulations made by Wexler
and Hasegawa (54) and Winston and Bates (55) regarding the control and
accuracy of ERH were carefully observed. A check was made on the ERH level
attained in each chamber by using a model DP680 hygrometer (Protimeter Ltd.,
Marlow, United Kingdom) and Solomat (Bishops Stortford, United Kingdom)
model MPM2000 and was found to agree within a 1% margin. The contact plates
were subsequently incubated in the above-mentioned atmospheric controlled
chambers at 20°C for 25 days. The plates were examined periodically for the
presence of fungal growth, and the emerging yeasts and molds were identified by
conventional mycological techniques (44).

Lowest relative humidity value supporting growth of building-isolated fungi
on woodchip wallpaper. This study was designed to compare the minimum RH
requirements for the growth of fungi isolated from the test surface on nutrition-
ally rich laboratory-based culture media with the minimum water requirements
when grown on the nutritionally inferior building material woodchip wallpaper.
The test molds were grown and sporulated on MEA slants after 10 days at 25°C,
while the yeast cultures were grown on MEA for 3 days at 25°C. Strips of
woodchip wallpaper (40 by 40 mm) were placed in minimal salt solutions, as
described in Grant et al. (19), after autoclaving at 109°C for 10 min and drying
overnight. The squares of woodchip wallpaper were positioned in atmospheric
chambers that were controlled at the above-mentioned series of ERH values.
After equilibration for 10 days, duplicate squares were separately centrally in-
oculated with the test fungi by using a sterile needle. The chambers were incu-
bated and examined for growth over 110 days at 20°C. The identities of the
emerging fungi were confirmed as described earlier.

Statistical analysis. Analysis of variance, balance model (Minitab software
release 11; Minitab Inc., State College, Pa.), was used to compare the minimum
relative humidity requirements for the test fungi growing on MEA, DRBCA, and
woodchip wallpaper. The studies were performed in duplicate with duplicate
samples examined at each trial. Analysis of variance, two-way model, was used to
compare minimum moisture requirements reported by previous researchers with
limiting RH values obtained for the same fungi during this study. A paired t test
was used to compare simulated and real RH and temperature data from the test
house. All significant differences were reported at the 95% (P , 0.05) confidence
interval.

RESULTS

Development of the fungal growth prediction program. An
analysis of previously published data (1–6, 9, 12, 16, 17, 19, 21,
23, 24, 30–32, 34, 36–40, 48, 49) and experiments conducted in
this study were used to derive growth limit curves (isopleths),
which define the minimum combination of local-surface rela-
tive humidity and temperature for which growth of the toxi-
genic fungi A. versicolor and S. chartarum and the xerophilic
atoxigenic fungus E. herbariorum will occur (Fig. 1). Each
growth limit curve was generated from a series of data points
on a temperature-versus-relative-humidity (T-RH) plot and
was mathematically fitted by using a third-order polynomial
equation of the form RH 5 a3T3 1 a2T2 1 a1T 1 a0. Curve
fitting for the isopleths was undertaken by using the curve-
fitting package within Microsoft Excel 97. The above-men-
tioned third-order polynomial gave both the closest match (for
all the data analyzed) and required profile for the control data
points used (R2 5 0.96).

Mycological verification of fungal growth limits incorpo-
rated within ESP-r. The types of fungi isolated from the test
house and the lowest RH levels at which each fungus grew at
20°C on MEA, DRBCA, and woodchip wallpaper after 25 and
110 days of incubation are given in Table 1. There was no
significant difference (P , 0.05) between the lowest RH values
supporting growth of the test fungi on MEA and DRBCA
(Table 1). Due to the absence of S. chartarum in the test house,
the minimum RH limit for the growth of S. chartarum IMI
032542 (obtained from the International Mycological Institute,
CABI International, Egham, Surrey, United Kingdom) was
examined with MEA, DRBCA, and woodchip wallpaper under
the ERH-controlled atmospheres described earlier. The re-
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sults of this study are consistent with the isopleths shown in
Fig. 1, where the minimum RH levels supporting growth of E.
herbariorum, A. versicolor, and S. chartarum are fully consistent
with the predictions of the model, as is the lack of any fungal
growth at 74.5% and below (Table 1).

Ten different mold species and two yeasts (Hansenula
anomala and Rhodotorula glutinis) were isolated from the test
surface (Table 1). Significant variation (P , 0.05) in the abil-

ities of the test fungi to grow at different humidity levels was
apparent (Table 1). This ranged from growth at #81% RH for
the molds A. versicolor, E. herbariorum, Penicillium brevicom-
pactum, and Penicillium spinulosum to failure for some molds
(Mucor plumbeus, Phoma herbarum, and S. chartarum) and the
aforementioned yeasts to sustain growth at less than 93% RH.
Despite prolonged incubation of inoculated woodchip wallpa-
per (110 days) at 20°C, the fungi Cladosporium cladosporiodies,

FIG. 1. Third-order fit of relative humidity and temperature which limit growth of E. herbariorum, A. versicolor, and S. chartarum on building materials (data points
obtained from this study and from previously published research).

TABLE 1. Minimum relative humidity requirements for growth of different building-isolated fungi on MEA and DRBCA after 25 days and
on woodchip wallpaper after 110 days of incubation at 20°C

Fungus isolated from test house
Minimum RH (%) supporting growth ona

Significant difference
(P , 0.05)b

MEA DRBCA Woodchip wallpaper

Cladosporium cladosporioides 84.5 85.5 6 2 89 6 1 Yes
Cladosporium herbarum 85.5 6 2 85.5 6 2 88.5 Yes
Alternaria alternata 88.5 88.5 89.5 6 1.2 No
Aureobasidium pullulans 88.5 89 6 1 88.5 No
Penicillium brevicompactum 81.8 6 1.8 82.7 6 2 85.5 6 2 Yes
Penicillium spinulosum 81 81 84.5 Yes
Aspergillus versicolor 81 81 82.2 6 1.2 No
Eurotium herbariorum 76.1 76.7 6 1.2 77.3 6 1.2 No
Phoma herbarum 93 93.8 6 0.8 93.8 6 0.8 No
Mucor plumbeus 93.8 6 0.8 93.8 6 0.8 94.1 6 0.8 No
Hansenula anomala 92.4 6 1.3 93 94.5 Yes
Rhodotorula glutinis 91.7 6 1.7 92.5 6 1 93 No
Stachybotrys chartarum 94.5 94.5 96.5 6 2.3 Yes
IMI 032542c

a Values are averages of four replicate samples representing two trials.
b Difference between lowest humidity value supporting growth of fungus on woodchip wallpaper and those supporting growth on MEA and DRBCA. No significant

difference between minimum RH values obtained from MEA and DRBCA at the 95% confidence interval was found (P , 0.05).
c Fungal culture obtained from the International Mycological Institute, CABI International, Egham, Surrey, United Kingdom.

4816 ROWAN ET AL. APPL. ENVIRON. MICROBIOL.

549



Cladosporium herbarum, P. brevicompactum, P. spinulosum, H.
anomala, and S. chartarum grew at lower RH values on the
nutritionally rich MEA and DRBCA over the shorter 25-day
period (Table 1).

Comparison of simulated and real relative humidity and
temperature data from the test house. A simulation of the
mold-contaminated test house was run against the externally
monitored climatic data for the 7-day period in March. The
predicted-versus-real temperature and relative humidities at
the test location for part of this period are shown in Fig. 2. It
is evident from Fig. 2 that the simulated and real data are in
relatively close agreement (P , 0.05). On this basis, simulated
data from ESP-r could be taken as providing a good represen-
tation of the temperature and relative humidity occurring at
the test location over any stipulated period of time.

Testing the predictions of the fungal program. In order to
compare the predictions of the ESP-r fungal program against
the types of fungal species isolated from the test location, the
monitored (i.e., real) surface relative humidity and tempera-
ture data for the 7-day period in March are shown superim-
posed on the growth limit curves in Fig. 3. While the model
successfully predicted fungal growth at the test location, on the
basis of the range of plotted RH data in Fig. 3, only fungi with
a growth limit of below 83% RH would have been predicted to
occur. This upper RH measurement of 83% does not account
for the isolation of hydrophilic molds such as Cladosporium,
Alternaria, Aureobasidium, Phoma, and Mucor or the yeasts
Hansenula and Rhodotorula, which were shown to have mini-
mum moisture requirements of 89, 89.5, 88.5, 93.8, 94.1, 94.5,
and 93% RH, respectively, on woodchip wallpaper (Table 1).
In order to explain the occurrence of these molds, a simulation
employing 1-h intervals and climatic data for a 3-day period in
January was performed. The simulated conditions of surface
relative humidity and temperature at the test location are
shown superimposed on the growth limit curves in Fig. 4. On
the basis of this plot (where surface relative humidity values

reach as high as ;96%), a user would have correctly predicted
the likely presence of the aforementioned hydrophilic fungi
(Table 1), in addition to predicting the growth of E. herbari-
orum and A. versicolor and the absence of S. chartarum. The
user would therefore have predicted an extensive development
of different types of fungi spanning a wide range of T-RH
growth categories, which is in agreement with the outcome of
the mycological tests.

DISCUSSION

The most commonly occurring fungi which contaminate
damp buildings in North America and Europe are those that
form true cell walls of the group Eumycota (43, 46). While
fungi from all subdivisions of Eumycota are often present in
damp dwellings, the majority of these fungi belong to the class
Hyphomycetes of the subdivision Deuteromycotina, such as
Penicillium, Aspergillus, Cladosporium, and Stachybotrys (1, 43,
46). Fungal growth in buildings has been shown previously to
be essentially a surface phenomenon (1). Fungal spores ger-
minate and form active mycelia on hygroscopic building mate-
rials or interior finishes when certain critical growth parame-
ters are satisfied (1, 46). On internal wall surfaces, the principal
controlling factors governing fungal growth are relative humid-
ity (which governs the free water availability) and temperature
(1, 19, 24).

This study has addressed the prediction of local environmen-
tal conditions that encourage fungal growth on internal sur-
faces. Critical limits for the growth of the indoor fungi E.
herbariorum, A. versicolor, and S. chartarum were mathemati-
cally described in terms of growth limit curves, or isopleths,
that define the minimum combination of temperature and rel-
ative humidity for which growth will occur. Each growth limit
curve was generated from a series of data points on a T-RH
plot and was mathematically fitted by using a third-order poly-
nomial equation of the form RH 5 a3T3 1 a2T2 1 a1T 1 a0

FIG. 2. Monitored and predicted relative humidity and temperature data at surface of concern in test house (period in March).
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(Fig. 1). The data points were derived from previously pub-
lished research data (1–6, 9, 12, 16, 17, 19, 21, 23, 24, 30–32, 34,
36–40, 48, 49) and from experiments carried out in this study
(Table 1). It is evident from Fig. 1 that the three fungi differ in
their minimum RH and T requirements to sustain growth on
building materials. For example, E. herbariorum requires a
minimum of 76.1% RH to sustain growth at 20°C, whereas A.
versicolor and S. chartarum require a minimum of 81 and 96.5%
RH, respectively, to grow at the same temperature. Local sur-
face T-RH values occurring below the growth limit curve for
each fungus prevent the organism from either initiating or
sustaining growth. Both Adan (1) and Grant et al. (19) have
postulated that fungal growth will be prevented if RH and
surface temperature conditions within buildings are main-
tained such that internal wall surfaces remain below 80% RH.
The limit of 80% RH for the prevention of fungal growth in
buildings (1, 19) is 5% greater than the prediction limit for
fungal growth set by the ESP-r model. Our recommendation of
75% RH for limiting fungal growth in buildings is based on our
findings shown in Table 1.

In relation to the minimum moisture requirements for food
spoilage and building-related fungi, many researchers have
previously reported that the mold E. herbariorum can grow at
very low RH values (1, 43, 44, 46). Therefore, relative humidity
values occurring consistently below the isopleth for this highly
xerophilic fungus will result in the indoor surface remaining
free of all fungal growth. The concept of using RH-versus-T
isopleth curves for predicting germination, growth, and asexual
sporulation of toxigenic and nontoxigenic fungi on nutrient
media and in foodstuffs has been exploited by a number of
previous workers (2, 5, 6, 36). Ayerst (6) showed that growth of
a wide variety of food spoilage fungi was governed by control-

ling the limiting combinations of aw (ERH) and temperature,
and each fungus had an optimal value for both of these pa-
rameters at which the growth rate was maximized. Adan (1)
found that the maximum tolerance to low moisture conditions
was exhibited on materials of a high nutritional content under
optimum temperature. In the context of this study and to our
knowledge, this is the first time this concept has been employed
to predict fungal growth in buildings.

Minimum aw values (converted to ERH) obtained by previ-
ous researchers for the growth of fungi on nutrient media at
temperatures of 20 to 25°C are compared with the findings of
this study in Table 2. These minimum relative humidity values
limiting growth of the test fungi were shown to be in good
agreement (P , 0.05) with minimum moisture requirements
reported for the same fungi by other researchers (Table 2).
Many of these workers showed that these fungi also differed in
moisture requirements for each stage in their growth cycle,
where differences of ;2% RH between spore germination,
hyphal growth, and sporulation were recorded (1, 2, 24, 45).
However, the findings of this study do not agree with the work
of Nikulin et al. (34), who examined growth of S. chartarum
and its toxin production on some building materials and in
animal fodder under different RH conditions. Nikulin et al.
(34) reported that S. chartarum was capable of growth (and in
some instances, toxin production) on wallpaper, pine panel,
and paper at 78% RH, while all previous studies reported that
this fungus required a minimum RH of 91% or above to
sustain growth (6, 9, 19, 23, 36). It is also recognized that S.
chartarum is not a xerophilic organism (19, 24, 44), which,
according to the definition of Pitt and Christian, is “a fungus
capable of growth under at least one set of environmental
conditions at 85% RH or less” (40).

FIG. 3. Monitored environmental data for test house superimposed on growth limit curves in ESP-r. Each point represents a recorded temperature/relative humidity
value collected at 1.5-h intervals at the test location over a 7-day period in March.
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On the basis of the methodology described by Nikulin et al.
(34), it is possible that the moisture limit for growth of S.
chartarum was greater than the reported 78% RH. The authors
inoculated the building materials with a 1-ml volume of spores
suspended in a highly nutritious aqueous wash which had been
equilibrated for only 3 days to reach 78% RH (the final and
subsequent RH values not being monitored in the chambers).
This procedure goes against the usual convention of using a
dried-spore suspension to avoid altering the moisture content
of the samples. It would further appear that the samples were
incubated at 20 to 23°C, which may have permitted this fungus

to grow before the saturated salt solution reduced the atmo-
sphere to less than 90% RH. Therefore, it is possible that the
actual RH may have been significantly higher than the re-
ported 78%. Nikulin et al. (34) showed that S. chartarum was
capable of growth and of producing stachybotryotoxins on
wallpaper, gypsum board, hay, and straw.

The fungal prediction model used in the present study and
containing the growth limit curves, which is incorporated
within ESP-r, operates by using information from two sources.
First, as previously described, ESP-r can predict, from an ap-
propriate representation of the building, changes in local sur-

FIG. 4. Predicted environmental data for test house superimposed on growth limit curves by ESP-r. Each point represents a temperature/relative humidity value
predicted by ESP-r at 1-h intervals at the test location with actual climatic data for a 3-day period in January.

TABLE 2. Minimum aw values (converted to ERH) obtained in this and previous studies for growth of test fungi
over the temperature range 20 to 25°C

Fungus

Minimum RH (%) supporting growth

Significant difference
(P , 0.05)

Previous studies

Value(s)
(reference[s]) Avg 6 SD Values found

in this studya

Aspergillus versicolor 78 (9, 19, 30), 79 (23), 80 (4),
83 (36)

79.3 6 2 81 No

Alternaria alternata 85 (24, 37), 88 (30) 86 6 1.7 88.5 No
Cladosporium cladosporioides 88 (30), 84 (19, 23) 85.3 6 2.3 84.5 No
Cladosporium herbarum 84 (19), 88 (36), 90 (30) 87.3 6 3 85.5 No
Mucor plumbeus 93 (9, 24) 93 93.8 6 0.8 No
Penicillium brevicompactum 79 (23), 81 (9), 82 (24), 83 (19) 81.3 6 1.7 81.8 6 0.8 No
Penicillium spinulosum 79 (19), 80 (9) 79.5 6 0.7 81 No
Phoma herbarum 92 (16), 93 (19, 23) 92.6 6 0.6 93 No
Stachybotrys chartarum 94 (6, 9, 36), 93 (19, 23) 93.6 6 0.5 94.5 Yes
Aureobasidium pullulans 89 (23), 88 (44) 88.5 6 0.7 88.5 No

a Values shown are for growth on MEA over a 25-day period at 20°C.
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face temperature and relative humidity at any specified loca-
tion for any set of climatic data. Second, the mathematical
functions defining the isopleths (Fig. 1) are contained within
the FGP database. This allows the predicted local conditions to
be superimposed directly on the growth limit curves, as illus-
trated in Fig. 4. The concentration of plotted points relative to
the isopleths allows an assessment of the risk and extent of
possible fungal growth.

Environmental monitoring study of the fungus-contami-
nated test house (Fig. 2) showed that the comparison between
simulated and real surface temperature and relative humidity
data over a 7-day period in March was relatively good (P ,
0.05). It should be noted, however, that due to the lack of some
information, this simulation could not be regarded as consti-
tuting a strict test of the model, which has been subjected to
strictly controlled validation exercises (56). For example, due
to the age of the building, some of the structural properties
were not readily ascertainable and values for similar represen-
tative materials had to be substituted (24). Other uncertainties
arose because it was not possible to obtain definite information
on the influence of the occupants on the internal environment,
e.g., additional heat and moisture from washing and cooking,
etc. With this information, a more accurate prediction would
have been possible.

Conclusions. Overall, the present study has verified the fea-
sibility of a computer-based approach to the prediction of
toxigenic fungal growth in problematic buildings and has dem-
onstrated the usefulness of the prototype ESP-r program.
However, the continued development of the prototype into a
comprehensive prediction model will require an upgrading of
the current FGP database. First, there is very limited informa-
tion currently available on the effects of fluctuations in tem-
perature and relative humidity on fungal growth, sporulation,
and mycotoxin production in buildings. Second, a large num-
ber of fungi, hitherto regarded as harmless and which com-
monly occur indoors, have recently been implicated as the
cause of human ill health; e.g., some Fusarium, Acremonium,
and Penicillium spp. have been shown to be agents of hyalo-
hyphomycosis (53). It is envisaged that additional isopleths for
the prediction of these emerging filamentous fungal pathogens
will be incorporated within the FGP database. Such informa-
tion will enhance ESP-r’s fungal prediction capability, thus
allowing the program to make a more accurate assessment of
the risk or probability of toxigenic fungal growth in existing and
new buildings.
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A B S T R A C T   

Medical devices have increased in complexity where there is a pressing need to consider design thinking and 
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future use of digital tools includes potential implementation of machine learning for supporting and enabling 
parametric release of sterilized products through efficient monitoring of critical process data (complying with 
ISO 11135:2014) that would benefit stakeholders. This paper also focuses on the transformative potential of 
combining digital twin with extended reality innovations to inform efficiencies in medical device design 
thinking, supply chain and training to inform patient safety, circularity and sustainability.   

1. Design thinking for improve patient safety 

The medical device industry constitutes a multi-billion sector glob-
ally that has increased in sophistication to meet the evolving and diverse 
needs of modern healthcare (Garvey, 2024). Meeting such healthcare 
needs has underpinned end-to-end supply chains along with the manu-
facture of new complex reusable and single-use medical devices (Rowan 
et al., 2023a). However, healthcare acquired infections (HAIs) linked to 
contaminated use of some medical devices (particularly reusable items) 
continues to contribute towards patient morbidity and mortality 
(Garvey, 2024). While single use medical devices can cause HAIs due to 
cross-contamination issues in healthcare (such as urinary tract in-
fections), there is a greater probability of patient infection arising from 
using reusable medical equipment such as endoscopes and duodeno-
scopes (Garvey, 2024). Disposable medical devices undergo effective 
sterility assurance; however, these can subsequently cause post- 
operative and other medical-device related infection due to contami-
nation in healthcare environment. For example, surgical site infections 
(SSIs) due to intra-operative contamination from single use devices have 
been ascribed to airborne microbial contamination of surgeon’s hands 
and instruments (Chauveaux, 2015). SSIs are surgery-related infections 
occurring within 30 days of the surgical intervention, or within one year 
after the introduction of a medical implant (Chua et al., 2022). While 
terminal modalities effectively sterilize single-use medical devices; 
prevention from device-related-infections in patients due to subsequent 
environmental and user-mediated contamination is challenging where 
those with comorbidities are particularly vulnerable (Chua et al., 2022). 
Healthcare contaminated devices include central venous access devices, 
cardiac-implantable electronic devices, Ommaya reservoirs, external 
ventricular drains, breast implant plus tissue expanders, ureteral and 
esophageal stents, biliary stents and so forth (Viola et al., 2023). 

General recommendations for the prevention of device-related in-
fections include hand washing, infection control and prevention pro-
grams, MRSA screening and decolonization, perioperative antisepsis 
protocols, and perioperative antibacterial prophylaxis (Viola et al., 
2023). For example, central venous devices that are used in at least 4 
million patients in the U.S. are left in place for several months are 
essential for patients living with cancer. However, incorporating specific 
device-related antimicrobial interventions and procedures by infection 
control team to address such complex infections in patients is chal-
lenging (Patal et al., 2023; Whitaker et al., 2023). The introduction of U. 
S. Food and Drug Administration (FDA) approved antimicrobial- 
impregnated catheters (AICs) has added protective layer against life- 
threatening catheter-related bloodstream infections. Use of antimicro-
bial envelope (such as TYRX, Medtronic) that locally releases a high 
concentration of minocycline and rifampin has helped patients at high 
risk of developing cardiac-implantable electronic-device related in-
fections (Blomstrom-Lundqvist et al., 2022). The ability to visualize, 
model, design simulate, develop, sterilize, test, verify and validate such 
medical devices from an end-to-end process perspective will remain 
essential and would substantially benefit from an integrated multi-actor 
effort that connects clinicians, healthcare professionals, sterilization 
providers, manufacturers, SMEs/entrepreneurs, patients and regulators. 
Given this complexity, the application of appropriate digital innovation 
would help address key needs (many in real-time) including improving 
efficiencies, resource utilization, safety and security (Table 1). 

In 1957, Earle Spaulding introduced a new infection prevention 
classification based on the need to establish safe guidelines for the use of 

medical devices (Rowan et al., 2023a). This system describes types of 
device and instruments as non-critical, semi-critical and critical to 
reflect how these items will be used on patients (Table 2). This classi-
fication system has been adopted by industry into appropriate standards 
for decades that informs manufacturers’ instructions for use (MIFUs) in 
dialogue with healthcare providers and regulators. However, MIFUs for 
complex medical devices typically have a substantial number of 
complicated steps that may not align with healthcare capabilities to 
efficiently clean and process, such as for duodenoscopes (Rowan et al., 
2023a; Kremer et al., 2023a). This is attested by the documented oc-
currences of device-related infections where there were no documented 
failures reported in reprocessing by the healthcare provider (Garvey, 
2024). Recent research has emphasized the role of effective and 
appropriate device cleaning with complex design features. Such ‘diffi-
cult-to-reach’ features may be potentially contaminated with recalci-
trant biofilms harbouring microbial pathogens (Kremer et al., 2023a). 
Kremer et al. (2022) noted that cleaning and associated validation re-
quirements are essential for the safe use of reusable devices. However, 
test methods and associated endpoint for cleaning validations have 
varied worldwide. Kremer et al. (2022) reiterated the importance of 
ensuring end-users to keep an awareness of appropriate international 
standards that have updated the requirements to include cleaning end-
points, and for the use of test soils for demonstrating cleaning efficacy of 
washer-disinfectors. Medical devices will continue to evolve to support 
clinicians for better patient outcomes (Kremer et al., 2023d). Moreover, 
given the complexity and number of MIFUs steps for some medical de-
vices, it is becoming increasing challenging to ensure that we can 
appropriately mitigate risk to patients of contracting a device-related 
infection in the healthcare environment (Rowan et al., 2023a). 

Different antimicrobial measures are applied to mitigate patient risk 
of infection arising from use of medical devices that are met by high- 
level disinfection or sterilization modalities (Fig. 1) (Rowan et al., 
2023a; McLaren, 2020). The role of a sterility assurance subject-matter- 
expert with a full appreciation of the end-to-end device process 
including supply chain and material science will remain critical 
(McLaren et al., 2021). However, there is increasing evidence of un-
wanted infections attributed to the reuse of processed medical devices 
due to failures in processing and sterilizing expectations. Therefore, 
despite recent advancements in the development of new international 
standards by stakeholders, there remains significant technical and 
logistical challenges to address effective cleaning and processing of 
complex reusable device devices for safe patient use (Kremer et al., 
2023a). Recently, there has been a focus on the suitability for cleaning, 
reprocessing and sterilization for reusable devices at the initial design 
thinking stage; however, there is a need to consider this in the context of 
use and reuse in the end-to-end supply chain and sterility assurance, 
such as developing, testing and validating alternative sterilization mo-
dalities (McLaren, 2020; McLaren et al., 2021; Kremer et al., 2023d). 
There are many complicated and interrelated factors influencing the safe 
and effective processing of medical devices that increases the chances of 
operational and processing errors (McLaren et al., 2021). There are also 
considerable opportunities to develop sustainable ‘green’ medical de-
vices that considers use of new biomaterials based on appropriate se-
lection of medical device sterilization modality to ensure effective 
design for satisfying customer needs, supplier selection, management 
(scheduling, production, distribution, after sale-customer care) (Rowan 
et al., 2023a; Kremer et al., 2023c). This also considers a greater spot 
light on increasing healthcare resuse options given the surge and 
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Table 1 
Digital technologies — definitions and applications in medical device and healthcare sectors.  

Digital technology definitions* Examples of benefits and applications 

Information and communications technology (ICT) encompasses the capture, storage, 
retrieval, processing, display, representation, presentation, organization, 
management, security, transfer, and interchange of data and information.  

■ Mobile health (mHealth) – smart devices, apps, and wearables, health information 
technology, telehealth, personalized medicine; biosensors, ECG monitors; blood 
pressure monitors and so forth  

■ smart hospital management (bed occupancy, device usage, equipment status, 
operational data. 

Internet of medical things (IoMT) – network of smart, interconnected devices and 
services capable of sensing or listening to requests and perform actions using 
actuators. IoMT enables network sensors to remote connect, track and manage 
products and systems.  

■ Remote patient monitoring (heart rate, temperature glucose)  
■ Robotic surgery  
■ Connected inhalers  
■ Smart connected contact lens  
■ Hand hygiene monitoring 

Cloud computing – use of tools and applications (such as data storage, servers, databases, 
software) based on a network of severs through the internet. It enables user to rent 
computer resources on demand to store files and applications in a virtualised servers 
and access all data via the internet.  

■ Accelerates clinical analyses and care processes (e.g., electronic health records)  
■ Automates data processing & scalability.  
■ Increases patient data accessibility  
■ Reduces network equipment/staff costs  
■ Reduces risks of data loss  
■ Integrates physical, digital and data platforms for patient experience  
■ Cloud computing for clinical R&D (Azure platform for patient analytics – HoloLens 2 

projects holographic images for wearer)  
■ Amazon Web Services to create cloud solutions 

Artificial Intelligence (AI) defines machines achieving human-like cognitive functions 
(ex. learning, reasoning, interacting) that comprises different forms of cognition and 
meaning understanding (such as speech recognition) and human interaction (signal 
sensing, smart control, simulators) rooted in algorithms and software.  

■ Data management  
■ Remote surgery and patient monitoring  
■ Early detection of patient health issues  
■ Diagnostic and procedural assisting  
■ Clinical trials  
■ Improve device manufacturing efficiency  
■ Reduce risk through Machine Learning  
■ Advancing wearable technology and medical device — can monitor vital signs and 

collect patient data in real time  
■ Non-destructive sampling (device materials) during design/production 

Machine learning (ML) – a subset of AI, use and development of computer systems that 
learn and adapt without following explicit instructions, by using algorithms and 
statistical models to analyse and draw inferences from patterns in data.  

Noting, 10 guiding Good machine learning practices (GMLP) have been identified by 
U.S. FDA, Health Canada, and UK’s Medicines and Healthcare Regulatory Agency 
(MHRA) for A/ML-driven medical devices. 
These GMLPs will identify specific areas where International Medical Device 
Regulators Forum (IMDRF), International Organization for Standardization (ISO) and 
other collaborative bodies will advance medical device development.  

■ 171 AI and ML enabled medical devices marketed in the US added to FDA list and 
insights (FDA 2023).  

■ The devices in this list have met the FDA’s applicable premarket requirements, 
including a focused review of the devices’ overall safety and effectiveness, which 
includes an evaluation of appropriate study diversity based on the device’s intended 
use and technological characteristics.  

■ Through the end of July 2023, 79 % of AI/ML-enabled devices authorized (FDA) in 
2023 are in Radiology (85), 9 % in Cardiovascular (10), 5 % in Neurology (5), 4 % in 
Gastroenterology/Urology (4), 2 % in Anesthesiology (2), and 1 % each in Ear, Nose 
and Throat (1), and Ophthalmic (1) 

Big data – continuous increase in data & technologies that needs to be collected, stored, 
managed and analysed. Complex and multidimensional that impacts processes, 
technologies. Characterized by Volume (amount of data sets), Velocity (speed of data 
processing), Variety (types/sources of data), Veracity (quality of data analysed).  

■ Better patient care, improved research, smarter treatment plans, reduced costs for 
patients and health providers  

■ Healthcare source of Electronic heath records (EHRs)  
■ Apply predictive analytics to create machine learning (ML) models such as likelihood 

of patient infection  
■ Real-time alerts to medical staff by continuously monitoring patient conditions  
■ Transforming supply chain logistics  
■ Enhancing security of sensitive data (ex insurance claims, design innovation of device) 

Blockchain is a shared digital, immutable ledger that facilitates the process of recording 
transitions and tracking assets in a business network using cryptographic algorithms). 
Blockchain protocols aggregate, validate, and relay transactions within the blockchain 
network. The blockchain system records the transactions in sequence. A transaction 
may contain a value transfer or a smart contract invocation.  

■ Traceability  
■ Training  
■ New business models 

Augmented reality – is a real-world augmented experience with overlaying or mixing 
simulated digital imagery with the real world as seen through a camera or display, 
such as a smartphone or head-mounted or heads-up display (HUD). Digital imagery 
may be able to interact with real surroundings (often controlled by users). This is 
sometimes referred to as mixed or merged reality.  

■ Training  
■ Visualization of design features/process  
■ Overlying medical images onto a patient during an operation to help guide surgery 

Virtual Reality – the computer-generated simulation of a 3D image or environment that 
can be interacted with in a seemingly real or physical way by a person using special 
electronic equipment, such as helmet with screen inside or gloves fitted with sensors.  

■ Bespoke training in safe setting  
■ Used to treat post-traumatic stress disorder in army veterans  
■ VR rehabilitation therapy – simulates real-life situations to improve physical functions 

for patients (e.g., physical disability caused by a stroke) 
Extended Reality (XR)  ■ 3D visual training, spatial audio combining AR, VR and mixed reality (or parts thereof) 

for monitoring and training (see Tables 3 and 4).  
■ Make procedures less invasive (AR/VR)  
■ Accelerate diagnosis  
■ Allow for self-directed care  
■ Possible risks (cybersickness, head and neck strain, cybersecurity risks, privacy risk, 

distraction in operating room).  
■ Future design thinking, visualization, use 

Robotics – a branch of technology that deals with the design, construction, operation and 
application of robots. In multi-robot or swarm robot systems, the robot collaborate to 
complete predefined tasks.  

■ Robot-assisted surgery (precision) such as da Vinci system  
■ Robot-assisted radiotherapy (reposition patient without need have anyone in room), 

reduces procedure time  
■ Laboratory automation (reduces human error, expedites processes, removes repetitive 

tasks, improves staff satisfaction, reduces overall costs, improves safety. 

(continued on next page) 
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reliance on single-use disposable items (Greene et al., 2022). Conse-
quently, this timely paper provides both an awareness of and describes 
the use of digital innovation to effectively advance existing medical 
devices and to unlock opportunities with new design thinking with a 
lens on sustainability. It also focuses on the potential innovate use of 
digital tools to help inform and advance reusable and disposable medical 
devices for existing and future needs including sustainability. 

2. Use of an integrated Quintuple helix HUB approach to address 
appropriate digital solutions 

Integration of key actors from different specialist backgrounds, such 
as manufacturers, academics, industry (including sterilization pro-
viders), policy-makers (regulators), healthcare (including Sterile Ser-
vices Department, clinicians), SMEs/entrepreneurs and patients can 
help inform opportunities and solutions across the entire production and 
logistical supply-chain for medical devices from conception to market 
product launch including supporting regulatory approval (Table 3). The 
benefits of adopting an integrated multi-disciplinary approach for 
addressing knowledge and innovation gaps (example, quadruple helix) 
has been well articulated in the published domain that includes 
improving efficiencies and cost saving on “testing the tech” before 
investing by accessing specialist equipment (example, RAMAN Spec-
troscopy, Flow cytometry, 3D printing, injection moulders, automated 
washers and pilot sterilization modalities, extended reality suite and so 
forth) and subject-matter-experts (such as immersive or extend reality 
technologists, advanced imaging or polymer scientists) (such as 

highlighted by Rowan and Casey, 2021). The core indicative activities 
highlighted in Table 3 would be overseen by an experienced HUB 
manager with appropriate knowledge of underpinning sterility assur-
ance embedded in the academic hosting framework for enabling and 
accelerating appropriate networking, partnerships with industry, man-
ufacturers, entrepreneurs, regulators and so forth (McLaren et al., 2021). 
The CURAM SFI Medical Device Research Centre in Ireland represents a 
typical example of such an effective multi-actor HUB that includes 
considerable experience in addressing appropriate intellectual property 
protection and management from data generated for various users. This 
would also facilitate the testing of new materials with existing or 
alternative sterilization modalities for optimizing time and costs in 
alignment with FDA guidance titled “submission and review of sterility 
information in premarket notification 510(k) – submission for devices 
labelled as sterile (U.S. FDA, 2024)”. For example, the sterilization 
modalities established in Category A are ethylene oxide (EO), vaporized 
hydrogen peroxide (VH2O2), dry and moist heat, and radiation), estab-
lished Category B include ozone, hydrogen peroxide, ozone, and flexible 
bag systems, and novel sterilization modalities include vaporized per-
acetic acid, microwave radiation, sound waves, low pressure and pulsed 
UV light (McLaren, 2020). There is also considerable opportunities for 
introducing non-destructive sampling for medical device development 
that includes important sterility assurance provision (Table 3) — this 
includes use of specialist imaging and spectroscopy equipment that can 
be linked to machine learning models. 

The integrated multi-actor approach avoids the traditional ‘silo’ 
approach that focused on use of specific aspect(s) of the device process 

Table 1 (continued ) 

Digital technology definitions* Examples of benefits and applications  

■ Prosthetics – robotic appendages (grabbing, walking)  
■ Rehabilitation and exoskeletons for helping patients recover from surgery, or deal with 

disability. Can sense electric pulse allowing rebuilding of muscles.  
■ Social support – care robots meeting emotional needs of patients (elderly, isolated)  
■ Hospital robots – nursing robots can address mundane and repetitive tasks  
■ AI training and coaching – see VR.  
■ Microbots – help recovery time at cellular level during surgery (Sorimuthu, 2023).  
■ Cost savings from staff overtime, extended hospital stays, physical therapy, home care, 

travel etc.  
■ Cleaning and disinfection robots in healthcare facilities (UV-C) 

Cobot, or collaborative robot, is a robot intended for direct human robot interaction with 
a shared space, or where humans and robots are in proximity.  

■ Improving cost efficiency, quality, and safety in high production processes  
■ Cobots contribute to development and delivery of innovative/reliable devices  
■ Addressing labor shortages by optimize limited human resources  
■ Cost effective, rapid development such as plug-and-play style to automation  
■ Offer flexibility to adjust capacity, throughput avoiding over investment or 

underutlizaiton of resources  
■ Scalability, lower maintenance costs.  
■ Flexibility and quick redeployment  
■ Efficient use of floorspace/infrastructure  
■ High precision (ex assembly applications)  
■ Software for data traceability 

Digital twin – a digital win is a virtual model designed to accurately reflect a physical 
object.  

■ Real time monitoring  
■ Design think and visualization  
■ Preventative maintenance  
■ Design validation and planning  
■ Optimizing operational needs (Table 3) 

Edge Cloud/Intelligence – Edge computing is developed as complement to cloud 
computing, encompassing storage and compute assets located at the edge and 
interconnected by a scalable, application-aware network that can sense and adapt to 
changing needs, securely & in real time. 
The “edge” of network is element of network infrastructure furthest from core.  

■ Real-time secure remote monitoring (medical devices or received urgent alert)  
■ Patient data/device processed by on site edge compute resources  
■ Analysis of patient data (ex. wearables)  
■ Detect early signs of illness or disease  
■ Smartwatches, fitness trackers  
■ Reduce data latency  
■ Maintain high availability (via Cloud service)  
■ IoT sensors, smart cameras, uCPE equipment, servers and processors 

Cybersecurity or information technology (IT) security – is the practice of protecting 
critical systems and sensitive information from digital attack. It is how individuals and 
organisations reduce the risk of a cyber attack where cyber security code function 
protects the devices (smartphones, laptops, tables).  

■ Essential component of healthcare and medical devices so as to guarantee systems are 
secure and shielded from cyber threats.  

■ Maintaining precision and dependability of medical equipment and systems  
■ Keeping patients secure, protecting financial information, private medical data, 

confidential patient information. 
Cyber-physical systems refer to systems where software and hardware components are 

seamlessly integrated towards performing well-defined tasks. 
Helps safeguard healthcare from malware and ransomware assaults resulting in patient 
care disruptions, system failure, data breaches  

* Adopted in part from Rowan et al. (2023b). 

N.J. Rowan                                                                                                                                                                                                                                       

558



Science of the Total Environment 926 (2024) 171672

5

(McLaren et al., 2021); thus, creating new opportunities to holistically 
(360◦) consider “design thinking” across all key activities over the entire 
end-to-end lifecycle for complex devices. This approach allows oppor-
tunities for introducing transformative beyond-state-of-the-art innova-
tion from adjacent industries, such as digital twin (Table 4)). Yet also 
ensures that appropriate international standards for development, 
manufacturing and validation are applied and interpreted correctly. 
Table 4 also describes key activities and benefits for manufacturers’ 
instructions for use (MIFUs) that will close the innovation gap for 
meeting client/patient needs. The inclusion of clean room and pilot fa-
cilities for cleaning, disinfection and sterilization of new medical devices 
that connects stakeholders would be beneficial, such as design thinking 
and sterility assurance informing selection of sterilization modality to 
meet the safe intended use for patients including functionality, material 
composition (AAMI TIR17:2017), biocompatibility (ISO 10993), and 
sustainability (McLaren et al., 2021). An example of appropriate medical 
device modality selection to meet complexity of medical device design 
and patient needs is represented in the adapted viewpoint paper of 
McLaren (2020) (Fig. 1). Such a holistic approach would save on costly 
manufacturing revisions to medical devices and unlock situations where 
new-biomaterials in design features can be tested from a development, 
testing, validation perspective (510k) in dialogue with regulators. 
Application of approaches that improve efficiencies and data sharing 
including collaborative partnerships across manufacturing, healthcare, 
sterility assurance and so forth will impact positively on intended 
product functionality, shortened timeliness for regulatory approval, ef-
ficiencies in resources and risks (McLaren et al., 2021). 

This interdisciplinary hub approach is also highly relevant for 
manufacturers, small companies, entrepreneurs, doctorate research 
candidates across different disciplines who want to test new ideas using 
appropriate equipment, methods following appropriate international 
standards. This would also entail keeping pace with international stan-
dards updates. This would also help de-risk for financially viable in-
novations and investments. It would mitigate against potential 
unforeseen reputational damage due to possible misinterpretation of 
appropriate methods for new devices medical devices by inventors as it 
would have appropriate sterility assurance embedded from 
commencement of the project for addressing key activities. For example, 
Smith et al., 2023 (representative of medical device industry), recently 
expressed concern about the reporting findings from a published study 
(Deasy et al., 2022), as the test methods and claims in the report were 
inconsistent with international standards for cleaning and disinfection 
of reusable devices in washer-disinfectors (WDs) (BS EN ISO 15883- 
1:2006, 2006; BS EN ISO 15883-2:2009, 2006; BS EN ISO 15883-5: 
2021, 2022). Deasy et al. (2022) had stated that there are no specific 
standards for dental head-pieces (DHPs); however, Smith et al. (2023) 
noted that DHPs, as medical devices, are given as examples of the type of 
devices in the WD standard series BS EN ISO 15883-2:2009, 2006), and 
specifically as powdered devices. Smith et al. (2023) also stated that 
“cleaning and disinfection requirements in these standards therefore 
apply. For example, cleaning validation using defined test soils and 
disinfection efficacy requirements described in the standards (BS EN ISO 
17664-1:, 2021) are applicable to these reusable medical devices”. 

Table 2 
Examples of applications of the Spaulding Classification system for medical devices encompassing type of decontamination or sterilization modality to mitigate patient 
risk of acquiring an infection.  

Risk category Description Type of decontamination or sterilization modality required to address risk 

Critical use 
items  

• Where a device enters sterile tissue and must be sterile, defined as being free 
from viable microorganisms (McDonnell and Hansen, 2020)  

• Items contaminated with any microorganism (including bacterial spores), or 
infectious agent (prion) are referred to as high risk to patients. If they are 
contaminated and enter sterile tissue or vascular system, they have a high 
potential for causing disease transmission (Rutala and Weber, 2019). Such 
items should be sterile, such as by using steam sterilization where possible. 
Examples include surgical instruments  

• Close attention should be given to the label claims of liquid chemical sterilants 
as these can vary regionally; they may have the ability to sterilize, depending on 
their application but may not always be considered practical for routine 
sterilization.  

• Given that many items contain heat-sensitive materials, other appropriate 
sterilization modalities should be applied including vaporized hydrogen 
peroxide (VH2O2), VH2O2 gas plasma, and ethylene oxide gas (EO).  

• The use of liquid chemical sterilants may also be considered appropriate, 
such as formulations based on glutaraldehyde (GTA), peracetic acid (PA), 
hydrogen peroxide (HP), or ortho-phthalaldehyde (OPA). 

Semi-critical 
use items*  

• Where a device only comes in contact with intact mucus membranes or 
nonintact skin, it should also be subjected to sterilization, or if this is not 
feasible due to sensitive material composition or complex design features, then 
a high-level disinfection (HLD) process must be deployed at a minimum that 
would be expected to kill all microorganisms except for bacterial endospores 
(McDonnell and Burke, 2011).  

• Examples of semi-critical items including “respiratory therapy, anaesthesia 
equipment, some endoscopes, laryngoscope blades and handles, esophageal 
manometry probes, endocavitary probes, nasopharyngoscopes, prostate biopsy 
probes, infrared coagulation devices, anorectal manometry catheters, cystos-
copies, and diaphragm fitting rings” (Rutala and Weber, 2019).  

• Depending on regional claim requirements, high level disinfectants should 
demonstrate broad spectrum antimicrobial activity and typically the ability 
to eliminate at least 106 (or 6-logs) of mycobacterial cells on contaminated 
surfaces of medical devices.  

• For the vegetative microorganisms and viruses of concern, mycobacteria are 
typically deemed to exhibit greater resistance to high level disinfectants; 
thus, mycobacterial cells are recognised as representative (or bio-indicators) 
for HLD process efficacy.  

• Examples of chemical disinfectants authorized in the USA for HLD use 
include biocides such as glutaraldehyde, HP, OPA, hypochlorite, and PA 
with HP (Rowan et al., 2023a).** 

Non-critical 
use items  

• Where devices contact intact skin (but not mucous membranes), requiring low- 
level to intermediate-level disinfection. The skin contains intact integumentary 
layers, and as such, provides a natural barrier to microorganisms. There re-
mains a risk to the skin and as a source of cross-contamination from devices, but 
this risk is considered low (Rowan et al., 2023a)  

• These risks can be practically reduced by the combination physical removal and 
disinfection (McDonnell and Burke, 2011). Examples of non-critical use items 
include blood pressure cuffs, bed surfaces and rails, patient furniture, bedpans, 
over-bed tables and so forth (Rutala and Weber, 2019).  

• Such product labelling support disinfection efficacy against a broad spectrum of 
microbial pathogens that may include methicillin-resistant Staphylococcus 
aureus, vancomycin-resistant enterococci, yeast (Candida sp.), mycobacteria, 
and viruses well within typical label claim for US EPA-registered disinfectants.  

• Physical removal plays an important role in the removal of pathogens with 
higher levels of natural resistance to disinfectants such as bacterial spores 
(as highlighted in studies of surface contamination with clostridia; Thomas 
et al., 2022). 

Modifed in part from information furnished in Rowan et al. (2023a). 
** It is important to note that the ability to inactivate microorganisms by a disinfectant/sterilant is only part of an overall safe and effective high level disinfection 

process, as the disinfectant residuals need to be safely removed and the device correctly maintained prior to patient use. 
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3. Digital transformation of the medical device and health care 
sectors 

There is increased interest in the application and development of 
digital technologies to improve efficiencies and to unlock sustainable 
opportunities in the medical device and connected sectors (Tables 1 and 
4). Definitions of the different types of digital innovation for enabling 
development of medical devices are articulated in Table 1 in addition to 
highlighting benefits and applications. Adapting and integrating these 
digital technologies will help transform supply chain logistics, improve 
medical device design and production, improve workflows and effi-
ciencies, reduce uncertainties, save costs, reduce resources and errors, 
improve education and training, reduce waste, improve user satisfac-
tion, improve security, and mitigate for enhanced patient safety. The 
real-time application of these digital technologies will also enhance 
knowledge and innovation exchange such as through Open Access 
shared publishing platforms (Kremer et al., 2023c) that will help 
stakeholders appreciate the utility of generated data for manufacturing, 
verification and validation applications, including informing important 
standards in consultation with regulators. For example, robotics and 
automation are transforming surgery and radiography through precision 
and by alleviating fatigue (Table 5). It addresses mundane yet important 
tasks such as cleaning that can be further aided by applying machine 
learning. Internet of medical things (IoMT) addresses many key patient 
needs including digital health (wearables) (Table 1). 

The U.S. FDA has acknowledged the role of digital technologies in 
enabling development of the medical devices sector, for example, 171 
artificial intelligence (AI) and machine learning (AI/ML)-enabled med-
ical devices were recently added their list marked in the US hat recog-
nises their ability to create new and important insights from the vast 
amount of data generated during the delivery of healthcare provision 
(FDA, 2023a). A central tenet of the FDA’s public health mission is to 
ensure that these potentially transformative devices are “safe and 
effective which includes an evaluation of the appropriate study diversity 
based on the device’s intended use and technological characteristics. 
Over the past decade, the FDA has reviewed and authorized an 
increasing number of devices (marketed via 510(k) clearance, granted 

De Novo request, or premarket approval) with AI/ML across many 
different fields of medicine”. They FDA noted that no device has been 
authorized that uses generative AI or artificial general intelligence (AGI) 
or powered by large language models. Currently the number of AI/ML 
enabled devices authorized through the end of July 2023 appear in the 
decreasing sequence radiology (n = 85, 79 %), cardiovascular (n = 10, 9 
%), neurology (n = 5, 5 %), gastroenterology/urology (n = 4, 4 %), 
anaesthesiology (n = 2 %), ear, nose and throat (n = 1, 1 %), ophthalmic 
(n = 1, 1 %). In general, ML are increasing in complexity including deep 
learning models that included more hybrid approaches combining 
different algorithms to achieve safe and effective devices results (e.g., 
combining use one model to address classification and another model to 
generate features”. 

It is important to discern when AI should be applied to safely address 
a specific societal challenge, particularly in a highly-regulated world of 
medical devices and healthcare comprising multiple actors. Retursdottir 
(2024) noted that AI/ML technologies “need to be able to integrate 
seamlessly into a clinical setting, be easy to use for patients, and have 
safety critical algorithms that are transparent and explainable to regu-
lator.” Moreover, this author noted (1) do AI/ML technologies solve a 
real problem that is appreciated by stakeholder; (2) do they align with 
Principle of “Design Thinking” to address feasibility, viability and 
desirability, and (3) does it use different reputable and reliable state-of- 
the-art technical research approaches to confirm that AI/ML is the right 
solution for a problem as opposed to a non-specific technique without 
purpose. Activities to improve confidence and reliability in AI/ML 
including avoiding use of bad quality datasets (invalid, missing, non- 
inclusive or too small) that will affect the reliable performance of ML- 
model, for example with the development of next generation medical 
devices such sensitive data can be challenging to obtain for stakeholders 
(see Table 4 for desirable attributes for enabled devices including 
training and evaluating machine learning models). For example, in 
addition to being needed by stakeholders to accurately solve a recog-
nised healthcare problem, AI and ML models need to be explainable as 
end-users and regulators will need to understand the foundational basis 
as to how such AI-based medical devices are making specific decisions. 
Ten guiding principles have been identified by the FDA and MHRA for 

Fig. 1. Flow path of sterilization modality options depending on factors underpinning medical devices design and intended use informed by digital tools. 
(Adapted from McLaren, 2020). 
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Table 3 
Meeting oppotunities through integrated access and use of multi-actor hub including industry, academics, healthcare, manufacturers, policy (regulators), entrepre-
neurs, society.  

Activity Description Benefits 

Multi-actor approach  ■ Integrated academic, industry, manufacturers, policy (regulators), healthcare, 
society approach  

■ Appoint expert HUB manager  
■ Step change physical infrastructure & support systems  
■ Modelling, simulations, prediction, verification, validation  
■ Education & holistic training programs (End-to-End Cycle)  
■ Mentorship opportunities  
■ Ideation & design thinking to align with TRL, manufacturer needs etc. 

Appropriate methods/Standards  

■ Multi-actor (specialist) inputs  
■ End-to-end full cycle (aligned with needs of MIFUs, healthcare)  
■ Supporting existing and future Healthcare/industrial sterilization  
■ Networking/conferencing  
■ Holistic problem solving  
■ Leverage access to specialist equipment/staffing (cost savings)  
■ Clustering of resources  
■ De-risking/risk-assessment  
■ Suits small to large operations 

Technical  ■ Digital transformation  
■ DT and XR specialist equipment & expert staffing  
■ Modelling, simulation, automation  
■ Machine Learning for real time data analysis, prediction and performance  

■ Update existing/new medical device design (parts/process)  
■ Specialist training (physical to virtual) safe-efficient.  
■ Automation, efficiencies, uncouple uncertainties, de-risk 

Pilot disinfection/sterilization modalities:   

■ Chemical biocides  
■ Steam/dry heat  
■ Low temp technology options: such as  
■ Electron beam  
■ Vaporized hydrogen peroxide (VH2O2)  
■ Testing alternative sterilization modalities (including informing 

implementation, validation, regulatory requirements)  
■ A nexus to commercial large-scale treatments (Gamma, X-ray, EtO etc)  

■ Pilot testing of new products, (bio-) materials combination with 
new modalities  

■ Alternative sterilization products for manufacturers  
■ End-to-end design thinking including functionality, 

biocompatibility  
■ Limiting re-testing of devices,  
■ Reduction in cost  
■ Opportunities for new “Green” (sustainability) testing, verification, 

validation for products, services 

3D printing healthcare applications including devices and APIs  ■ Medical applications, modelling, simulations, testing, verification 
Advanced (bio-) materials characterization for devices and packaging (pre and 
post processing/sterilization)  

■ Developing methods, products, informing standards (ISO working 
groups), SWOT, risk mitigation, sustainability (reduced waste) 

Dosimetry (mapping) and software/ future parametric release Appropriate disinfection, sterilization – group as “family” products for 
dose 

Automation (washer disinfectors (WD) Improved efficiencies, reliabilities 
Challenge testing (PCDs) including bioburden using appropriate BIs Training and innovation on core supporting applied sciences 
Design thinking (devices)  ■ Efficiency, reduced risk to patients and environment  

■ Material reuse/eco-efficient process 
Biocompatability (ISO 10993) In vitro/in vivo (regulatory) including scope for new 3D printing 

(implants) 
Skills, training and development End-to-end processing; complex procedures 

Regulatory Advice on existing and updated ISO Standards 
Understanding new regulations and rules (example sustainable use of EtO)  

■ Appropriate methodology  
■ Reputational integrity  
■ Risk Management  
■ Avoids misinterpretation 
Verification, validation 

Business & 
dissemination   

■ Test the tech/test before invest  
■ Business model canvas and SWOT  
■ Integrated ecosystem building  
■ Intellectual property management  
■ Access to finance/investments  
■ Appropriate dissemination and communication channels including 

infographics  
■ Grant and specialist writing supports.  

■ Financial viable product/value proposition (cost structures)  
■ Inform certainties on cost and timelines  
■ Providing key resources  
■ Providing key activities  
■ Networking key partnerships  
■ De-risking and optimized value stream  
■ Market research and needs analysis 

Sustainability  ■ Energy and carbon footprint (LCA)  
■ Technical, political, societal LCAs  
■ Safe and Sustainable by Design (SSbD) framework approach  
■ Waste management (recycling/reuse)  
■ Staffing (training)  
■ Informing polices, standards  

■ Eco-friendly parts, products, services, processes  
■ Effective waste management  
■ Educational and training  
■ Corporate Social Responsibility  
■ Green product “sustainability testing” to validation  
■ Lean six sigma for medical waste 

Ethics  ■ Artificial Intelligence (AI) trustworthiness  
■ Safeguarding against reputational damage from using incorrect methods, or 

their misinterpretation  
■ Supporting Regulatory affairs  
■ Gender and cultural Inclusiveness  

■ Increases productivity  
■ Attracts outstanding employees  
■ Employee loyalty  
■ Better reputation  
■ Integrity and responsibility  
■ Provides competitive advantage  
■ Attracts more investors 

Social Sciences  ■ Social marketing  
■ Social enterprises  
■ Society engagement and acceptance  
■ Outreach activities  
■ Citizen Science  

■ Engage with and learn your audience  
■ Promote innovation/customer service  
■ Understand competition  
■ Build appropriate partnerships  
■ Acquire talent  
■ Impact sales  
■ Keep up with industry trends 

(continued on next page) 
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good machine learning practices (GMLP) that underlie development of 
AI/ML based medical devices (Gampa, 2023). Retursdottir (2024) re-
ported that of the 343 medical devices with AI/ML capabilities on the 
FDA list, 95 % were marked between 2015 and 2021 with majority 
addressing diagnostic medical imaging needs. FDA approved AI/ML 
enabled devices involved “locked” algorithms, intimating that given the 
same input, the model will always give the same output. However, the 
future of AI/ML innovation must also embrace evolving these models to 

meet increasing needs of patients and healthcare professionals. Returs-
dottir (2024) stated that there are “no harmonized standards that 
regulate use of ML in medical applications and devices where companies 
are not required to classify their technology as AI/ML based”. 

Artificial intelligence and ML will be used to help understand risk 
assessment and mitigation in device manufacture from an end-to-end 
perspective. Combined use of digital twin (DT) and extended reality 
(XR) innovations can help understand and meet the need to safely use 

Table 3 (continued ) 

Activity Description Benefits 

Educational 
technologies   

■ Specialist healthcare/sterilization training  
■ Supports diversity of short courses (micro-credentials) to postgraduate 

qualification (ex sterility assurance)  
■ Wide choice of learner tools  
■ Adaptive learning/new skills/new knowledge  
■ Prepares learners for future  
■ Enhance engagement/satisfaction  

■ Training and educational opportunities for experienced staff and 
newcomers  

■ University design by learning (UDL)  
■ Enhanced Productivity  
■ Boost and improve collaboration  
■ Stay current with new technologies  
■ Blended with XR/DT innovation 

Infection control  ■ Addressing pressing healthcare challenges from holistic multi-actor approach 
(such as potential microbial MDR and biofilm issues with processed devices  

■ Improved device cleaning, processing and sterilization  
■ Infection control team kept current  
■ Updates on policies and guidelines  
■ Offers new suite of preventative solutions to complex microbial challenges 

where many front-line antibiotics are at crisis point  

■ Allows solutions (pivoting) to address key healthcare needs and for 
unforeseen (ex. Pandemics)  

■ Improve healthcare efficiencies  
■ Reduces mobidity, mortality  
■ Reduces patient risks  
■ Improves healthcare savings/spend  
■ Reduces patient anxiety and stress  
■ Prevents occurrence/spread of HAIs 

DT (digital twin); Extended Reality (XR), BIs (Biological Indicators), CIs (Chemical Indicators); Life Cycle Assessment (LCA); EtO (ethylene oxide); AI (Artificial In-
telligence); ML (Machine Learning); Manufacturers instructions for use (MIFUs); TRL (technology Readiness level).; Multi-drug resistance (MDR); healthcare acquired 
infections (HAIs); APIs (Active Pharmaceutical Ingredients). 

Table 4 
Digital twin and extend reality innovation attributes and benefits for medical device development and testing.  

Digital twin (DT) Extended reality (XR) 

Virtual copy of physical entity interconnected via exchange of data in real time Delivery of 360◦ visuals, spatial audio – allowing learner active participation using virtual or 
augment reality scenarios/simulations  

■ Real-time monitoring  ■ Monitors and reports on frequency of training in real time  
■ Design + validation of new/existing entity  ■ Training -duration  
■ Enables end to end planning for devices  ■ Completion  
■ Optimizing for solutions in real time  

○ DT can foresee defects and faults in advance  
○ Accessibility – can be controlled  
○ monitored + remotely accessed using DT  
○ not restricted by geographical location  
○ not limited by remote access  
○ Informs preventative maintenance  
○ Safer – than physical counterpart if working with hazardous situation thus 

reduces risk  

■ Learner tasks performed  
■ Questions answered  
■ Deep level of virtual and augmented learning  
■ Monitor engagement and cognative levels using wearable sensor technologies  
■ Eye gaze  
■ Head movements  
■ Physiological measurement indicators (Heart rate)  

■ Decision making of complex multifactorial scenarios in real time  ■ Decision-making – level of competencies achieved and potential need for retraining  
■ Realistic/holistic measurement of unforeseen and unpredicted scenarios  ■ Supporting risk management (ISO 14971:2019)  
■ Waste reduction – DT simulates and tests products in virtual environ reducing 

waste, development costs, time to market  
■ 3D simulation of real experience  

■ Optimizing operations – in depth analysis of physical twin  ■ Strong effects on human perception and behaviour  
■ Increased multi-user engagements  ■ Influences performance, satisfaction, motivation, concentration  
■ Fusing information and technical innovation  ■ Informs and advances robotic training 
■ Integrated multiscale, multidiscipline, multi-physical simulation of entity (prod-

uct)/process  
■ Improves training-based outcomes and education including micro-credentials to 

doctorate provision  
■ Bidirectional transfer/sharing of qualitative and quantitative data between physical 

and DT  
■ Reduced anxiety in learning process where there is a complex setting  

■ Tracks status of physical twin through life cycle  ■ Improved design, verification, validation and manufacture of medical devices  
■ Prediction and optimization of part, product, and process  ■ VR provides low cost, high fidelity training with improved accuracy and task completion  
■ Better understanding by synchronizing data in real time across software 

applications, database, hard copies  
■ VR used to assess, model and implement safety risk assessments/mitigation  

■ Reduction in errors, uncertainties, inconsistencies, expenses in product/process  ■ Mimics stress clinical setting for training for enhanced patient safety, reduced errors  
■ Avoids component failures and predicts different stages in life cycle (complex parts, 

multiple materials).  
■ High fidelity visual/sensory feedback  

■ Holistic training – more efficient, safer, illustrative linked to education  ■ Address limitation of cognitive overload in trainees due to continuous changes in 
attention  

■ Removes ‘silos’ in process  ■ AR headset remotely train clinicians  
■ Expediting prototyping, product re-design  ■ Develop manufacturers IFUs  
■ Close knowledge gap between experienced staff and newcomers (across 

departments)  
■ Improvements in evaluation/assessment in simulated training  
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and embrace rapid AI and ML-driven devices in terms of aligning with 
patients’ needs and stringent regulatory requirements (Gampa, 2023). 
Combining use of immersive and educational technologies will also help 
maintain a critical focus on devices’ quality, security, and safety aspects 
from end to end device production and supply chain perspective. Gampa 
(2023) noted that failure to meet these requirements will lead to device 
recalls and hefty fines from regulatory agencies. Thus, physical to virtual 
enabling innovations that includes simulating real-world devices using 
replicated avatars can help device manufacturers incorporate AI/ML 
into innovations will ultimately comply with market entry by adhering 
to relevant government laws, regulations, and GMLP. 

The accelerated interest in AI/ML as rising and promising medical 
devices will require marked shift in regulatory approach in addition to 
consideration of risks and potential consequences of inaccurate models 
(Retursdottir, 2024), particularly addressing continuously learning AI 
algorithms for healthcare. AI technology has developed leaps and 
bounds since first coined at the Dartmouth Summer project in 1956, 
where it can now interpret medical images 10,000 times faster than the 
average radiologist and can improve patient diagnostics and care by 
augmenting digital pathologies (Retursdottir, 2024). However, despite 
enormous potential, AI technology has a considerable journey remain-
ing to grapple with human health and all its complexities. Moreover, 
Gampa (2023) reported that “the complexity of regulatory requirements 
for AI/ML-integrated medical devices has skyrocketed and has, in turn, 
posed significant challenges for manufacturers in terms of data security, 
patient safety, and device quality, hindering their access to global 
markets”. The U.S. FDA, Health Canada (HC), and the U.K.’s Medicines 

and Healthcare Regulatory Agency (MHRA) have united to identify 10 
guiding principles with a converging aim of developing good machine 
learning practices (GMLP) addressing the unique nature of AI/ML- 
driven devices. This coming together of key regulatory actors adopts 
or tailors for good practices from other adjacent sectors, or it creates new 
practices specific for the medical technology or healthcare sectors that 
also identifies areas where International Medical Device Regulatory 
Forum (IMDRF), International Organization for Standardization (ISO), 
and other collaborative bodies can advance GMLP for medical devices 
development (see Table 5). Clark et al. (2023) conducted a systematic 
review of 119 public 510(k) application summaries and corresponding 
marketing materials, where devices with significant software compo-
nents similar to devices flagged in FDA’s published AI and ML-enabled 
devices where 12.6 %, 6.7 % and 80.6 % were considered discrepant, 
contentious and consistent respectively between marketing and FDA 
510(k) clearance summaries (Table 6). The authors noted that the aim of 
the study was not to intimate designers or developers were creating or 
marketing unsafe or untrustworthy devices, but to highlight the need for 
more harmonized guidelines addressing marketing of such AI/ML de-
vices. The role of end-user perception and understanding of such digital 
health innovation would also be beneficial (Byrne et al., 2023). 

While this is a fascinating topic in the context of all potential digital 
tools, this paper will mainly focus on the role of combining digital twin 
with immersive technologies to visualize and unlock the complexities of 
medical device design including transforming training for healthcare 
staff for improved patient safety. The application of digital twin and 
immersive technologies can also help manufacturers introduce more 

Table 5 
Examples of relevant digital tools informing medical device research, innovation and applications appearing in PubMed database (2010 to 2024).  

Combination Description and relevance References 

VR + AR + MR Applications in spinal surgery Sakai et al. (2020) 
Objective performance measurement and subjective evaluation in manual assembly tasks Daling and Schlittmeier 

(2024) 
XR + MD Head-mounted devices for medical education Barteit et al. (2021) 

Medical device safety training using quick XR based technology Saurio et al. (2019) 
Develop software management app for medical devices that supports XR including neurosurgery Sugimoto and Sueyoshi 

(2023) 
Accurate mixed reality surgical guidance Brown et al. (2023) 
3D printed devices for patient specific applications Moreta-Martinez et al. 

(2018) 
Immersive and educational training for healthcare applications including rehabilitation Bryant et al. (2024) 

DT + MD Regulatory oversight and ethical concerns surrounding software as medical devices and DT technology interface and interpretation Lal et al. (2022) 
Design of digital twin – human-machine interface server with intelligent finger gesture recognition Mo et al. (2023) 
Parameter personalization for implantable cardiac defribillation Lai et al. (2022) 
Visualization of use of DTs to inform medical device development from in silico clinical trial perspective Bordukova et al. (2024) 
Computational modelling for active implantable medical devices Nguyen et al. (2023) 
Visualize, develop and validate kinematically accurate upper-limb exoskeleton including Stroke rehabilitation Grimm et al. (2021) 
Automated creation of individual computations and applications in CT organ dosimetry Fu et al. (2021) 
Modelling and visual design for miniaturizing medical implants including materials Kazarinov et al. (2022) 

VR + MD + AR AR in vascular and endocascular surgery informed by device Eves et al. (2022) 
Applying AR technologies to medical images and models Sutherland et al. (2019) 
Design and evaluation of AR to medical devices Escalada-Hernandez et al. 

(2019) 
SUS + MD +

XR 
Educational tools combined with immersive technologies for specialist medical device training on cleaning and processing Murray et al. (2019) 

Kremer et al. (2023a) 
Kremer et al. (2023b) 

DT + XR Metaverse wearables for immersive digital healthcare applications Kim et al. (2023) 
Intelligent radiotherapy applications including dosimetry Chen et al. (2022) 

Chaudhuri et al. (2023) 
Work-based occupational learning from errors in safe environment Goppold et al. (2022) 

AI + MD FDA-cleared AI and ML-based medical devices and their 510(k) predicate network Muehlematter et al. (2023) 
AI and Internet of Medical Things assisted biomedical systems in intelligent healthcare to make devices intelligent and efficient for 
performing tasks 

Manickam et al. (2022) 

Are clinical studies on AI-based medical devices comprehensive enough supporting full health technology assessment Farah et al. (2023) 
AI software to for advancing medical devices – focus on laparscopic cholecystectomy surgical phase recognition Shinozuka et al. (2022) 
FDA-approved AI and ML enabled devices an update on status Joshi et al. (2024) 
Marketing of US FDA cleared AI and ML-enabled software as medical devices – 119 devices reviewed highlighting a degree of 
variance between marketing and FDA 510(k) summary details 

Clark et al. (2023a) 

Noting that extent and scope of publications in PubMed particularly address research, development and applications, but this underestimates the level (amount) of 
actual commercial innovation as reflected by FDA List of approved and marketed AG/VR enabled medical devices (FDA, 2023a; FDA, 2023b). 
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sustainable materials both in terms of reusable and single-use devices. 

4. Selection and application of potential digital solutions for 
medical devices 

A PRISMA approach was adopted to review papers published in 
PubMed database over the period January 2010 to Jan 2024 using key 
words medical device (MD, 786,727), sustainability (SUS, 402,083), 
artificial intelligence (AI, 187,208), digital twin (DT, 1649), augmented 
reality (AR, 5266), virtual reality (VR, 19,032), mixed reality (MR, 
6884), extended reality (XR, 1726), sterilization (STER, 114,448), DT +
XR (10), DT + MD (135), XR + MD (124); SUS + MD (19,571), AI + MD 
(12,267), SUS + MD + STER (221), and VR + MD + STER (11). Publi-
cations dismissed due to lack of alignment with specific theme described 
home monitoring (asthma), visualization museum specimens, precision 
public health, self-balancing low limb exoskeleton, tooth preparation, 
hormone delivery, sterile bag use, sterile wash flow, digital brain tech-
nology, cardiac electrophysiology, stroke and tele-rehabilitation, finite 
element modelling, haemodialysis, modelling of healthcare buildings, 
predictive oncology, infrastructure disaster prevention/reconstruction, 
historical document reconstruction, bioreactor contamination, organ- 
on-a-chip devices, bioink exopolysaccharides, gynaecological steriliza-
tion technologies, membrane reactors and waste water, laser to clean 
healthcare furnishings, pain and anxiety during vasectomy, 3D surgical 
instrument supply chain tracking, toilet flushing, plasma approaches for 
wound healing, visualising hydraulic systems, sustained activities and 
therapies for COVID-19. 

4.1. Digital twin use in medical devices and healthcare 

Digital twin (DT) is seen as the virtual copy or model of any physical 
entity (digital twin) where both are interconnected through the ex-
change of data (Singh et al., 2021a). From a medical device evolution 
perspective, it enables design, planning, predictive maintenance, 
training, decision-making, risk analysis, in depth data analysis, safety, 
reliability, multi-actor accessibility, waste reduction and cost efficiency 
by the bidirectional sharing of quantitative and qualitative data between 
the physical counterpart (medical device) and its digital twin (Table 4). 
It provides a safe remote virtual environment to develop and track status 
of new medical device from design, materials, processing through its full 
life time. Thus, enabling the visualization, production and testing of 
parts, product or process for intended purpose that limits or avoids 
component or process failures that includes provision for preventive 
maintenance and improved performance. Digital twin (DT) was born out 
of the Industry 4.0 era from the aerospace industry where its’ global 
market size is projected to reach USD 16.44 billion in 2024 (Busi-
nesswire, 2024). 

Table 4 highlights key performance benefits and opportunities from 
applying DT to meet needs in the medical device sector. It is envisaged 
that these will inform future key performance indicators for the industry 
that will help regulators understand its applicability for shaping future 
medical devices that will potentially lead to updating existing and 
generating new ISO standards with stakeholders. However, appropriate 
device communication and data collection/sharing standards that define 
its quality requires standardization for uniformity to make it accessible 
to regulators to approve process without compromising security (Wag-
ner et al., 2019). Additionally, future challenges for developing DT to 
unlock opportunities for medical device applications relates to confi-
dentiality, privacy, transparency and ownership of unique data that will 
be influenced by company policies (Singh et al., 2018). Table 4 provides 
examples as to how DT has specifically informed the development of 
medical devices. Singh et al. (2021b) have highlighted the real versus 
virtual costs of device prototyping that clearly intimates positivity de-
velopers and investors. DT sought-after characteristics include high fi-
delity (a near-identical copy of its physical counterpart), dynamic 
(changes with respect to time and needs), self-evolving with its counter 

physical twin over life span, uniquely identifiable based on its physical 
twin and vice versa over the full life cycle, multiscale, multidisciplinary 
and multiphysical and hierarchical. The latter relates to the integrated 
nature of parts or sub-models of the DT that make up the final product or 
process. Despite its apparent benefits, DT is still an emerging innovation 
that requires buy-in from stakeholders to meet its potential. DT is 
initially an expense investment as the end-to-end process requires sig-
nificant investment in ultra-high-fidelity computer models to create DT 
that is specialist labour intensive and time consuming. 

4.2. Extended reality use in medical device and healthcare sector 

Extended reality (XR) innovation is an overarching term that com-
bines virtual reality (VR), augmented reality (VR) and mixed reality 
(MR) that have the potential to transform medical device and healthcare 
sectors (for example, Tables 4 and 5 provide definitions and examples of 
applications). The FDA has noted that these approaches deliver new 
types of treatments, and diagnostics that can change how and where care 
is delivered. These holistic 360◦ virtually visual innovations have the 
ability to “deliver standard and radically new types of technical content 
in highly immersive and realistic ways, remotely, and specifically 
tailored” to meet pressing healthcare and clinical needs for different 
end-users (industry, policy-makers, physicians, patients, caregivers and 
so forth). Table 4 provides a summary of key benefits and activities for 
existing and future applications in medical device and healthcare sectors 
that contrast markedly from DT innovation. However, when considered 
together, DT and XR innovations can provide powerful training tools for 
complex medical device design processes delivered in a safe and reliable 
virtual environment. Kremer et al. (2023c) highlighted the benefits of 
applying immersive and education technologies to unlock opportunities 
particularly in training and smart of next generation reusable medical 
devices through the lens of entire end-to-end process. However, the use 
and interpretation of XR is highly subject matter (expert) driven where 
effective blending of these real-world augmented and virtual-world ex-
periences would likely to be met by specific digital companies engaging 
with medtech industry and healthcare end-users. This can be also be 
enabled by collaborating through multi-actor innovation HUBs that will 
reduce costs along with providing a considerable number of other ben-
efits (Table 3). For example, learner experiences can be monitored by 
evaluating physiological parameters (eye gaze, heart rate, etc.) that will 
inform efficacy of training undertaken, and potentially the need for 
retraining, or additional training delivered in a safe remote 
environment. 

Real-world examples highlighted by the FDA for XR applications that 
are already being used to treat patients include AR system that overlays 
medical images onto a patient during an operation to help guide surgery, 
VR rehabilitation therapy simulating real-life situations to improve 
physical functions for patients who have experienced disability associ-
ated with stroke or other medical conditions (FDA, 2023b) (Table 4). 
Moreover, the FDA noted the increasing number of treatment domains 
used to treat and help patients including pediatric diagnostics and 
treatments, pain management, mental health, neurological disorders, 
surgery planning, intraoperative procedures, ophthalmic diagnostics, 
telemedicine, virtual care, post-operative and other rehabilitation 
therapies. Table 4 highlights experienced and potential benefits of XR 
applications. Different examples of XR innovations both reviewed and 
approved by the FDA for marketing of devices through 510(k) clearance, 
granted De Novo request, or Premarket approval across different fields 
of medicine and healthcare is found at FDA, 2023b, where it expects this 
trend to continue. 

4.3. Digital tools to help inform device design for improved cleaning, 
processing and patient risk 

Application of machine learning will help the real-time evaluation of 
complex device features for effective cleaning of complex reusable 

N.J. Rowan                                                                                                                                                                                                                                       

564



Science of the Total Environment 926 (2024) 171672

11

devices from end-to-end process that represents a more conservative 
approach compared with the alternative compendial method for testing 
the entirety of the device (Kremer et al., 2023a). Rowan et al. (2023a) 
reported that the Spaulding’s classification approach is sub-optimal for 
informing appropriate patient risks using some complex devicees as it 
fails to appreciate the role of device features in effective cleaning that 
can affect overall sterility assurance and patient safety (Table 2). Kremer 
et al. (2023a) evaluated a total of 56,000 flushes of the device features 
(n23) highlighting both the rigor and the enormity of big data generated 
from studies encompassing several analysed factors where machine 
learning would help with simultaneous data modelling, simulations and 
evaluations for informing validation. The complexity of device features 

is a central issue to consider for designers and manufacturers in their 
instructions for use (MIFU). Thus, this features categorization approach 
will help address the existing patient gap at this important interface 
between device manufacturers and healthcare facilities for effective 
cleaning, and reliable processing of reusable medical device devices. 
Digital technologies can be used to evaluate critical data for addressing 
key cleaning steps in processes including device conditioning, soil 
formulation, soil volume, soiling location, soil application, device 
articulation, and soil conditioning/drying. Manufacturers cleaning IFUs 
also provide a range of processing parameters for validation including 
detergent preparation, flushing, soaking, volume, temperature for vali-
dation. Future application of robots and automation will help with 

Table 6 
Ten good guiding machine learning practices (GMLP) for AI/ML based devices in context of design/training (as framed by FDA, HC, MHRA).  

GMLP 
no. 

Description Relevance to AI/ML based device design and training 

1 Leverage multidisciplinary expertise throughout the 
product life cycle  

■ Important to have sterility assurance along with in depth knowledge and understanding of AI/ML for 
device development for design, clinical workflow, benefits, potential risk for patients  

■ DT/XR training will also help stakeholders understand knowledge gap including regulatory 
requirements that can inform safe and effective clinical meaningful needs over full life cycle.  

■ This ensures compliance with QMS, consensus standards, applicable regulatory requirements 
2 Implement good software and engineering practices for AI/ 

ML-based medical devices  
■ Data security, integrity, and privacy over product life cycle of AI/ML enabled devices and for AI/ML 

software including good software engineering practices, data quality assurance, data management, 
robust cybersecurity practices that should address methodological risk management and design 
processes including ensuring data authenticity and integrity. 

3 Represent the intended patient population through clinical 
study participants and data sets  

■ In clinical study, training, and test data sets, manufacturers mush appropriately represent relevant 
characteristics of intended patient population, use, and measurement inputs in a sample of adequate 
size including managing bias, assess usability, and identify circumstances where model may under- 
perform (list of potential biases are highlighted in Gampa, 2023) 

4 Maintain training data sets as independent from test data 
sets  

■ Selecting and maintaining training and test data such that they are independent of one another (role of 
digital training, educational technologies (Kremer et al., 2023c).  

■ Consider all potential sources of dependence, data acquisition, site factors – test data for ML model 
accuracy.  

■ Manufacturers should validate that test and training data meet specified criteria encompassing 
descriptive statistics and addressing label leakage (use of DT/XR to visualize full process to help 
understanding independence of data sets and for maintaining related training). 

5 Use the best available methods for selected reference data 
sets  

■ Use of DT/XT training to represent well-characterized and clinically relevant data for medical device 
and use that can help inform and develop specific use of AI/ML software including evaluation and 
testing that will promote model robustness and for intended use. 

6 Tailor the model design to the available data and ensure 
that it reflects the device’s intended use  

■ Potential use of digital tools to visualize and inform mitigation of known risks, such as overfitting, 
performance degradation, and security risks that helps model design to suit available data.  

■ The real time holistic perspective offered by digital tools can be tailored to reflect greater or thorough 
understanding of clinical benefits and risks related to the device where model can derive clinically 
meaningful performance goals and testing.  

■ Potential use of integrated multi-mode XR connectivity of end-users can help inform global and local 
performance of the device, uncertainty or variability in device’s impacts and outputs, intended patient 
populations, and clinical use conditions. 

7 Focus on the performance of the human–AI team  ■ Potential greater involvement of model in “human in the loop” that embraces human factors and human 
interpretability of models’ outputs.  

■ XR innovation also helps mitigate against just the performance of ML model in isolation.  
■ Other digital visualization technologies can help manufacturers identify risk related to usability of the 

device and evaluate safety-relevant use scenarios. 
8 Use testing to demonstrate the device’s performance during 

clinically relevant conditions  
■ DT and XR innovations can help potentially help inform accuracy of AI model selection that includes 

evaluation metrics, optimizing parameters and testing where such performance activities play central 
rol in obtaining adequate and compliant data required to gain regulatory approvals. 

9 Provide users with clear, essential information  ■ DT and XR can help establish and provide clear and contextually relevant information will help users 
(healthcare providers and patients  
○ Products intended use and indications of use  
○ Performance of model for appropriate subgroups  
○ Characteristics of data used to train and test the model  
○ Acceptable inputs  
○ Known limitations  
○ User interface interpretation  
○ Clinical workflow integration of the model  

■ In addition to enabling device modifications and for updating from real-world performance monitoring 
that adds to deep learning models that also provides feedback loop for developer to improve and 
address concerns. 

10 Monitor deployed models for performance and manage re- 
training risks  

■ Deploying of monitored AI/ML models can help with accuracy of safety and performance based on real 
world use that can also inform models used by human-AI team for periodic and continually training 
purposes such as post-market surveillance plan, incident response plan, configuration controls, over-
fitting, unintended use, or data set drift (degradation).  

■ Combined use of DT/XR innovation can help visualize and test design changes for managers based on 
regulatory requirements before implementing them. 

Adoption based on responding to details of Gampa (2023) reflecting GMLP content based on FDA, HC and MHRA expert inputs. 
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addressing precision and mundane tasks associated with device 
cleaning. 

Use of Internet of medical things (IoMT) will also potentially trans-
form supply chain logistics where reusable devices are queued and 
staked in healthcare prior to cleaning, and processing that will help 
mitigate against device drying. Kremer et al. (2023d) proposed the 
grouping of device features in families representing different designated 
bands reflecting accessibility to soiling on a device surface and effec-
tiveness of cleaning regime to mitigate risks. Again, this would be 
informed by an automated learning processing for precision (such as 
ML). Michels et al. (2013) also categorized cleaning processes based on 
groups of complex features based on analysing residual protein levels, 
namely instruments with joints, instruments without joints (lumens and 
cavities), sliding-shaft instruments, tubular instruments, microsurgical 
instruments, and complex instruments. Use of digital tools to facilitate 
data generation and sharing on this important topic will help inform 
ANSI/AAMI/ISO 17664-1:2022, AAMI RIT12:2020 and other future ISO 
standards on device cleaning that focuses on resuable device features 
and risk mitigation. There is increased interest in determining the effi-
cacy of manual and automated cleaning of complex device features 
including addressing recalcitrant biofilm removal (de Melo Costa et al., 
2022b). de Melo Costa et al. (2022b) advocated that for sterilizing ser-
vice units, with no access to automated cleaning equipment, it is 
important to brush the inner hinge during manual cleaning. 

5. Digital practices in medical device sterilization 

5.1. Applications in sterility assurance 

Sterilization is defined as conducting a validated safe monitored 
process to render a product free of viable microorganisms, which is a 
critical function underpinning device safety and for considering new 
innovations such as material science, biocompatibility, functionality 
and potential parametric release (McEvoy et al., 2023a; Rowan et al., 
2023a). Achieving desired sterility assurance level (SAL) is the proba-
bility of a single viable microorganism occurring on an item post ster-
ilization (Rowan et al., 2023a; Garvey, 2024). Moreover, SAL is seen as 
the probability of one viable microorganism surviving on the challenge 
device surface in a microbial population of million treated bacteria (6 D 
reduction). Determination of appropriate sterilant dose reflects decon-
tamination efficacy or bioburden (organic material and artificially- 
inoculated recalcitrant biological indicators or BIs) in test devices 
where correction factors are applied. However, SAL is conventionally 
determined post microbial growth responses using lengthy incubation of 
treated biological indicator (BI, such as B. atrophaeus, or 
G. stearothermophilus) from sampled challenge devices in tandem with 
monitoring dosimetry readings (Rowan et al., 2023a). Chemical and 
physical indicators are also used to confirm the appropriate sterilant is 
applied within tolerances over treatment time for validation of pro-
cesses. Developing new device innovation is challenging given the 
complexities of meeting scalability for volume of device throughput 
(industrial providers or healthcare end-users) using appropriate sterili-
zation modalities that could be informed by using pilot facilities with 
stakeholders, such as for new design innovations according to appro-
priate ISO standards. Recent important studies have shown that vapor-
ized hydrogen peroxide (VHP, also represented by VH2O2) sterilization 
modality exhibits log -linear inactivation kinetic data supporting the 
standing statistical probability that the applied gaseous sterilant kills 
treated biological indicators in a uniform manner (McEvoy et al., 
2023b). McEvoy et al. (2023c) have also recently reported that the dose 
produced by X-ray, electron beam and gamma-irradiation can be 
interchangeably considered for to treating medical devices for appro-
priate microbial reduction. This supports the important concept of sus-
tainable sterilization where selection of the type of modality can be 
made to meet the design features, material composition and function-
ality, which must also satisfy regulatory approval (Karimi Estahbanati, 

2023). 

5.2. Future potent in parametric release of sterilized products 

McEvoy et al. (2023a) noted that this approach can be potentially 
adopted to accelerate product (or parametric) release that relies on use 
of process data, and to potentially reduce sterilant dose based on linked 
bioburden studies. Parametric release (according to ISO 11139: 2018) 
reflects appropriate records demonstrating a product is sterile based on 
sterilization processes delivered within specified tolerances. Adoption of 
parametric release by the sterilization industry has been thus far slow 
where integrated use of digital innovation could contribute to expe-
diting this process, such as through modelling, simulations, and machine 
learning for real-time analysis of data. For example, potential real-time 
use of digital innovation with parametric release based on analysis of 
monitored and calculated data offers advantages including (1) elimi-
nates the time, risks, and costs associated with BI, sterility testing and 
dosimetry analysis, (2) reduces the amount of unreleased inventory, and 
(3) allows for continuous demonstration of process control (McEvoy 
et al., 2023a). It is still a current requirement in ISO 11135:2014 to 
directly monitor EO concentration. McEvoy et al. (2023a) recently 
highlighted how data provided during sterilization of devices (described 
through examples for ethylene oxide (EO), VH2O2 (or VHP) and radia-
tion may be better used to inform parametric release implementation. 
The authors noted that “EO and VHP demonstrated the ability to the 
sterilization equipment to deliver validated parameters repeatedly after 
load presented was validated”. This study also highlighted benefits of 
this approach that considers variability that has not been addressed in 
performance qualification (PQ). A key tenet underpinning device vali-
dation and potential use of the ‘calculated’ parametric release approach 
is the generation of sufficient appropriate data that demonstrates 
repeatability of the validated process; moreover, the more quality data 
generated the better digital tools such as machine learning algorithms 
and models can precisely inform this complex process. McEvoy et al. 
(2023a) also noted that radiation processes are also on a trajectory for 
implementing parametric release, however use of current photon de-
livery is not appropriate for measuring all critical parameters for this 
purpose. McEvoy et al. (2021) also separately reported on the potential 
use of real time enumeration technologies such as using flow cytometry 
for assessing efficacy of VHP on treated BIs where such initiatives have 
the future potential to inform automation. 

This integrated approach will also serve to reduce ethylene oxide 
dose for a more sustainable process where EO produces toxicological 
end-points that requires abatement before product release (Garvey, 
2024). For example, EO is broadly applicable for the sterilization of 
medical devices having a variety of complex materials, whereas use of 
VH2O2 is sensitive to cellulose (McEvoy and Rowan, 2019). The use of 
new cleaning classification system (Kremer et al., 2023d) with sustain-
able sterilization modalities will inform future applications in reusable 
medical devices in healthcare. It will also inform automation and in situ 
decontamination of 3D printed devices, such as for surgery or for organ 
printing to offset current need for use of animals in biocompatibility 
testing of implantable devices (Table 3). However, heathcare budget 
needs to reflect upon the need to pivot for enhanced reuse and in situ 
decontamination and innovation. International standards, such as TIR17 
addressing materials will require frequent updating, such as for the 
alternative use of more sustainable biomaterials combined with using 
appropriate sterilization modalities in order to unlock our next- 
generation of green medical devices and circularity. A critical under-
standing of material science is important for applying appropriate 
sterilization modality underpinning a validated process for medical 
device products (Murray et al., 2013; Murray et al., 2014; Murray et al., 
2018). The application of advanced imaging and spectroscopy may also 
inform non-destructive sampling (NDS) of materials in the use of med-
ical devices including opportunities for machine learning to rapidly 
evaluate and inform efficiencies and applications (Manley, 2014; Yan 
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et al., 2022). 

5.3. Digital modelling of data for simulations and to inform innovations 

Development and application of appropriate digital tools that per-
mits the simultaneous modelling, simulation and monitoring of holistic 
data can inform the appropriateness of new medical device design and 
functionality, including addressing key areas to enable sustainability 
(Table 3). The role of design thinking and specialist training will help 
unlock challenges in medical device design, processing, supply chain 
and for patient safety (Rowan et al., 2023a; Kremer et al., 2023d). 
Addressing such opportunities, including the potential for automation, 
can be met by precisely and safely replicating physical data for the 
intended new medical device design in a virtual environment (digital 
twin), such as for 3D printable devices, which also dually includes 
provision for undertaking immersive virtual training (or re-training) to 
achieve desirable learner competency (Murray et al., 2019; Kremer 
et al., 2023d). 

Recent advances in our understanding of molecular and cellular 
mechanistic responses of Bacillus atrophaeus spores to H2O2 revealed 
that the formation of reactive oxygen species from this sterilant is the 
rate limiting factor in oxidative spore death. Bertz et al. (2024) used 
non-destructive optical sensing with trapping Raman spectroscopy in 
real-time to show that H2O2 mediated spore death to occur in two 
phases: (a) initial fast release of dipicolinic acid (DPA), a major spore 
bioindicator indicating irreversible rupture of spore’s core, and (b) the 
oxidation of remaining spore material leading to fragmentation of the 
spore’s coat. These finding was corroborated using optical microscopy. 
Hydrogen peroxide is effective in gas and liquid phases, with low tem-
perature vaporized hydrogen peroxide (VH2O2) recently been approved 
for terminal sterilization of medical devices as Cat A process that offers 
more sustainable environmental benefits compared to the long-standing 
use of ethylene oxide gas. The future use of machine learning models to 
potentially monitor simultaneous damage caused by VH2O2 for treated 
bioindicators spores will also inform trajectory towards parametric 
release of treated devices. Such studies would require validation using 
appropriate challenge devices, bioburden testing and so forth; however, 
future deployment of Raman spectroscopy does provide exciting op-
portunities given that use of existing laboratory-based microbial culture 
responses for bioburden testing/validation require lengthy incubation 
periods to determine VH2O2-mediated spore death. Additionally, sensor- 
based approaches that monitor spore viability/damage by H2O2 in the 
gas or liquid phase (such as piezoelectric and impedimetric sensors, 
potentometric chemosensors) “all suffer from the fact that they have 
response times of a least several to tens of minutes (which precludes 
real-time validation of spore degradation) or are incompatible with in 
situ experiments, such as gaseous conditions (Bertz et al., 2024)”. The 
non-destructive trapped Raman spectroscopy approach hurdles this 
technical limitation. Additionally, H2O2 is a strong oxidising agent that 
decomposes into reactive species such as hydroxyl/hydroperoxyl radi-
cals that non-selectively oxidizes spore material. However, microbial 
catalase and superoxide dismutase that counteract these oxygenated free 
radicals may be damaged where use of standard nutritious agar and 
aerobic incubation may promote microbial autolytic suicide at sub- 
lethal treatment doses — thus, the real-time use of Raman spectros-
copy with ML modelling combined with conventional biorburden/SAL 
culture-based testing will potentially reliably confirm irreversible spore 
lethality over the entire end-to-end sterilization process in addition to 
informing parametric release for families of different devices geome-
tries/design shown to be reliably killed over particular treatments 
sterilant doses for appropriate SALs. Thus highlighting the role of 
advancing imaging, spectroscopy and machine learning in advancing 
conventional sterilization microbiology for treated medical devices 
including testing for new design thinking and introducing new bio-
materials (such as packaging). Desirable to progress towards sustainable 
sterilization practices including selection of materials and dosage 

particularly to address new innovation in material science and polymers 
– beyond steam and dry heat sterilization modalities there is suite low 
temperature physical and gaseous options for designers and end-users to 
embrace (Fig. 1). 

There is a growing interest in the potential use of spectroscopy and 
digital imagery as non-destructive testing (NDT) approaches for reliable 
inspection of small-scale material defects (such as targeting dimensions 
below 100 μm), which is crucial for structural safety of critical compo-
nents in high-value applications (Ines Silva et al., 2023). These NDT can 
also be considered in end-to-end design thinking for next generation 
devices that encompasses sterilization modality. Robust and reliable 
NDT can reduce safety concerns and preventative maintenance costs for 
equipment over whole lifecycle (Wang et al., 2020). Early defects are 
often possible to repair, contributing for the circular economy and sus-
tainability by allowing extended life and reuse of components. Ines Silva 
et al. (2023) noted that “distinguishable high detection accuracy and 
resolution is provided by computed tomography paired with computer 
laminography, scanning thermal microscopy paired with Raman spec-
troscopy, and NDT techniques paired with machine learning and 
advanced post-processing signal algorithms”. Yan et al. (2022) high-
lighted opportunities for use of machine learning (explainable AI and 
Gaussian mixture models) in microplastic identification using Attenu-
ated Total Reflection Fourier Transform Infrared Spectroscopy (ATR- 
FTIR) enabling real-time monitoring using spectral data augmentation 
approaches. Other promising NDTs are near-infrared (NIR) spectroscopy 
(Manley, 2014), time-of-flight diffraction, thermoreflectance thermal 
imaging, advanced eddy currents probes, micro magnetic bridge probe 
used in magnetic flux leakage, driven-bacterial cells, Quantum dots and 
hydrogen-as-a-probe. Wang et al. (2020) reported that the role of in-
telligence and automated inspection systems with high accuracy and 
efficient data processing capabilities will help shape future innovations. 
Interestingly, Cebi et al. (2023) described combined use of FTIR, NIR 
and Raman spectroscopy for rapid non-destructive metabolomic 
fingerprinting in adjacent field of food screening. 

6. Digital tools to inform sustainability in medical device — quo 
vadis? 

Digital innovation will help advance established and transform 
future medical devices from end-to-end design thinking to supply chain 
logistics including addressing enhanced patient safety, effectiveness and 
sustainability subject to satisfying regulatory review and approval re-
quirements. The application of AI and ML will add significant value to 
future LCA studies informing important quantitative assessments for 
sustainability across the medical device sector. Romeiko et al. (2024) 
reviewed forty published studies from across adjacent fields that re-
ported on quantitative assessments using combinations of LCA and ML 
including addressing life cycle inventories, computing characterization 
factors, estimating life cycle impacts, and supporting life cycle inter-
pretation. The authors noted the value of continuous collection of big 
data to improve reliable ML modelling, prediction accuracy, pattern 
discovery and computational efficiency and pattern discovery; such as, 
potential future ML use of data generated by Kremer et al. (2023d) on 
use of 56,000 flushes from different device features to determine 
effective new cleaning classification for reusable families of medical 
devices with nexus to informing and improving patient risk. Future 
sustainability research using combined ML and LCAs should clearly 
report on selection criteria for ML models to match device intended use 
and to also report on ML model uncertainty analysis (Romeiko et al., 
2024). These authors also noted that the increasing “complexity of 
environmental challenges demands adoption of interdisciplinary 
collaborative research to achieve deep integration of ML into LCA to 
support sustainability development” as exemplified by use of quintuple 
helix hub approach for stakeholders. Friedericy et al. (2022) reported on 
the reduced environmental impact of sterilization packaging for surgical 
instruments in the operating room where comparative LCA of rigid 
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sterilization containers were far more environmentally friendly than 
disposable polypropylene packaging (blue wrap) in terms of carbon 
footprint and eco-costs. 

The healthcare sector has become increasing reliant on using dis-
posables where meeting supply chain frequently dominates budget 
spend with significant consequences for medicine’s carbon footprint and 
our fragile environment (Greene et al., 2022). Modern medicine enter-
prises are distinctively wasteful where enhanced use for many dispos-
able items have been born out of convenience and efficiency with 
minimal evidence to support the superiority of some disposable supplies 
over thoroughly sterilized reusable ones (Greene et al., 2022). This is 
particularly relevant for general non-critical use items. These authors 
noted that “discarded material that are disposable rather than reusable 
comprise 85% of medical waste. Moreover, enormous volumes of plastic 
packaging, single use-tools, and diagnostic devices produce greenhouse 
gases when incinerated or while decomposing in landfills and oceans”. 
Pickler et al. (2019) reported that the healthcare sector is a major 
environmental polluter where it represents ca. 5.5 % of the total national 
carbon footprint of countries. It is estimated that blue wrapping for 
sterilization of surgical equipment results in staggering environmental 
pollution with 115 million kg of plastic waste on an annual basis in the 
U.S. (Kagoma et al., 2012). 

The application of suite of digital technologies intimated in Tables 4 
and 5 will potentially help improve the implementation of European 
Medical Device Regulation (MDR) where Deirdre Clune MEP raised 
concerns about lack of progress in approval of new devices. In addition, 
efforts to a establish a more robust and transparent European MDR 
framework needs to unlock more timely pathways for accessing new 
medical devices prioritizing safety, health and innovation that will also 
impede sustainability. “The current European MDR lacks predictability 
and efficiency, and fails to keep pace with the required innovation to 
develop medical device innovation resulting in increased cost affecting 
SMEs that alarming implications for patients due to lack of availability 
of medical devices” (Deirdre Clune, MEP, 2024). There are over 700 
digital innovation hubs in Europe that presents future opportunity for 
consolidation, convergence and pivoting to address sustainable needs 
for supporting and enabling innovation across the medical device and 
healthcare sectors (Rowan et al., 2023b). 

Combining use of DT and XR innovation from a holistic end-to-end 
design thinking and training perspective offers significant potential for 
saving on resources, energy and time including opportunities for intro-
ducing appropriate new sustainable biomaterials. Pilot device testing, 
development and validation would typically require appropriate use of 
sterilization modality, where access to a subject-matter sterility assur-
ance expert, such as hub manager and/or terminal sterilization industry 
expert, would help designers and manufactures address an effective 
process (McLaren et al., 2021). This would also de-risk for decision 
making and investments; for example, device cleaning and sterilization 
are appropriately built into the new design thinking from creation 
(TRL1) to market deployment (TRL9) avoiding situations where the 
material composition of new devices are non-sterilisable, or non- 
functional or appropriate for intended use or where more sustainable 
or alterative modalities (such as aseptic approaches) may be applied for 
production and packaging of devices including supply chain logistics 
(Fig. 1). Researchers have also highlighted the potential of implement-
ing educational and immersive technologies to inform bespoke training 
for end-to-end medical device production including addressing key 
bottleneck areas such as cleaning for improved patient safety and sus-
tainability (Murray et al., 2019; Kremer et al., 2023d). 

Ibn-Mohammed et al. (2023) reported despite the fact that functional 
materials and devices (FM&Ds) have critically important roles in 
different devices and products improving patient safety and quality of 
life, these also place a significant environmental burden on our fragile 
natural ecosystems prompting enhanced use of LCA from a more 
quantified value chain perspective. These authors highlighted that 
bottom-up LCA framework models for informing medical device 

sustainability are frequently limited in scope that are typically static or 
retrospective. As volume of FM&Ds that are manufactured increase this 
is likely to present situations that proxy values will be used to fill data 
gaps; thus limiting their appropriateness in terms of relevance, accuracy 
and quality of results. These shortcomings across all phases in the 
environmental sustainability LCA model can be addressed by using 
computationally guided parameterized models enabled by AI/ML. 
“Smart materials constitute non-living stimuli-responsive material sys-
tems endowed with sensing, actuation, logic, and control functions to 
respond adaptively to environment to which they are exposed, in a 
manner that is usually repetitive and beneficial” (Strock, 1996). The role 
of AI/ML in each phase of bottom up LCA can be applied for determining 
the environmental burden of devices covers inventory analysis, char-
acterization, normalization, impact assessment and interpretation. 

Efficient real-time deployment of digital technologies will also help 
company compliance with future EU Corporate Sustainability Reporting 
Directive from a business model perspective such as use of blockchain. 
In addition to addressing sustainable R&D activities for medical devices, 
collaborative use of an interdisciplinary integrated HUB approach will 
also facilitate an awareness of key ISO standards (and updates), and 
strategic policies/directives for stakeholders including manufacturers 
and end-users. Lean six sigma (LSS) strategy for boosting efficiencies in 
medical waste stream that can also help cut costs through measured 
performance and analysis of root causes that will inform sustainable 
improvements and establish appropriate controls (McDermott et al., 
2022). McGrane et al. (2022) adopted LLS framework to address po-
tential barriers and bottlenecks for regulatory environment for inform-
ing effective project management, continuous improvement, and 
engineering changes in medical device manufacturing industry. Skalli 
et al. (2023) described positive environmental, social and economic 
impacts of interlinking LSS, the circular bioeconomy with Industry 4.0 
technologies on sustainable organizational performance within 
manufacturing firms. 

McGain and McAlister (2023) noted that several published LCA 
studies (McGain et al., 2017; Donahue et al., 2020; Rizan and Bhutta, 
2022) revealed that disposable items have a greater impact from raw 
material extraction and manufacturing compared to reusable medical 
devices. The authors also highlighted that in terms of carbon footprint 
and material sustainability, reusable medical devices offer 300 times 
more desirable outcomes for our environment. Brenner et al. (2023) 
highlighted the challenges of identifying and achieving broad stake-
holder recognition of key performance indicators (KPIs) including end- 
user acceptance of digital health technologies as attested by only five 
of 2192 reviewed publications either mentioning or considering 
harmonized KPIs. The critical role of end-user (patients, clinicians) 
experience and acceptance of digital health technology will also inform 
applications and future sustainability practices (Byrne et al., 2023). Alt 
et al. (2022) also highlighted the potential safe use of VH2O2 for 
decontaminating single-use medical devices contaminated with SARS- 
CoV2 from a sustainable waste management perspective. 

7. Summary 

The potential for digital technologies to enable and to advance ex-
pectations and opportunities in real-time for medical devices and 
healthcare sectors is enormous, which will potentially transform safety, 
precision and efficiencies across the entire end-to-end process. Reusable 
medical devices will benefit from new design innovations for improved 
patient safety and sustainability that will be informed by digital trans-
formation of processes and approaches with stakeholders, such as 
blending new Kremer cleaning classification with Spaulding’s steriliza-
tion system for next generation devices. Moreover, the combined role of 
using digital twin and extended reality innovation will advance training, 
diagnostics and interventions in real-time that will be enabled through 
access to and use of integrated multi-actor HUB facilities for testing new 
technologies with subject matter experts, such as sterility assurance. A 
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PRISMA review of best-published journal papers revealed a marked 
disparity and underappreciation as to the extent of new digital health 
technologies when compared to current lists shared by the FDA that 
reviewed and approved these innovations for marketing at 510(k) 
clearance, granted De Novo requests, or Premarket approval. Bespoke 
examples of benefits underlying future use of digital tools includes po-
tential use of machine learning for supporting and enabling real-time 
parametric release of complex sterilization monitored and calculated 
data with correct processes that would benefit manufacturers, sterili-
zation providers and patients. This paper also highlights an awareness 
and knowledge gap for stakeholders (particularly academics) on the 
actual range and variety of different digital innovations used in real- 
world situations in terms of validated, marketed and applied digital 
technologies for patient use in medicine and healthcare. Similarly, there 
appears to be a lack of appreciation by academic/researcher commu-
nities as to the central importance of using appropriate and up-to-date 
ISO standards that presents potential scenarios where appropriate 
methods may not be correctly applied or that methods may be mis-
interpreted, particularly from a ‘silo’ academic R&D perspective. This 
further emphasises the importance of adopting a multi-actor approach 
encompassing beneficiaries and end-users such as industry, healthcare, 
policy-makers, academics and society for effectively addressing solu-
tions across the medical device and healthcare sectors. Such a holistic 
integrated HUB proposition will also facilitate engagements by experts 
in informing future sustainability needs such as performing appropriate 
LCAs using different materials, sterilization modalities and so forth for 
effective waste mitigation and reuse/recycling. The knowledge shared 
by leading actors such as terminal sterilization industry is extremely 
valuable and will continue to drive new developments The future is very 
promising for digital health technologies as attested by the public health 
mission of the FDA recognizing that “these innovations are playing an 
increasingly significant central role in many facets of our health and 
daily lives – ensuring that these innovative devices are safe and effective, 
and that they can reach the full potential to help people”. 
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A B S T R A C T

Background: One third of parasitic outbreaks with known source in the US are attributable to food of animal
origin (FoAO). Among 24 foodborne parasites ranked by FAO/WHO, 14 are associated with FoAO. Management
of these biological hazards is essential for food safety.
Scope and approach: Control measures to inactivate the 12 most relevant parasites in FoAO are evaluated, in-
cluding cooking, freezing, curing, and traditionally applied food-processing techniques, as well as high-pressure
treatment and irradiation.
Key findings and conclusions: How inactivation is determined may affect results, however efficacy of freezing and
heating depends on parasite species and developmental stage, as well as temperature and time conditions.
Cooking at core temperature 60–75 °C for 15–30 min inactivates parasites in most matrices. Freezing at −21 °C
for 1–7 days generally inactivates parasites in FoAO, but cannot be relied upon in home situations. Parasitic
stages are sensitive to 2–5% NaCl, often augmented by lowering pH. Gamma irradiation at > 0.1–0.5 kGy is
effective for fish parasites, except Anisakis (10 kGy); > 0.4–6.5 kGy control meatborne parasites. More research
is needed to investigate and improve irradiation technologies using sustainable energy sources. Literature data
are diverse and insufficient to model survival as response to treatment. Research on foodborne parasites should
be improved to standardize experimental approaches for evaluation of inactivation techniques and methods to
monitor inactivation.

1. Introduction and the growing awareness of foodborne parasites

In 2010, parasitic infections were estimated to cause 91.1 million
cases of human disease and 51,909 deaths globally per year; excluding

enteric protozoa, 48% of cases were foodborne, of which ascariasis and
toxoplasmosis were the most common parasitic diseases (Torgerson,
2015). However, there were considerable regional differences and low-
income countries suffered the highest disease burden.

https://doi.org/10.1016/j.tifs.2018.11.009
Received 8 March 2018; Received in revised form 1 November 2018; Accepted 4 November 2018

∗ Corresponding author. Centre for Zoonotic Diseases and Environmental Microbiology, National Institute for Public Health and the Environment, Antonie van
Leeuwenhoeklaan 9, 3721, MA, Bilthoven, the Netherlands.

E-mail addresses: frits.franssen@rivm.nl (F. Franssen), Cedric.Gerard@rdls.nestle.com (C. Gerard), anamaria.cozma@umfcluj.ro (A. Cozma-Petruţ),
mmvpinto@utad.pt (M. Vieira-Pinto), arezek@pbf.hr (A.R. Jambrak), nrowan@ait.ie (N. Rowan), peter.paulsen@vetmeduni.ac.at (P. Paulsen),
mrozycki@piwet.pulawy.pl (M. Rozycki), kristoffer.tysnes@nmbu.no (K. Tysnes), drlazaro@ubu.es (D. Rodriguez-Lazaro), lucy.robertson@nmbu.no (L. Robertson).

Trends in Food Science & Technology 83 (2019) 114–128

Available online 09 November 2018
0924-2244/ © 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/BY-NC-ND/4.0/).

T

572



Among foodborne disease events reported in the EU between 2007
and 2011, foods of animal origin (FoAO) were associated with 90% of
outbreaks, 74% of cases, 65% of hospitalizations, and 54% of deaths
(Da Silva Felicio et al., 2015). Appraisal of foodborne illness data from
USA between 1998 and 2008, indicated that FoAO were associated with
approximately 48% of cases, 52% of hospitalizations, and 49% of
deaths (Painter et al., 2013). However, these data cover the spectrum of
infectious agents, and the USA data also include foodborne illnesses
associated with chemicals.

The food vehicle is unknown for most foodborne parasitic diseases
in the USA, but where identified, FoAO account for around one third
(Painter et al., 2013). Some foodborne parasites may have a consider-
able health-related impact, but do not often cause outbreaks (e.g.
Toxoplasma). As data were derived from outbreaks, human health im-
pacts from foodborne parasites are probably underestimated.

Among 24 (potentially) foodborne parasites listed for risk-ranking
by FAO/WHO in 2012 (FAO/WHO, 2014), transmission of 14 of them
(58%) can be associated with FoAO. These include parasites associated
with both marine and freshwater finfish (Anisakidae, Diphyllobo-
thriidae, Heterophyidae, and Opistorchiidae), parasites associated with
freshwater crustacea (Paragonimus spp.), parasites associated with pork
(Trichinella spiralis, other Trichinella species, Toxoplasma gondii, Taenia
solium, and Sarcocystis suihominis), parasites associated with beef
(Taenia saginata, Toxoplasma gondii, and Sarcocystis bovihominis), para-
sites associated with meat from small ruminants (Toxoplasma gondii),
parasites associated with meat from game animals (Trichinella spp. and
T. gondii), and parasites associated with frog and snake meat (Spir-
ometra spp.). In addition, some parasites have been associated with
contamination of molluscs that can accumulate excreted transmission
stages (e.g. Giardia duodenalis), and have also been associated with milk
(Cryptosporidium parvum and T. gondii).

Although certain types of fresh produce are more frequently asso-
ciated with raw consumption or minimal processing than FoAO, in-
tentional or unintentional under-cooking of FoAO is well recognized. In
particular, consumption of raw fish has become a global culinary trend,
with the rise in popularity of sushi, sashimi, and ceviche, and since fish
that is commonly eaten raw may contain infective parasites, e.g.
Anisakis simplex (Mo et al., 2014), this may result in increased exposure
of consumers to fishborne parasites (Robertson, 2018). Although con-
sumption of raw meat occurs in several culinary cultures (e.g. steak
tartare from France, carpaccio from Italy, mett in Germany, koi soi in
Thailand, kitfo from Ethiopia etc.), more common is consumption of
rare meat (cooked briefly to a temperature below 60 °C). This may be
insufficient to inactivate transmission stages of pathogens, including
some parasites. In addition, meat may be inadvertently undercooked.

Given that some cooking techniques or other preparation of FoAO
(e.g. fermentation, drying, freezing, etc.) may be insufficient to in-
activate parasite transmission stages, knowledge on the effects of these
different procedures at inactivating different parasite transmission
stages is of interest, and of particular relevance, given the globalization
of the food chain (Dorny, 2009).

The present study intends to provide a comprehensive overview of
the 12 most relevant parasites in FoAO that have been ranked globally
and regionally for Europe (FAO/WHO, 2014; Bouwknegt et al., 2018).
Although it is clear that the highest burden from foodborne parasitic
infections is in lower income countries, our focus is directed towards
foodborne parasites of greatest relevance in European countries, as an
output from a Eurocentric COST Action (see acknowledgements).
Nevertheless, treatments that are effective in Europe, will also be ef-
fective elsewhere, so the assessment of treatments is of global re-
levance.

Many of the more recent review papers and recommendations by
food safety organisations (e.g. EFSA, FDA, ANSES and others) are based
on the same, sometimes old, original papers, with more recent studies
lacking for many parasites.

Testing for parasitic infections at meat inspection to prevent

zoonotic parasites entering the food chain is mandatory for Trichinella
in Europe, according to Regulation EU 2015/1375 (European-
Commission, 2015). Testing for some other parasites may be relevant,
but may not be routinely implemented, and some parasites are tested
for, but with limited sensitivity (e.g., tapeworm cysts). In this review we
provide an overview of inactivation techniques with the potential to
prevent transmission of parasitic infections due to consumption of
FoAO. This review does not take into account parasite-derived health
hazards other than infection, such as allergic reactions provoked by
Anisakidae sp. Or toxins associated with Sarcocystis species.

2. Reference inclusion criteria

A non-systematic literature review was used to gather scientific
publications, reports, and official documents relevant for this article.
Original papers were included that quantified effects of methods for
parasite inactivation over a wide range of topics; different parasites,
different matrices, different inactivation methods, and different ways of
assessing inactivation.

With such a breadth of cover, ensuring reference quality is difficult.
Should only references answering to our highest quality requirements
be included (i.e., recent papers providing detailed quantification of
parasite inactivation determined by bioassay), some parasites, matrices,
and different methods (e.g. heat inactivation of Heterophyidae, freeze
inactivation of Opisthorchis spp., all inactivation methods for
Anisakidae), would have no reference material and therefore would not
be included at all. On the other hand, references that have been
founding papers in their field (e.g., Kotula et al. (1983) and Kotula et al.
(1990) for Trichinella control), provide time/temperature combinations
for complete inactivation of Trichinella in pork, but lack quantitative
details regarding parasite inactivation. Such information could be used
to model inactivation as part of a QMRA, to reflect consumer behaviour.
In the example of Trichinella, not all consumers will cook their meat to
safe time/temperature combinations, which will result in partial in-
activation of muscle larvae. Moreover, legal requirements exist for
some parasites, and official authorities conduct tests, like for Trichinella;
whereas for others, it is the sole responsibility of the food business
operators to establish a risk-based limit and to adjust their control
measures accordingly.

3. Current state of knowledge

The reader is referred to Annex 7 of the FAO/WHO multi-criteria
based ranking for risk management of foodborne parasites (FAO/WHO,
2014), for a comprehensive overview of parasite biology, geographical
distribution, disease in humans, relevance for trade and impact on
economically vulnerable populations, concerning the parasites of FoAO
included in the current review.

4. Key aspects of preventive measures

Many different parasites may be transmitted by FoAO, with a wide
range of different transmission stages. Developing universally applic-
able measures to prevent infection with these parasites is therefore
challenging. The key steps in preventive measures in primary produc-
tion of FoAO are environmental hygiene, hygienic production, per-
sonnel hygiene, facility cleaning and maintenance, and monitoring/
surveillance (FAO/WHO, 2016).

Several important parasites transmitted by meat form infectious
tissue stages in animals, for which a main intervention is to prevent
food production animals from being infected. This has been particularly
effective in animals that can be kept confined, e.g. pigs and poultry,
whereas for grazing animals, such as sheep, it may be difficult or im-
possible to avoid exposure. Trichinella is now generally absent in meat
from pigs kept indoors in many European countries (Pozio, 2014).
Recent trends in consumer preferences, favouring organic production
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and improved animal welfare, have led to changes in pig farming, with
an increase in pigs raised outdoors (Park, Min, & Oh, 2017). This may
result in greater Trichinella exposure of these pigs, and thereby in-
creased human Trichinella infection. As sheep are mainly kept outdoors,
and restricting the access of cats (definitive host of T. gondii) to sheep
farms can be impossible, T. gondii is a continuous challenge in sheep
production and for food safety.

Tissue parasites are also potentially problematic in the aquaculture
industry, including farmed and wild-caught fish. Anisakidae are mainly
a hazard in wild-caught fish. It has been argued that Anisakis infection is
not a problem in farmed fish production, as these fish have minimal
access to the parasite's intermediate hosts (crustaceans and smaller
fish). Nevertheless, 0.7% Anisakis pegreffii infestation was reported re-
cently in farmed sea bass from the Mediterranean Sea (Cammilleri,
2018) and Anisakis simplex has been found in farmed salmon (Mo,
2015). Although closed breeding facilities may reduce exposure of
farmed fish to parasite infective stages such as Anisakis spp., it has not
yet been implemented at a large scale, but may become a future in-
dustry standard.

5. Evaluation of inactivation

Unlike bacteria and viruses, the infective unit for parasites may be
one individual (e.g. amoeba), one egg or one larval stage (helminths),
or four to eight individuals (mature oocysts of coccidians). For parasites
that form tissue cysts, one infective unit (the tissue cyst) may contain a
few to 1000 individuals per tissue cyst (e.g. Toxoplasma). Because of
this variation in units of infection, using the standard log reduction
measure for inactivation, as commonly applied for bacteria and viruses,
is not a uniform measure for inactivation of individual parasites.
However, log reduction may still be used mentioning the unit of in-
fection (e.g. tissue cyst, cyst, oocyst, egg). Parasites on or in foods do
not grow or replicate during storage, unlike bacterial contaminations
that may increase to very high numbers. As a result, a two or three log
reduction that may be considered marginal for bacteria, may be highly
relevant for parasitic contamination.

Transmission stages of most foodborne parasites require an animal
host and are not suitable for laboratory cultivation. The gold standard
to evaluate parasite (stage) inactivation is method-induced elimination
of infectivity in bioassays. In recent decades, use of experimental ani-
mals has become controversial, and in more recent studies, infection
experiments have been replaced by surrogate indicators. Such in-
dicators may be loss of a parasite's ability to proceed in development
(e.g. oocyst sporulation), evaluation of motility or morphological in-
tegrity as determined by microscopy, or molecular methods to evaluate
genetic activity (Rousseau et al., 2018), which should be validated in
relation to the gold standard.

6. Conventional processing

6.1. Heat treatment

Heat treatment remains one of the most reliable methods to control
parasites in FoAO (Gajadhar, 2015). Table 1 provides an overview of
reported data on the efficacy of different heat treatments to inactivate
parasites in a variety of food matrices of animal origin.

For Anisakis, heating at ≥ 60 °C core temperature of fishery pro-
ducts for at least 1 min is sufficient to kill the larvae (Bier, 1976; EFSA,
2010); consequently, fish fillets 3 cm thick should be heated for 10 min
to reach and maintain 60 °C in the core (Wootten, 2001).

Metacercariae of trematodes seem more tolerant to heat, since for
Heterophyes in fish, temperatures as high as 100 °C for more than 15 min
are required to kill the metacercariae (Hamed & Elias, 1970), whereas
isolated metacercariae of Opisthorchis viverrini are inactivated at 70 °C
for 30 min or at 80 °C for 5 min (Waikagul, J., 1974, cited in:
Abdussalam, Käferstein, & Mott, 1995). Metacercariae of Ascocotyle

were inactivated by heating at ≥60 °C for 15 min (Novo Borges, Corrêa
Lopes, & Portes Santos, 2018).

Several studies (Table 1) have highlighted the efficacy of microwave
heating in killing some parasites in FoAO, like Anisakis in Arrowtooth
flounder (Adams, Miller, Wekell, & Dong, 1999; Vidacek et al., 2011).
However, heating in standard domestic microwave ovens (2450 MHz,
700 W) may not penetrate all areas of the food, resulting in hot and cold
spots, and thus some parasites may evade inactivation (Vidacek et al.,
2011). Toxoplasma cysts in mutton steaks processed in a microwave
oven at 65 °C remained infective (Lunden & Uggla, 1992) and micro-
wave exposures for 1–3 s (43.2–62.5 °C) partially, but not significantly,
reduced infectivity of Cryptosporidum parvum oocysts in oysters for
neonatal mice, but treatment above 43.2 °C caused unacceptable
changes in oyster meat texture and colour (Collins, Flick, Smith, Fayer,
Rubendall, et al., 2005).

Larvae isolated from pork chops cooked at 71–82 °C core tempera-
ture in the microwave oven (2.9–3.1 min) did not prevent T. spiralis
infection of rats (Kotula, Murrell, Acosta-Stein, Lamb, & Douglass,
1983b). Inactivation temperatures for T. spiralismay vary from 60 °C for
roasted pork (Carlin, Mott, Cash, & Zimmermann, 1969; Kotula,
Murrell, Acosta-Stein, Lamb, & Douglass, 1983a) to 66 °C for pork chops
prepared in a conventional oven, convection oven, and flat grill, and
77 °C for char broiler or deep fat fryer (Kotula et al., 1983b).

Several studies highlight that heating duration is as important as
temperature, and should be chosen such that desired temperatures are
reached, maintained, and evenly distributed throughout the meat
(Kotula et al., 1983a). Heat inactivation of T. spiralis in pork was tested
at a range for both time (2 min–6 h) and temperature (49–63 °C) on
2 mm thick pieces of experimentally infected pork (Kotula et al.,
1983a). In that study, the intrinsic freeze sensitivity for T. spiralis in
pork was defined by linear regression as Log(t) = 17.3 – 0.302T, where
t represents time (hours) and T temperature (°C). By this equation, it is
possible to define time/temperature combinations to which pork should
be exposed for complete T. spiralis inactivation (Table 1). Notably, these
time - temperature combinations refer to the conditions in the core of
the meat piece. More recently, Franssen et al. (2018, under review)
developed a heat-inactivation model based on experimental data in-
cluding bioassay in mice. According to this model, consumer cooking of
portions of pork for a total time of 15 min would expose Trichinella
muscle larvae to 60 °C during 10 min, inactivating 99% (T. britovi) or
96% (T. spiralis) of Trichinella larvae.

Based on the work of Kotula et al. (1983a), Taenia cysticerci can be
inactivated by cooking whole cuts of beef and pork to at least 62.8 °C
core temperature and subsequent rest for at least 3 min (FDA, 2012).
Nevertheless, both higher and lower temperature values can also be
found in the literature (Table 1).

The US Department of Agriculture recommends that whole cuts of
pork, lamb, veal, or beef are cooked to an internal temperature of
62.8 °C, with a 3-min rest to inactivate T. gondii in meat (Jones &
Dubey, 2012), based on the work of Kotula et al. (1983a). Dubey,
Kotula, Sharar, Andrews, and Lindsay (1990) exposed 20 g samples of
Toxoplasma gondii infected and spiked pork, compressed to 2 mm in
thickness, to temperatures ranging from 49 to 67 °C for 0.01–96 min.
Parasite inactivation was evaluated by bioassay in mice. T. gondii tissue
cyst inactivation was characterised in that study as Log
(t) = 7.918–0.146T. Following this equation, time/temperature com-
binations to which T. gondii in pork should be exposed for complete
parasite inactivation were provided, e.g. > 61 °C for 3.6 min (Dubey
et al., 1990). However, in their experiments, T. gondii tissue cysts sur-
vived 64 °C for 3 min once and therefore, Jones and Dubey (2012) ad-
vised that whole cuts of pork, lamb, veal, or beef, should be cooked to
an internal temperature of at least 65.6 °C, with a 3-min rest.

C. parvum oocysts in either water or milk lose infectivity when held
at 71.7 °C for 5 s or more, indicating that conditions used in commercial
pasteurization (71.5-72 °C for 15 s) are sufficient to inactivate C. parvum
oocysts in milk (Harp, Fayer, Pesch, & Jackson, 1996); milkborne
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cryptosporidiosis outbreaks have been exclusively associated with un-
pasteurized milk.

6.2. Freezing

Table 2 gives an overview of freezing to inactivate parasites in
FoAO.

Anisakis spp. in fish have been inactivated in a blast freezer at
−35 °C for ≥15 h or at −20 °C for at least 24 h (Deardorff & Throm,
1988; McClelland, 2002). Anisakis spp. inactivation was evaluated by
observing larval movement after physical stimulation. Some larvae seen
to be moving after freeze-treatment at −35 °C for 1 h were considered
moribund. Subsequent sub-zero storage after freezing is recommended
for complete inactivation of anisakidae larvae (Deardorff & Throm,
1988).

Trematode metacercariae appear to be more resistant to freezing
temperatures, although not many studies have been performed to date.
Clonorchis sinensis in fish and fishery products are considered to be in-
activated at −10 to −20 °C for 5–20 days (EFSA, 2010). However, C.
sinensis metacercariae in fish that had been frozen at −12 °C for 10–18
days or at −20 °C for 5–7 days remained viable and infective in
bioassays using rats and rabbits. Only 20 days of freezing at −12 °C or 3
days of freezing at −20 °C followed by thawing and another freeze
treatment for 4 days at −20 °C eliminated infectivity in rabbit and rat
bioassays (Fan, 1998). Freeze-treatment of mullet fillets for 30 h at −10
or −20 °C is not effective at inactivating Heterophyes metacercariae
(Table 2). At temperatures below −20 °C for 2–32 h, the viability of
Opisthorchis spp. in fish has been markedly, but not completely, reduced
(Table 2). Although anecdotal evidence, an outbreak of opisthorchiasis
in Italy was due to consumption of infected fish that had been frozen in
a household freezer at −10 °C for 3 days (Armignacco, Caterini,
Marucci, Ferri, et al., 2008).

In contrast, larval stages of cestodes appear more sensitive to freeze
treatment, although primary literature is scarce; one paper describes
inactivation of isolated Diphyllobothrium spp. plerocercoids (Table 2).
Taenia solium cysticerci in pork are inactivated by freezing at −24 to
−5 °C for 1–4 days, whereas inactivation of Taenia saginata cysticerci in
beef requires freezing at −5 to −25 °C for 10–15 days (Table 2).

Freeze inactivation of T. spiralis in pork was tested at a wide range
for both time (1 s–182 days) and sub-zero temperatures (−1 to
−193 °C) on 2 mm thick pieces of experimentally infected pork (Kotula
et al., 1990). In that study, the intrinsic freeze sensitivity for T. spiralis
in pork was defined by linear regression as Log(t) = 5.98 + 0.40T,
where t represents time (hours) and T temperature (°C). Using this
equation, time/temperature combinations have been defined to which
T. spiralis in pork should be exposed for complete parasite inactivation
(Table 2). Note that the time needed to reach the desired temperature in
pork must be determined for each situation and should be added to the
calculated inactivation time. Based on the work of Kotula et al. (1990),
the International Commission on Trichinellosis (ICT) recommends
freezing at −21 °C for 7 days for complete inactivation of T. spiralis in
pork. However, freeze inactivation of Trichinella in bulk packages may
need lower temperatures or longer exposure times (e.g. −29 °C for 6
days to −15 °C for 30 days) to ensure safety, depending on meat
thickness and stacking height in industrial freezers (ICT, 2006). These
recommendations have been included in EU recommendation 2015/
1375 (European-Commission, 2015), laying down specific rules on of-
ficial controls for Trichinella in meat regarding freeze treatment, and its
previous version (EU Recommendation 2075/2005).

Inactivation studies on Trichinella spp. in other matrices than pork
are less elaborated and limited in number. T. spiralis and T. britovi in
experimentally infected wild boars, 24 weeks post infection, were in-
activated by freezing at −21 °C for 1 week as determined by mouse
bioassay (Lacour et al., 2013). Freezing to inactivate Trichinella species
other than T. spiralis in pork, game, and horse meat, cannot be relied
upon. Frozen wild boar meat from a naturally T. britovi-infected animalTa

bl
e
1

(c
on
tin
ue
d)

Tr
an

sm
is

si
on

st
ag

e
Co

nd
iti

on
M

et
ho

d
Eff

ec
t

Lo
g

re
du

ct
io

n
M

at
ri

x
Re

f

Sa
rc

oc
ys

tis
sp

p.
Sa

rc
oc

ys
ts

65
–7

5
°C

;2
0–

25
m

in
Bi

oa
ss

ay
(d

og
s)

Sa
rc

oc
ys

tis
le

vi
ne

is
ar

co
cy

st
s

be
co

m
e

no
n-

in
fe

ct
iv

e
to

pu
ps

n.
s.

Bu
ffa

lo
he

ar
t

Sr
iv

as
ta

va
,S

ah
a,

an
d

Si
nh

a
(1

98
6)

70
°C

;1
5

m
in

Sa
rc

oc
ys

tis
m

ie
sc

he
ri

an
a

sa
rc

oc
ys

ts
be

co
m

e
no

n-
in

fe
ct

iv
e

to
pu

ps
Po

rk
(m

in
ut

e
pi

ec
es

)
Sa

le
qu

e
et

al
.(

19
90

)
10

0
°C

;5
m

in
To

xo
pl

as
m

a
go

nd
ii

Ti
ss

ue
cy

st
s

65
°C

;M
ic

ro
w

av
e

ov
en

Bi
oa

ss
ay

(m
ou

se
)

N
ot

al
w

ay
se

ffe
ct

iv
e,

pa
rt

ia
li

na
ct

iv
at

io
n

of
cy

st
s

n.
s.

N
at

ur
al

ly
in

fe
ct

ed
sh

ee
p

Lu
nd

en
an

d
U

gg
la

(1
99

2)
52

°C
;9

.5
m

in
(i

nt
er

na
lt

em
pe

ra
tu

re
)

th
ic

kn
es

s
of

2
m

m
Bi

oa
ss

ay
(m

ic
e)

D
oe

s
no

t
el

im
in

at
e

in
fe

ct
iv

ity
to

m
ic

e
n.

s.
Po

rk
fr

om
in

fe
ct

ed
pi

gs
m

ix
ed

w
ith

in
fe

ct
ed

m
ou

se
br

ai
ns

an
d

ho
m

og
en

iz
ed

D
ub

ey
et

al
.(

19
90

)

58
°C

;9
.5

m
in

(i
nt

er
na

lt
em

pe
ra

tu
re

)
th

ic
kn

es
s

of
2

m
m

El
im

in
at

es
in

fe
ct

iv
ity

to
m

ic
e

>
61

°C
;3

.6
m

in
(i

nt
er

na
lt

em
pe

ra
tu

re
)

th
ic

kn
es

s
of

2
m

m
El

im
in

at
es

in
fe

ct
iv

ity
to

m
ic

e

64
°C

;3
m

in
(i

nt
er

na
lt

em
pe

ra
tu

re
-

th
ic

kn
es

s
of

2
m

m
)

Pa
rt

ia
li

na
ct

iv
at

io
n

of
Ti

ss
ue

cy
st

s

a
n.

s.
:n

ot
st

at
ed

.

F. Franssen et al. Trends in Food Science & Technology 83 (2019) 114–128

118
576



Ta
bl
e
2

Eff
ec

ts
of

co
nv

en
tio

na
lp

ro
ce

ss
in

g
on

fo
od

bo
rn

e
pa

ra
si

te
s.

Co
nt

ro
lm

ea
su

re
:F

re
ez

in
g.

Tr
an

sm
is

si
on

st
ag

e
Co

nd
iti

on
M

et
ho

d
Eff

ec
t

Lo
g

re
du

ct
io

n
M

at
ri

x
Re

f

A
ni

sa
ki

s
La

rv
ae

−
35

°C
;1

5
h;

fo
llo

w
ed

by
−

18
°C

;
24

h
M

ov
em

en
t

af
te

r
st

im
ul

at
io

n
w

ith
di

ss
ec

tio
n

ne
ed

le
Ki

lls
A

ni
sa

ki
s

la
rv

ae
,6

/3
54

5
su

rv
iv

ed
af

te
r

1
h

of
fr

ee
zi

ng
;a

fte
r

24
h

no
la

rv
ae

su
rv

iv
ed

2.
77

Fi
sh

:S
oc

ke
ye

sa
lm

on
an

d
ca

na
ry

ro
ck

fis
h

D
ea

rd
or

ff
an

d
Th

ro
m

(1
98

8)

Cl
on

or
ch

is
si

ne
ns

is
M

et
ac

er
ca

ri
ae

−
12

°C
;1

8
da

ys
Bi

oa
ss

ay
(r

at
s)

M
et

ac
er

ca
ri

ae
on

ly
m

ar
gi

na
lly

in
ac

tiv
at

ed
0.

00
Fi

sh
Fa

n
(1

99
8)

−
12

°C
;1

0
da

ys
Bi

oa
ss

ay
(r

at
s)

M
et

ac
er

ca
ri

ae
su

rv
iv

al
0.

00
−

20
°C

,7
da

ys
Bi

oa
ss

ay
(r

at
s)

10
0%

of
ra

ts
in

fe
ct

ed
by

m
et

ac
er

ca
ri

ae
0.

00
Fi

sh
−

12
°C

,2
0

da
ys

Bi
oa

ss
ay

(r
ab

bi
ts

)
El

im
in

at
es

in
fe

ct
iv

ity
fo

r
ra

bb
its

;1
60

m
et

ac
er

ca
ri

ae
in

oc
ul

at
ed

,n
o

flu
ke

s
re

co
ve

re
d

2.
20

−
20

°C
fo

r
3

da
ys

,t
ha

w
in

g,
an

d
re

fr
ee

zi
ng

fo
r

4
da

ys
Bi

oa
ss

ay
(r

at
s)

El
im

in
at

es
in

fe
ct

iv
ity

fo
r

ra
ts

;4
00

m
et

ac
er

ca
ri

ae
in

oc
ul

at
ed

,n
o

flu
ke

s
re

co
ve

re
d

2.
60

D
ip

hy
llo

bo
th

ri
um

sp
p.

Pl
er

oc
er

co
id

la
rv

ae
−

10
°C

;5
m

in
Bi

oa
ss

ay
(g

ol
de

n
ha

m
st

er
)

In
ac

tiv
at

es
pl

er
oc

er
co

id
s

n.
s.

Fi
sh

fil
le

ts
(i

so
la

te
d

pl
er

oc
er

co
id

s)
Sa

lm
in

en
(1

97
0)

H
et

er
op

hy
id

ae
M

et
ac

er
ca

ri
ae

−
10

°C
or

−
20

°C
;3

0
h

M
ot

ili
ty

In
effi

ci
en

t,
m

et
ac

er
ca

ri
ae

ca
n

su
rv

iv
e

0.
00

fle
sh

of
m

ul
le

t
H

am
ed

an
d

El
ia

s
(1

97
0)

O
pi

st
or

ch
is

sp
p.

M
et

ac
er

ca
ri

ae
−

28
°C

;2
0

h
n.

s.
Vi

ab
ili

ty
m

ar
ke

dl
y

re
du

ce
d,

bu
t

no
t

co
m

pl
et

el
y

in
hi

bi
te

d
n.

s.
Fi

sh
Fa

tt
ak

ho
v

(1
98

9)
−

35
°C

;8
h

−
40

°C
;2

h
Sa

rc
oc

ys
tis

fu
si

fo
rm

is
Sa

rc
oc

ys
ts

−
20

°C
;3

da
ys

Bi
oa

ss
ay

(c
at

s)
Co

m
pl

et
e

lo
ss

of
in

fe
ct

iv
ity

n.
s.

Be
ef

G
es

tr
ic

h
an

d
H

ey
do

rn
(1

97
4)

Sa
rc

oc
ys

tis
sp

p.
Sa

rc
oc

ys
ts

−
2

°C
;2

4
h

Bi
oa

ss
ay

(d
og

s)
M

ea
t

co
nt

ai
ni

ng
sa

rc
oc

ys
ts

st
ill

in
fe

ct
iv

e
0.

00
Bu

ffa
lo

he
ar

t
Sr

iv
as

ta
va

et
al

.(
19

86
)

−
4

°C
;4

8
h

In
ac

tiv
at

es
S.

le
vi

ne
is

ar
co

cy
st

s
n.

s.
−

4
°C

;2
da

ys
In

ac
tiv

at
es

S.
m

ie
sc

he
ri

an
a

sa
rc

oc
ys

ts
3.

1
Po

rk
Sa

le
qu

e
et

al
.(

19
90

)
−

20
°C

;1
da

y
3.

1
Ta

en
ia

sa
gi

na
ta

Cy
st

ic
er

ci
−

5
°C

;3
60

h
In

vi
tr

o
vi

ab
ili

ty
as

sa
y

In
ac

tiv
at

es
T.

sa
gi

na
ta

cy
st

ic
er

ci
n.

s.
Be

ef
ca

rc
as

se
s

H
ilw

ig
,C

ra
m

er
,a

nd
Fo

rs
yt

h
(1

97
8)

−
10

°C
;2

16
h

≤
−

15
°C

;1
44

h
Ta

en
ia

so
liu

m
0

°C
or

ab
ov

e
D

oe
s

no
t

aff
ec

t
pa

ra
si

te
su

rv
iv

al
in

cu
ltu

re
0.

00
Ti

ss
ue

cy
st

s
In

vi
tr

o
cu

ltu
re

as
sa

y
Po

rk
So

te
lo

et
al

.(
19

86
))

−
15

°C
;3

da
ys

In
ac

tiv
at

es
cy

st
s

2.
24

−
24

°C
;1

da
y

2.
25

−
5

°C
;4

da
ys

2.
50

Tr
ic

hi
ne

lla
sp

p.
M

us
cl

e
la

rv
ae

−
21

°C
;7

da
ys

Bi
oa

ss
ay

(m
ic

e)
In

ac
tiv

at
es

T.
br

ito
vi

m
us

cl
e

la
rv

ae
1.

50
W

ild
bo

ar
m

ea
t

La
co

ur
et

al
.(

20
13

)
−

20
°C

;u
p

to
20

m
on

th
s

Bi
oa

ss
ay

(g
ui

ne
a

pi
gs

)
D

oe
s

no
t

in
ac

tiv
at

e
T.

na
tiv

a
m

us
cl

e
la

rv
ae

n.
s.

W
al

ru
s

m
ea

t
Le

cl
ai

r
et

al
.(

20
04

)

−
20

°C
;4

m
on

th
s

Bi
oa

ss
ay

(p
ig

s)
D

oe
s

no
t

in
ac

tiv
at

e
T.

na
tiv

a
m

us
cl

e
la

rv
ae

n.
s.

Be
ar

m
ea

t
H

ill
,G

am
bl

e,
Za

rl
en

ga
,C

os
s,

an
d

Fi
nn

ig
an

(2
00

5)
−

10
°C

;4
da

ys
,e

xc
lu

di
ng

co
ol

in
g

do
w

n
tim

e
Bi

oa
ss

ay
(m

ic
e)

In
ac

tiv
at

es
T.
sp
ira
lis

m
us

cl
e

la
rv

ae
n.

s.
Po

rk
Ko

tu
la

et
al

.(
20

10
)

−
15

°C
;5

7
m

in
,e

xc
lu

di
ng

co
ol

in
g

do
w

n
tim

e
−

20
°C

;1
m

in
,e

xc
lu

di
ng

co
ol

in
g

do
w

n
tim

e
−

21
°C

;7
da

ys
Bi

oa
ss

ay
(m

ic
e)

In
ac

tiv
at

es
T.
sp
ira
lis

m
us

cl
e

la
rv

ae
2.

19
a

W
ild

bo
ar

m
ea

t
La

co
ur

et
al

.(
20

13
)

(c
on
tin
ue
d
on
ne
xt
pa
ge

)

F. Franssen et al. Trends in Food Science & Technology 83 (2019) 114–128

119
577



Ta
bl
e
2

(c
on
tin
ue
d)

Tr
an

sm
is

si
on

st
ag

e
Co

nd
iti

on
M

et
ho

d
Eff

ec
t

Lo
g

re
du

ct
io

n
M

at
ri

x
Re

f

To
xo

pl
as

m
a

go
nd

ii
Ti

ss
ue

cy
st

s
−

12
°C

;3
da

ys
Bi

oa
ss

ay
(c

at
s)

In
ac

tiv
at

es
tis

su
e

cy
st

s
n.

s.
M

ea
t:

Ex
pe

ri
m

en
ta

lly
in

fe
ct

ed
pi

gs
D

ub
ey

et
al

.(
19

88
)

−
7

°C
to

−
12

°C
;4

da
ys

Bi
oa

ss
ay

s
(c

at
s

an
d/

or
m

ic
e)

Po
rk

Ku
tic

ic
an

d
W

ik
er

ha
us

er
(1

99
6)

−
20

°C
fo

r
54

h
an

d
th

aw
ed

ov
er

ni
gh

t
at

4
°C

Bi
oa

ss
ay

(m
ic

e)
M

ut
to

n
Lu

nd
en

an
d

U
gg

la
(1

99
2)

−
8

°C
;3

da
ys

−
7

°C
;1

7
da

ys
,

Bi
oa

ss
ay

(m
ic

e)
Po

rk
Ko

tu
la

,S
ha

ra
r,

A
nd

re
w

s,
Sh

en
,a

nd
Li

nd
sa

y
(1

99
1)

Cr
yp

to
sp

or
id

iu
m

pa
rv

um
O

oc
ys

ts
Ic

e
cr

ea
m

m
ix

in
g,

fr
ee

zi
ng

an
d

ha
rd

en
in

g
at

−
20

°C
fo

r
24

h
Ex

cl
us

io
n

of
flu

or
oc

hr
om

e
pr

op
id

iu
m

io
di

de
In

ac
tiv

at
io

n
of

oo
cy

st
s

3.
90

D
ai

ry
pr

od
uc

ts
:i

ce
cr

ea
m

m
at

ri
x

D
en

g
an

d
Cl

iv
er

(1
99

9)

Cy
cl

os
po

ra
ca

ye
ta

ne
ns

is
O

oc
ys

ts
−

15
°C

;2
4

h
O

oc
ys

t
sp

or
ul

at
io

n
N

o
in

ac
tiv

at
io

n
of

oo
cy

st
sp

or
ul

at
io

n
0.

00
D

ai
ry

su
bs

tr
at

es
O

rt
eg

a
an

d
Sa

nc
he

z
(2

01
0)

−
15

°C
;2

da
ys

In
ac

tiv
at

es
oo

cy
st

s
2.

00
D

ai
ry

pr
od

uc
ts

:d
ilu

te
d

m
ilk

su
bs

tr
at

e
Sa

th
ya

na
ra

ya
na

n
an

d
O

rt
eg

a
(2

00
6)

D
ai

ry
pr

od
uc

ts
:m

ilk
m

at
ri

x
D

ai
ry

pr
od

uc
ts

:w
hi

pp
ed

cr
ea

m
m

at
ri

x

a
N

ot
e

th
at

lo
g

re
du

ct
io

n
ha

s
be

en
ca

lc
ul

at
ed

fr
om

in
fe

ct
iv

ity
in

de
x

da
ta

(n
um

be
r

of
Tr
ic
hi
ne
lla

la
rv

ae
re

co
ve

re
d/

nu
m

be
r

in
oc

ul
at

ed
),

as
no

pa
ra

si
te

co
un

ts
w

er
e

av
ai

la
bl

e
(L

ac
ou

r
et

al
.,

20
13

).

Ta
bl
e
3

Eff
ec

ts
of

en
zy

m
at

ic
an

d
ch

em
ic

al
pr

es
er

va
tio

n
on

th
e

in
fe

ct
iv

ity
of

pa
ra

si
te

st
ag

es
in

m
ea

t
an

d
fis

h
pr

od
uc

ts
.C

on
tr

ol
m

ea
su

re
:M

ar
in

at
io

n,
Pi

ck
lin

g,
Sm

ok
in

g,
Fe

rm
en

ta
tio

n
an

d
Sa

lti
ng

.

Tr
an

sm
is

si
on

st
ag

e
Co

nd
iti

on
Ev

al
ua

tio
n

m
et

ho
d

Eff
ec

t
Lo

g
re

du
ct

io
n

M
at

ri
x

Re
f

A
ni

sa
ki

s
La

rv
ae

M
ar

in
at

io
n

in
2.

6%
ac

et
ic

ac
id

an
d

5–
6%

sa
lt

fo
r

12
w

ee
ks

M
ar

in
at

io
n

in
2.

6%
ac

et
ic

ac
id

an
d

8–
9%

sa
lt

fo
r

6
w

ee
ks

n.
s.

In
ac

tiv
at

es
A

ni
sa

ki
s

la
rv

ae
n.

s.
Fi

sh
(h

er
ri

ng
)

D
oy

le
(2

00
3)

6%
ac

et
ic

ac
id

(v
/v

)
(v

in
eg

ar
);

12
%

sa
lt

fo
r

13
da

ys
,4

°C
10

%
ac

et
ic

ac
id

;1
2%

N
aC

lf
or

5
da

ys
20

%
ac

et
ic

ac
id

;1
2%

N
aC

lf
or

3
da

ys
30

%
ac

et
ic

ac
id

;1
2%

N
aC

lf
or

3
da

ys
40

%
ac

et
ic

ac
id

;1
2%

N
aC

lf
or

2
da

ys

M
ov

em
en

t;
de

te
rm

in
at

io
n

of
st

re
ss

pr
ot

ei
n

le
ve

ls
;b

io
as

sa
y

(r
at

)

In
ac

tiv
at

es
A

ni
sa

ki
s

la
rv

ae
1.

78
Fi

sh
:a

nc
ho

vi
es

Sa
nc

he
z-

M
on

sa
lv

ez
et

al
.(

20
05

)

St
or

ag
e

in
br

in
e

w
ith

6.
3%

sa
lt

an
d

3.
7%

ac
et

ic
ac

id
in

th
e

aq
ue

ou
s

ph
as

e
of

th
e

fis
h

fo
r

28
da

ys
M

ot
ili

ty
In

ac
tiv

at
es

A
ni

sa
ki

s
la

rv
ae

n.
s.

Fi
sh

:h
er

ri
ng

Ka
rl

,.
Ro

ep
st

or
ff,

H
us

s,
an

d
Bl

oe
m

sm
a

(1
99

4)
5%

N
aC

l;
>

17
w

ee
ks

6–
7%

N
aC

l;
10

–1
2w

ee
ks

M
ot

ili
ty

In
ac

tiv
at

es
A

ni
sa

ki
s

la
rv

ae
n.

s.
Fi

sh
:H

er
ri

ng
Ka

rl
et

al
.(

19
94

)

6%
ac

et
ic

ac
id

,1
0%

N
aC

lf
or

24
h

fo
llo

w
ed

by
th

e
ad

di
tio

n
of

su
nfl

ow
er

se
ed

oi
la

nd
re

fr
ig

er
at

io
n

at
4

°C
fo

r
13

da
ys

M
ot

ili
ty

In
ac

tiv
at

es
A

ni
sa

ki
s

la
rv

ae
n.

s.
Fi

sh
:S

ar
di

ne
s

A
rc

an
ge

li
(1

99
6)

Pi
ck

le
d

he
rr

in
g;

28
da

ys
M

ot
ili

ty
in

1%
ac

et
ic

ac
id

an
d

st
ai

ni
ng

In
ac

tiv
at

es
A

ni
sa

ki
s

la
rv

ae
≥

2.
60

Fi
sh

,a
nc

ho
vi

es
Ka

rl
an

d
Le

in
em

an
n

(1
98

9)
21

%
N

aC
l;

15
da

ys
M

ot
ili

ty
an

d
sc

an
ni

ng
el

ec
tr

on
m

ic
ro

sc
op

y
In

ac
tiv

at
es

A
ni

sa
ki

s
pe

gr
effi

la
rv

ae
n.

s.
Fi

sh
,a

nc
ho

vi
es

A
na

st
as

io
et

al
.(

20
16

)

13
%

N
aC

lb
ri

ne
;5

°C
;2

4
h

pl
us

dr
y

sa
lt

m
at

ur
at

io
n

at
5°

fo
r

15
da

ys
M

ot
ili

ty
In

ac
tiv

at
es

A
ni

sa
ki

s
la

rv
ae

n.
s.

Fi
sh

,c
od

Sm
al

do
ne

et
al

.(
20

17
)

Cl
on

or
ch

is
si

ne
ns

is
m

et
ac

er
ca

ri
ae

3
g

N
aC

l/
10

g
fis

h
fle

sh
;8

da
ys

Bi
oa

ss
ay

(r
at

)
In

ac
tiv

at
io

n
of

m
et

ac
er

ca
ri

ae
n.

s.
Fr

es
hw

at
er

fis
h

Fa
n

(1
99

8)
O

pi
st

or
ch

is
vi

ve
rr

in
i

(c
on
tin
ue
d
on
ne
xt
pa
ge

)

F. Franssen et al. Trends in Food Science & Technology 83 (2019) 114–128

120
578



Ta
bl
e
3

(c
on
tin
ue
d)

Tr
an

sm
is

si
on

st
ag

e
Co

nd
iti

on
Ev

al
ua

tio
n

m
et

ho
d

Eff
ec

t
Lo

g
re

du
ct

io
n

M
at

ri
x

Re
f

m
et

ac
er

ca
ri

ae
13

.6
%

N
aC

l,
48

h
Bi

oa
ss

ay
(h

am
st

er
)

Re
du

ce
d

in
fe

ct
iv

ity
of

m
et

ac
er

ca
ri

ae
n.

s.
Fe

rm
en

te
d

fis
h

Kr
ua

tr
ac

hu
e

et
al

.
(1

98
2)

20
%

N
aC

l,
5

h
Bi

oa
ss

ay
m

et
ac

er
ca

ri
ae

no
n-

in
fe

ct
io

us
n.

s.
Fe

rm
en

te
d

fis
h

Te
sa

na
,K

ae
w

ke
s,

an
d

Ph
in

la
or

(1
98

6)
7.

5%
N

aC
l,

gl
ut

in
ou

s
ri

ce
;k

ee
pi

ng
fis

h
3

da
ys

re
fr

ig
er

at
ed

pl
us

4
da

ys
fe

rm
en

ta
tio

n
tim

e
at

ro
om

te
m

pe
ra

tu
re

Bi
oa

ss
ay

(h
am

st
er

)
m

et
ac

er
ca

ri
ae

no
n-

in
fe

ct
io

us
n.

s.
Fe

rm
en

te
d

fis
h

(p
la

-
so

m
)

O
ns

ur
at

hu
m

et
al

.
(2

01
6)

Ta
en

ia
so

liu
m

m
et

ac
es

to
de

s
7–

10
.5

%
N

aC
la

t
30

°C
m

ic
ro

sc
op

y
In

ac
tiv

at
io

n
ov

er
ni

gh
t

n.
s.

po
rk

O
ck

er
m

an
an

d
Ba

su
(2

01
7)

Tr
ic

hi
ne

lla
sp

p.
La

rv
ae

2.
8%

ni
tr

ite
-c

ur
in

g
sa

lt
(9

9.
5%

N
aC

l,
0.

5%
N

aN
O

2)
;i

ni
tia

l
la

rv
a

co
un

t
10

90
/g

Ex
am

in
at

io
n

of
di

ge
st

ed
la

rv
ae

an
d

bi
oa

ss
ay

(m
ic

e)
La

rv
ae

lo
se

m
ot

ili
ty

be
tw

ee
n

da
ys

7–
10

;n
o

la
rv

ae
re

co
ve

re
d

fr
om

m
ic

e
fe

d
w

ith
sa

la
m

ir
ip

en
ed

fo
r1

0
or

m
or

e
da

ys
(a

W
ca

.0
.9

42
;p

H
5.

4)

n.
s.

Ra
w

po
rk

sa
us

ag
e

Lö
tz

sc
h

an
d

Rö
de

l
(1

97
4)

2.
8%

ni
tr

ite
-c

ur
in

g
sa

lt;
in

iti
al

la
rv

a
co

un
t

53
0/

g
La

rv
ae

lo
se

m
ot

ili
ty

be
tw

ee
n

da
ys

4–
7;

no
la

rv
ae

re
co

ve
re

d
fr

om
m

ic
e

fe
d

w
ith

ce
rv

el
at

ri
pe

ne
d

fo
r

10
or

m
or

e
da

ys
(a

W
ca

.0
.9

32
;p

H
5.

4)
2.

8%
ni

tr
ite

-c
ur

in
g

sa
lt;

in
iti

al
la

rv
a

co
un

t
20

0/
g

Ki
lls
T.
sp
ira
lis

la
rv

ae
in

55
–7

5
m

m
di

am
et

er
sa

la
m

i
ri

pe
ne

d
fo

r
6

da
ys

(a
W

ca
.0

.9
31

/0
.9

44
;p

H
5.

7/
5.

4
2.

8%
ni

tr
ite

-c
ur

in
g

sa
lt;

in
iti

al
la

rv
a

co
un

t
20

0/
g

Ki
lls
T.
sp
ira
lis

la
rv

ae
in

55
–7

5
m

m
di

am
et

er
ce

rv
el

at
ri

pe
ne

d
fo

r
7–

9
da

ys
(a

W
ca

.0
.9

48
;p

H
5.

4/
5.

2)
2.

8%
ni

tr
ite

-c
ur

in
g

sa
lt;

in
iti

al
la

rv
a

co
un

t
80

0/
g

Ki
lls
T.
sp
ira
lis

la
rv

ae
in

75
m

m
di

am
et

er
M

ai
lä

nd
er

Sa
la

m
ir

ip
en

ed
fo

r
11

da
ys

(a
W

ca
.0

.9
39

;p
H

5.
1)

≥
1.

3%
N

aC
l;

pH
4.

6;
in

iti
al

la
rv

a
co

un
t

18
1

-4
47

/g
Ki

lls
T.
sp
ira
lis

la
rv

ae
in

8
da

ys
(a

w
0.

93
5–

0.
96

1)
Cu

re
d

po
rk

sa
us

ag
e

H
ill

et
al

.(
20

17
)

≥
1.

3%
bu

t
<

1.
8%

N
aC

l;
4.

6
<

pH
≤

5.
2;

in
iti

al
la

rv
a

co
un

t
38

6–
39

0/
g

Ki
lls
T.
sp
ira
lis

la
rv

ae
in

11
da

ys
(a

w
0.

96
5)

≥
1.

8%
bu

t
<

2.
8%

N
aC

l;
4.

6
<

pH
≤

5.
2;

in
iti

al
la

rv
a

co
un

t
18

1–
44

7/
g

Ki
lls
T.
sp
ira
lis

la
rv

ae
in

9
da

ys
(a

w
0.

94
3–

0.
96

1)

≥
2.

8%
N

aC
l;

4.
6

<
pH

≤
5.

2;
in

iti
al

la
rv

a
co

un
t3

22
-3

23
Ki

lls
T.
sp
ira
lis

la
rv

ae
in

8
da

ys
(a

w
0.

93
5–

0.
94

5)
st

or
ag

e
at

10
°C

;i
ni

tia
ll

ar
va

co
un

t
40

0–
70

0/
g

Ki
lls
T.
sp
ira
lis

la
rv

ae
in

dr
y-

cu
re

d
ha

m
in

21
(a

W
0,

94
8;

pH
5.

5)
to

57
(a

W
0.

92
2;

pH
5.

6)
da

ys
,

ac
co

rd
in

g
to

ha
m

ty
pe

D
ry

ha
m

Lö
tz

sc
h

an
d

Le
is

tn
er

(1
97

9)

6%
N

aC
lc

ur
e,

th
en

st
or

ag
e

at
10

°C
;t

ot
al

75
da

ys
;8

.5
kg

in
iti

al
ha

m
w

ei
gh

t;
in

iti
al

la
rv

a
co

un
t

39
0–

44
0/

g
In

fe
ct

iv
e

in
ra

t
bi

oa
ss

ay
D

ry
ha

m
Li

n
et

al
.,

19
90

a;
Li

n
et

al
.,

19
90

b
6%

N
aC

lc
ur

e,
th

en
st

or
ag

e
at

10
°C

;t
ot

al
90

da
ys

;8
.5

kg
in

iti
al

ha
m

w
ei

gh
t;

in
iti

al
la

rv
a

co
un

t
39

0–
44

0/
g

Ki
lls
T.
sp
ira
lis

la
rv

ae

6%
N

aC
lc

ur
e,

th
en

st
or

ag
e

at
10

°C
;t

ot
al

90
da

ys
;1

1.
1

kg
in

iti
al

ha
m

w
ei

gh
t;

in
iti

al
la

rv
a

co
un

t
38

0–
52

5/
g

D
ry

ha
m

6%
N

aC
lc

ur
e,

th
en

st
or

ag
e

at
23

.9
°C

;t
ot

al
5

da
ys

;1
1.

1
kg

in
iti

al
ha

m
w

ei
gh

t;
in

iti
al

la
rv

a
co

un
t

38
0–

52
5/

g
4.

4%
N

aC
lc

ur
e,

st
or

ag
e

at
23

.9
°C

;t
ot

al
23

da
ys

;1
1.

1
kg

in
iti

al
ha

m
w

ei
gh

t;
in

iti
al

la
rv

a
co

un
t

60
0/

g
Ba

g-
cu

re
d

ha
m

To
xo

pl
as

m
a

go
nd

ii
Ti

ss
ue

cy
st

s
2%

N
aC

l
Bi

oa
ss

ay
(m

ic
e)

Vi
ab

le
at

da
y

8
n.

s.
M

us
cl

e
fr

om
m

ic
e

in
tis

su
e

cu
ltu

re
m

ed
iu

m
Lö

tz
sc

h
an

d
Rö

de
l

(1
97

4)
2.

5%
an

d
3%

N
aC

l
In

ac
tiv

at
io

n
w

ith
in

on
e

da
y

2.
5%

ni
tr

ite
-c

ur
in

g
sa

lt
In

ac
tiv

at
io

n
w

ith
in

4
da

ys
2%

N
aC

lo
r1

.4
%

so
di

um
-o

rp
ot

as
si

um
la

ct
at

e
in

th
e

lo
in

;7
da

ys
Bi

oa
ss

ay
(c

at
s)

In
ac

tiv
at

io
n

of
tis

su
e

cy
st

s
Po

rk
lo

in
H

ill
et

al
.,

20
4

3–
5%

N
aC

l;
64

h
Bi

oa
ss

ay
(m

ic
e)

In
ac

tiv
at

io
n

of
tis

su
e

cy
st

s
M

ut
to

n
m

ea
t

Lu
nd

en
an

d
U

gg
la

(1
99

2)
4.

2–
6.

2%
N

aC
l;

12
,1

4
an

d
16

m
on

th
s

In
ac

tiv
at

io
n

of
tis

su
e

cy
st

s
Pa

rm
a

ha
m

G
en

ch
ie

t
al

.(
20

17
)

F. Franssen et al. Trends in Food Science & Technology 83 (2019) 114–128

121
579



(3 larvae per gram), kept at −35 °C for one week, caused clinical tri-
chinellosis in six people (Gari-Toussaint et al., 2005). Moreover, Tri-
chinella nativa, associated with human trichinellosis after consumption
of walrus meat or bear meat, was found to be infective by bioassay after
naturally infected walrus or bear meat was stored frozen at −20 °C for
up to 20 months. In contrast, T. nativa muscle larvae in experimentally
infected pig meat were inactivated by freezing for 106 h at −17.7 °C
(0 °F), as determined by mouse bioassay (Table 2).

Toxoplasma gondii in pork, mutton, and other meat is completely
inactivated by freezing at between −7 and −13 °C for 2–4 days
(Table 2). After freezing at −2 °C for 24 h, Sarcocystis levinei tissue cysts
in buffalo meat remained infective to dogs, but freezing of beef, buffalo,
and pork at −4 to −20 °C for 2–4 days renders Sarcocystis spp. tissue
cysts inactive (Table 2).

Parasites such as C. parvum and Cyclospora cayetanensis may play a
role as foodborne pathogens through faecal contamination of milk and
other dairy products. Oocysts of these protozoan parasite species have
been spiked into dairy products to evaluate their freeze inactivation,
mimicking ice cream production. Freezing at −15 °C for 2 days in-
activated oocysts of both C. parvum and Cyclospora cayetanensis in milk
matrices (Table 2).

More work is needed to evaluate techniques such as rapid chilling to
very low temperatures, which is commonly used in food processing
industries.

6.3. Enzymatic and chemical preservation

Parasites in FoAO do not grow during storage, but they are able to
survive for days to weeks under cold storage conditions (> 0 °C) in
meat or fish flesh (Hamed & Elias, 1970; Fan, Ma, Kuo, & Chung, 1998;
Neumayerová et al., 2014). This means that production of ready-to-eat-
foods from animal origin at the production plant must ensure parasite
absence or inactivation. Some traditionally applied food-processing
techniques, such as marination, fermentation, smoking etc., have
parasite-inactivating potential, often as a result of a combination of
several mechanisms, occasionally acting synergistically. Table 3 gives
an overview of the effects of enzymatic and chemical inactivation of
foodborne parasites in meat and fish products. Both drying and addition
of salt reduce the amount of available water and increase osmotic
pressure, which is detrimental for all living cells. Marination can be
defined as treatment of meat or fish with brines containing salt, organic
acids, and, occasionally, essential oils. Fermentation is an enzyme-
driven breakdown of the main constituents of flesh, most notably de-
gradation of carbohydrates to lactic acid. The resultant acidification
and oxygen consumption have major immediate effects (Ockerman &
Basu, 2017).

Marination of fish is a traditional processing method with some
effect on nematode larvae. As regards composition of brine, ranges in
NaCl and acetic acid of 5–20%, and 2.6–40%, respectively, have been
studied (Table 3). With increasing salt concentrations, time to in-
activation decreases (AESAN, 2007; CEVPM, 2005; Karl, 1998; Karl,
Roepstorff, Huss, & Bloemsma, 1994), but is still in the range of more
than one week. In herring, an NaCl content of 20% in the fish tissue
water phase resulted in a 1 log reduction in Anisakis larvae motility
within 14 days, and a > 2 log reduction in 28 days (Karl & Leinemann,
1989). In contrast, when the fish tissue water phase contained 15%
NaCl, the reduction was less than 1 log after 21 days. In cod, a com-
bination of brine salting (13% NaCl) at 5 °C for 24 h, in combination
with dry-salting for another 14 days, inactivated Anisakis larvae
(Smaldone, Marrone, Palma, Sarnelli, & Anastasio, 2017).

Even for dry-salted herring, 20 days of storage is recommended in
order to ensure inactivation of Anisakis larvae (CEVPM, 2005). For dry-
salted anchovies, 15 days of storage inactivated Anisakis pegreffii at a
salt concentration of 21% in the anchovies fillets (Anastasio et al.,
2016). Also Marination in vinegar (6% acetic acid) for 4–24 h is con-
sidered insufficient to inactivate larvae (AESAN, 2007), and

recommended procedures comprise marinating for 31 days in brine
with 2.5% NaCl and 6% acetic acid or 6% NaCl and 12% acetic acid for
13 days.

Essential oils have proven antibacterial properties, and there is
evidence that such substances can inactivate parasites. Giarratana,
Muscolino, Beninati, Giuffrida, and Panebianco (2014) were able to
inactivate third stage larvae of Anisakis in 5 and 10% solutions of es-
sential oils of Thyme vulgaris (containing mostly thymol, linalool and
pinens) in sunflower seed oil with 14 and 7 h, respectively (Giarratana
et al., 2014). Anisakis L3 larvae were inactivated after 2 h in 1% and 5%
solutions of essential oils of Tagetes minuta (containing mostly β-oci-
mene, limonine and (Z)-tagetone) in saline solution, and after 4 h in
0.1–5% essential oil in an industrial marinating solution (water and
vinegar 1:1, with 3% NaCl and 1% citric acid), but not in sunflower oil
(Giarratana et al., 2017). Inactivation was assessed by motility and
electron-microscopic observation of structural damages of the cutis in
both studies. Even when this anti-Anisakis effect might be delayed in a
fish flesh matrix, there should be ample time during the time periods of
food distribution and display in the shelves before it reaches the con-
sumer.

Inactivation of Clonorchis sinensis metacercariae in heavily-salted
freshwater fish (3 g NaCl/10 g fish) at 6 °C took at least 8 days (Fan,
1998). Inactivation of Opisthorchis metacercariae in fish flesh salted
with 13.6% NaCl was observed after 24 h (Kruatrachue, Chitramvong,
Upatham, Vichasri, & Viyanant, 1982), whereas 20% NaCl for 5 h was
less effective (Tesana, 1986). In fermented fish, inactivation was in-
fluenced by the duration of both cold storage of the fish and the fer-
mentation time (Onsurathum et al., 2016). As could be expected,
among the traditional salted fish products in Thailand, those salted and
stored for 2–3 months (Sithithaworn & Haswell-Elkins, 2003) have the
least risk to contain viable metacercariae.

Due to the highly variable conditions for above described methods
to inactivate parasites in fish, EU Regulation (EC) 853/2004 and its
amendment (EC) 1276/2011 demand that fishery products intended for
raw consumption, cold smoking preparation (< 60 °C), or processing by
marinating and/or salting, must be frozen at −20 °C in all parts of the
product for at least 24 h or at −35 °C for at least 15 h to inactivate other
parasites than trematodes (European-Commission, 2004, 2011). As
shown in section 6.2 and Table 2, trematodes require exposure to
freezing during longer time periods for complete inactivation.

For Trichinella, most studies refer to T. spiralis, although other spe-
cies might occur in meat. Zimmermann (1971) studied salt content,
drying time and temperature and concluded that 28 days curing with
40 g NaCl/kg, plus re-salting at day 14, followed by 7 days drying at
37 °C or above would render Trichinella larvae non-infectious (bioassay
in mice). The procedure was not safe when drying was performed at
room temperature. Lin et al. (1990b) studied Trichinella survival in dry-
(hind legs of 8.5–11.1 kg initial weight) and bag-cured (11.1 kg initial
weight) hams. Pork contained 300–525 larvae/g. The dry curing pro-
cess included covering the ham with a cure mix (40 g NaCl/kg ham and
additional 20 g NaCl/kg at day 10) for 28–39 days (according to ham
weight) at 2.2 °C, followed by rinsing and an equalisation period to
allow even distribution of salt in the muscle, whereas for bag curing,
hams with 11.1 kg weight were salted with 44 g NaCl/kg and then
stored in wrapped condition (Lin et al., 1990a). Dry hams were stored
at 10–32.2 °C for up to 90–11 days; storage at 10 °C was only effective
after 90 days, whereas this was considerably shorter when hams were
stored at 23.9 °C (Table 3).

European dry ham production generally relies on low aging tem-
peratures. In a German study, pork with 400–700 larvae/g was cured by
injection or immersion and stored at 10 °C (Lötzsch & Leistner, 1979);
depending on the type of ham, no infectivity was demonstrated in
mouse bioassay at day 10 of storage (aW 0,904; pH 5.6) or day 29 (aW

0.921; pH 5.6). The time to loss of infectivity of T. spiralis in fermented
sausages made with 2.8% nitrite curing salt and 0.5% sugar, ranged
from 6 to 14 days with NaCl content from 3.2 to 3.8% in the finished
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products (Table 3). Since inactivation was observed at aW of 0.93–0.95
for fermented sausages and 0.90–0.92 for dried hams, it was suggested
that aW of 0.90 and 0.87 could be used as threshold levels for fermented
sausage and dried hams, respectively (Lötzsch & Leistner, 1979).

The United States Department of Agriculture (USDA) requires that
cured pork products are produced with pork that tested negative for
Trichinella muscle larvae at meat inspection, or have been produced
according to validated procedures (Hill et al., 2017). To determine
Trichinella muscle larva inactivation in cured ready-to-eat dry type
sausage, Hill et al. (2017) performed a validation study monitoring five
parameters during curing: salt/brine concentration, aw, pH, tempera-
ture and time, using experimentally Trichinella infected pork for the
production of batter. In their experiments, pH ranged 4.6–5.2 and salt
varied between 1.3% and 2.8%. Loss of infectivity of T. spiralis in fer-
mented sausages was determined by mouse bioassay after 0–11 days.
From these experiments, key conditions could be defined for the pro-
duction of cured dry sausages that simultaneously inactivated T. spirals
muscle larvae. These included NaCl concentrations > 1.3% and fer-
mentation to pH ≤ 5.2 for complete T. spiralis inactivation after 7–10
days post-stuffing (Hill et al., 2017, Table 3). However, there are also
raw sausages with no fermentation or only short-term fermentation,
such as “Teewurst” or “Mettwurst” types. For Teewurst sausages (2.8%
nitrite-curing-salt) containing 950 larvae/g, 21 days of ripening were
required for loss of infectivity (bioassay in mice), corresponding to aW

of around 0.949 and pH of 5.3 (Lötzsch & Rödel, 1974), whereas in the
same product with 200 larvae/g, 14 days of ripening (aw ca. 0.944; pH
5.3) were sufficient. Nöckler and Kolb (2000) studied larval survival in
sausage batter starter culture manufactured with lower content of ni-
trite-curing-salt (2%). The number of viable larvae decreased markedly
between the 4th and 7th day after manufacture. Loss of motility of
digested larvae and of infectivity in mice were observed from the 9th
day onwards. Although these studies indicate that Teewurst sausages
with respect to Trichinella would be a safe product after 9–14 days of
storage, such products are usually placed on the market and consumed
before this period. In sum, aW of 0.92 is reported as the limit for sur-
vival of Trichinella larvae (species not specified), which corresponds to
dry, rather than semi-dry to fresh, fermented sausages (Ockerman &
Basu, 2017). Control of this parasite for fermented meats can also be
achieved by the use of industrially deep-frozen meat for production or
from pig production systems of adequate biosecurity level to ensure a
lack of Trichinella in the pork.

Rodriguez-Canul et al. (2002) reported inactivation of Taenia solium
cysts in pork salted with 70–105 g/kg and left overnight at ca. 30 °C.
The authors observed structural changes in the cyst and inability of the
scolex to evaginate. They attributed this inactivation to changes in os-
motic pressure rather than to the pH decline from about 6.0 to 5.3. For
cysts of T. saginata in beef, a water activity of 0.98 is regarded as the
limit for survival (Ockerman & Basu, 2017).

Protozoan parasite stages in meat and fish flesh are sensitive to salt
concentration. Toxoplasma tissue cysts in muscle of mice were in-
activated within 1 day at 2.5% NaCl (Pott et al., 2013). Nitrite-curing
salt (99.5% NaCl with 0.5% NaNO2) proved more effective than NaCl
alone. In contrast, Toxoplasma tissue cysts have a high pH tolerance: at
lower pH (pH 5 and 6 compared to pH 7), infectivity was not reduced
with exposure for 24–26 days at 4 °C. This finding was regarded as
relevant, not only for fresh meats, but also for fermented meats where
the pH can be around 5.0. In cured-dried and cured-cooked meats, the
pH is typically at 6 or above, but the infectivity of tissue cysts in loin
has been demonstrated to decrease rapidly with exposure to 2% NaCl.
Toxoplasma tissue cysts in pork loin that was injected with brine to give
2% NaCl or 1.4% sodium- or potassium lactate (injection volume 10%
of loin weight) followed by storage for 7 days at 4 °C, were not in-
fectious when the pork was fed to cats (Hill, Sreekumar, Gamble, &
Dubey, 2004). Moreover, it was shown that inactivation of cysts (as-
sessed via bioassay) in pork loins held at 4 °C with addition of 2% so-
dium chloride or 1.4% potassium or sodium lactate occurs within the

first 8 h after treatment (Hill et al., 2006). In contrast, infectivity of
positive controls (infected, but injected with 0.85% NaCl only) was
demonstrated at least partially, even after 45 days of storage. Sodium
triphosphate and sodium diacetate, both common compounds in meat
enhancers, had no effect. A study on processing of mutton (Lunden &
Uggla, 1992) indicated that in meat cured for 64 h at 4 °C with 30–50 g
sodium chloride and 25–40 g sucrose for 200–360 g of meat, cysts lost
infectivity. Also, warm-smoking at above 50 °C for 24–48 h inactivated
Toxoplasma tissue cysts in brine-injected mutton (as assessed via
bioassay in mice). The survival and infectivity of Toxoplasma tissue
cysts in ham from experimentally infected pigs after the standard curing
process required for Parma ham (storage for 12, 14 and 16 months and
typical average NaCl contents from 4.2 to 6.2%) was recently assessed
(Genchi et al., 2017). Bioassay in mice and in vitro culture followed by
PCR were used to determine infectivity and viability. None of the mice
became infected and the in vitro culture/PCR did not provide evidence
that the Toxoplasma were viable after the curing process (Genchi et al.,
2017). Thus, aw below 0.95 and/or pH below 5.3 are recognized as
being detrimental to survival of Toxoplasma tissue cysts (Ockerman &
Basu, 2017).

7. High pressure and irradiation

With the survival of some parasites under the conditions of tradi-
tional inactivation methods for FoAO, such as freezing and curing, there
is interest in alternative approaches. However, data are relatively lim-
ited, and there is a clear need for further testing.

7.1. High pressure processing (HPP)

High pressure processing (HPP) is a non-thermal processing tech-
nique that uses a liquid compression medium and constant pressure to
treat vacuum-packaged food products. Typically, a pressure range from
200 to 600 MPa is used. Time, temperature, decompression time and
liquid temperature vary, depending on product and food composition.
During HPP, pressure is transmitted uniformly and instantly with little
variation in temperature, independent of food shape or size (Rendueles
et al., 2011). In general, temperature increases approximately 3 °C per
100 MPa pressure increase, depending on food composition.

Table 4 provides an overview of the efficacy of HPP on parasites in
fish, meat, and oysters, although only a limited number of parasites has
been investigated. Anisakis larvae in fish filets were killed at a pressure
of 200–300 MPa for 5–10 min at a temperature between 0 and 15 °C
using motility as an indicator of larval death. Cryptosporidium parvum
oocysts have been HPP treated at pressures of 305–550 MPa for ≥180 s,
which significantly reduced infectivity to mouse pups in a bioassay, but
could not totally prevent infection.

Significant inactivation of T. spiralis larvae isolated from infected
pork using hydrodynamic pressure (Hydrodyne process, method for
tenderising meat or fish using explosion induced shock waves in water)
has been reported, although the pressure generated (55–60 MPa) did
not eliminate the infectivity to mice as determined by bioassay.
Toxoplasma gondii tissue cysts in ground pork were successfully in-
activated using 300–400 MPa for 30 s, whereas 100 and 200 MPa were
ineffective (Table 4).

7.2. Electron beam irradiation

Electron beam (E-Beam) is a process used for microbial inactivation
that utilizes high-energy electrons, accelerated to close to light speed.
The resulting high energies (up to 12 million electron volts) are capable
of uniformly penetrating food materials. Foodstuffs are typically placed
on pallets for large throughput and the dose received is controlled by
manipulating the beam current and the beam scanning length, along
with the under-beam conveyor speed (McFadden et al., 2017; Murray
et al., 2015).
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Collins et al. (2005) examined the efficacy of E-Beam irradiation on
the viability of the Beltsville strain C. parvum oocysts as artificial con-
taminants of Eastern Oysters (Crassostrea virginica), by feeding E-beam
treated oyster tissues to neonatal mice. A dose of 2 kGy completely
eliminated C. parvum infectivity and did not adversely affect the visual
appearance of the oysters (Table 5).

7.3. Gamma irradiation

The inactivation effect of gamma irradiation is quite diverse, as
reflected in the huge variation of the observed minimum effective dose
(MED) and directly related to the type of parasite, the parasite stage,
and food product assayed (Table 5).

The radio resistance of A. simplex is high; doses as high as 2–10 kGy,
on isolated Anisakis larvae in physiological salt produced a reduction in
penetration ability and infectivity in rats (up to 70% worm recovery
rate), but a dose of 2 kGy was not fully effective to prevent infection in
rabbits (up to 25% recovery rate; Chai, Hong, & Lee, 1991). When
salted fish products were assayed, similar results were observed; doses
as high as 6 kGy were not effective for larvae in salted herring, with
substantial numbers surviving the treatment (Table 5).

The radio resistance of trematodes varies depending on parasite
species and whether the treatment is applied to meat or another matrix.
Metacercariae of Clonorchis sinensis were three-fold less susceptible to
gamma irradiation when encysted in the flesh of fish than when they
were isolated from the fish; i.e. the MED for metacercariae in fish was
0.15 kGy, but 0.02 KGy when metacercariae had been isolated from the
fish (Table 5). A similar situation was observed for Paragonimus wes-
termani; the MED for metacercariae in crab was 25 times higher than
that for metacercariae isolated from the crustacean (2.5 kGy vs
0.1 kGy). Thus, the higher dose is required for practical application.
However, identical MED (0.1 kGy) were required for inactivating
Opisthorchis viverrini metacercariae in fish or after isolation from fish
(Table 5).

The MED needed to inactivate Trichinella in heavily contaminated
pork carcasses is 0.3 kGy (Table 5). The US FDA approved irradiation

for the control of T. spiralis in pork under Regulation 21 CFR 179 in
1985, allowing treatments of 0.3 kGy as minimum and 1 kGy as max-
imum.

The MED for Taenia saginata cysticerci in beef varied significantly,
ranging from 3.7 to 6.5 kGy. Doses of 0.2–0.6 KGy on Taenia solium
cysticerci produce an irreversible effect on the development of the adult
worms, affecting the viability of the cells in the neck region (Table 5).

Studies of inactivation of T. gondii by gamma irradiation in meat
demonstrated that intermediate irradiation doses (0.1–1 kGy) sig-
nificantly reduce the infectivity of bradyzoites and tissue cysts in pork
products. However, differences in radio resistance between T. gondii
strains have been observed, with MEDs ranging from 0.4 to 0.7 kGy
(Table 5).

8. Future perspectives

Bioassay is regarded the gold standard for evaluation of treatment
efficacy of parasites in food. However, 65% of the people questioned in
a 2016 UK survey accepted the use of experimental animals for medical
research, but, at the same time, 35% of respondents think that experi-
mental animal use should be banned on animal welfare grounds and
75% agreed that more needs to be done to search for alternatives to
experimental animal use (Clemens & Leaman, 2016). Alternative
methods to evaluate parasite inactivation include morphological ex-
amination of structure integrity, evaluation of movement after me-
chanical stimulation, or in vitro essays to evaluate parasite development
into the next life stage. However, sensitivity and specificity of alter-
native indicators remain to be determined in most cases and more re-
search is needed to evaluate such indicators in comparison with the
gold standard. Future efforts to modify and advance treatment methods
may benefit from next-generation sequencing (NGS) and bioinformatics
regarding (absence of) gene expression, although finding anti-parasitic
targets using NGS would be more relevant. Free availability and open
access data that come with NGS will improve standardization and
harmonization of research efforts.

Although low doses of irradiation were long ago found to be

Table 4
Effects of high pressure and irradiation on foodborne parasites. Control measure: High Pressure Processing.

Transmission stage Condition Evaluation method Effect Log reduction Matrix Ref

Anisakis
Larvae 140 MPa; 1 h Motility tests, methylene

blue fluorescence
Inactivates Anisakis
larvae

Low numbers used; log
reductions cannot be
calculated

Fish: Nile perch
fillet

Molina-Garcia and Sanz
(2002)150 MPa; 30 min

200 MPa; 10 min
170 MPa; 3 x
2 min
180 MPa; 2 x
2 min
190 MPa; 15 min
100 MPa; 5 min Motility test 8% larval inactivation Low numbers used; log

reductions cannot be
calculated

Fish: Mackerel
filet

Brutti et al. (2010)
200 MPa; 5 min 97% larval inactivation
300 MPa; 5 min 100% larval

inactivation
Cryptosporidium
Oocysts 400 MPa; 3 min Bioassay (mice) Reduction of infected

mice by 40%
Low numbers used; log
reductions cannot be
calculated

Shellfish:
Oysters

Collins et al. (2005)

370 MPa; 3 min 57%
480 MPa; 3 min 57%
305 MPa; 3 min 48%
550 MPa;
≥3 min

≥65%

Trichinella spp.
Larvae 55–60 MPa Bioassay (mice) Does not inactivate

Trichinella spiralis
n.s. Pork Gamble, Solomon, and Long

(1998)
Toxoplasma gondii
Tissue cysts 300 MPa; 30 s Bioassay Inactivates tissue cysts n.s. Meat: Ground

pork
Lindsay, Collins, Holliman,
Flick, and Dubey (2006)400 MPa; 30 s
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effective at inactivating at least seven genera of parasites, this metho-
dology has barely been considered for use in controlling foodborne
parasites in FoAO. This is partly due to considerable controversy con-
cerning the safety of irradiated food. Fierce opposition against the use
of irradiation from consumer groups in Europe is often based on old
information and plays on consumer fear (Roberts, 2014). Although ir-
radiation is increasingly used for treatment of various foods globally, its
use in the European Union is limited and even decreasing; strict legis-
lation only permits irradiation treatment of dried herbs and frog legs
(Feliciano, 2018).

E-beam is a potential methodology that circumvents the need of
radioactive isotopes, but E-beam electrons have a limited penetration
depth of, at most, 5 cm, considerably below that of X-rays (penetration
depth 60–400 cm, depending on the energy used) (Collins, Flick, Smith,
Fayer, Rubendall, et al., 2005). However, this limited penetration has
been proven appropriate for some foods (e.g. oysters). E-beam irra-
diation doses ≥2.0 kGy may be used in commercial processes, but ir-
radiation at 2 kGy changes meat tenderization, colour, and flavour (Yim
et al., 2015). In industrialized regions especially, such as the US and
Europe, a trend towards more critical consumer attitudes regarding
sustainability of food products and production methods is ongoing,
with increasing demands for freshness and “naturalness” of foods,
thereby excluding additives and human intervention (e.g. irradiation,
but also freezing) (Román, Sánchez-Siles, & Siegrist, 2017). This calls
for better communication and more research to investigate and improve
irradiation technologies. Using sustainable energy sources may improve
public acceptance of irradiation treatment of foods. Indeed, evaluation
of electrical equipment to generate E-beam and X-ray irradiation to
replace Cobalt-60 use for irradiation of foods is ongoing (Feliciano,
2018).

High pressure processing (300 MPa for 0.5–5 min) may be used to
inactivate Anisakidae larvae in fish and Toxoplasma tissue cysts in
(minced) meat, but Cryptosporidium oocysts in oysters appear to be
highly resistant to HPP. Also here, more research is needed to evaluate
applicability of HPP to inactivate parasites in FoAO.

Research on foodborne parasites should be improved towards
standardization of experimental approaches to evaluate inactivation
methods, but also towards standardization of methods to monitor in-
activation. Literature data are diverse and are currently generally in-
sufficient for modelling survival as a response to treatment. Although
inactivation effects vary considerably between parasites and methods,
modelling may help to determine minimal effective treatment para-
meters to ensure food safety for FoAO.

9. Conclusions

Based on our extensive literature review, information on the effects
of different inactivation techniques on 12 most relevant parasites in
FoAO has been assimilated. The efficacy of time-temperature combi-
nations for freezing and heating procedures is influenced by parasite
species and developmental stage, but, in general, heating to 60–75 °C
for 15–30 min or freezing at −21 °C for 1–7 days inactivates parasites
in meat or fish, as determined using bioassays. USDA recommends
heating meat at a core temperature of 62.8–73.9 °C or freezing at
−18 °C to inactivate parasites in meat or fish, but freezing cannot be
relied upon for total inactivation in home situations. Industrial pas-
teurization of fluids (15 sec 71.7 °C) or fish and crabs (175–65 min
85–92.2 °C) is effective for control of parasites in milk and in fish.

Meat- and fishborne parasitic stages are generally sensitive to NaCl
contents of 2–5%, associated with higher osmotic stress and often
augmented by lowering pH (fermentation or organic acids). Literature
on high pressure treatment and E-beam to inactivate parasites in animal
origin matrices is scant. The minimal effective dose for gamma radia-
tion ranges > 0.1–0.5 kGy for fish parasites except Anisakis (10 kGy)
and > 0.4–6.5 kGy for meatborne parasites. Literature data are cur-
rently insufficient for modelling survival as response to treatment.

This assimilation of data clearly shows that research on foodborne
parasites should be improved, and efforts should be directed towards
sustainable novel inactivation methods for parasites in FoAO and
standardization of experimental approaches for the evaluation of in-
activation methods.
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A B S T R A C T

Background: Among 24 foodborne parasites ranked by FAO/WHO, 15 are associated with food of non-animal
origin (FoNAO). Control of these hazards is essential for food safety.
Scope and approach: Control measures to inactivate parasites in FoNAO are reviewed. Preventing contamination
is key to ensuring the safety of fresh produce. However, additional control measures can further reduce the
likelihood of occurrence of infectious parasites in FoNAO.

Key Findings and Conclusions: The efficacy of treatments depends on parasite species, developmental stage,
matrix, and application conditions. Conventional pasteurization (72 °C; 15 s) inactivates parasites in most ma-
trices, although some parasites are more heat resistant, and this may be an inappropriate method for many
FoNAO that are intended for eating fresh and raw. Freezing at −20 °C for 2 days inactivates most, but not all,
parasites, and some are highly resistant to freezing. Parasites generally survive chemical disinfection, making its
application at effective doses often unsuitable at an industrial scale. Ozone and chlorine dioxide are the most
promising in terms of efficacy and dosage, nevertheless challenges remain in their application especially for the
most fragile produce. High-pressure processing is an efficient technology, providing good inactivation of para-
sites. Further research should focus on standardizing experimental approaches for evaluation of inactivation
techniques and development of methods to measure parasite inactivation in food matrices.

1. Introduction and the growing awareness of food of non-animal
origin as a vehicle for parasite infection

Foodborne diseases encompass a wide range of acute and chronic
syndromes that differ greatly in their prevalence, duration, and se-
verity. WHO estimates that 31 bacterial, viral, parasitic and chemical

global hazards caused a total of 600 million foodborne illnesses in
2010, of which 15% were due to parasites (WHO, 2015). Although fish
and meat are often associated with biological hazards, foods of non-
animal origin (FoNAO), such as fresh produce, are particularly asso-
ciated with foodborne parasites (FBP) (Van Pelt et al., 2018). One third
of domestically acquired parasitic foodborne illnesses in the US have
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been attributed to FoNAO (Painter et al., 2013); by extrapolation from
the WHO estimates, this corresponds to around 30 million illnesses
globally during 2010. Among the 24 FBP listed for risk-ranking by
FAO/WHO in 2014 (FAO/WHO, 2014, p. 302) or the 25 FBP ranked by
Bouwknegt et al. for Europe in 2016 (Bouwknegt et al., 2018), trans-
mission of 15 of them, particularly those for which the transmission
stage is shed in the feces of the definitive host, can be associated with
FoNAO. Contamination of FoNAO may occur along the farm-to-fork
continuum, either directly from infected handlers with poor hygiene
(e.g., Cryptosporidium and Cyclospora oocysts, Giardia cysts, and Ascaris
and Taenia eggs) or from feces of infected animals (e.g., Cryptosporidium
and Toxoplasma oocysts, Echinococcus and Toxocara eggs), or indirectly
via contaminated irrigation water, or use of sewage as fertiliser. Most
FBPs have a low infective dose and robust transmission stages. Thus,
implementing measures that prevent contamination with parasites
during primary food production, by following Good Agricultural Prac-
tices, is generally preferable to relying upon removal/inactivation of
parasite transmission stages in subsequent stages of the food chain
(EFSA, 2018).

As various different types of fresh produce, particularly salad ve-
getables and fruits such as berries, are often consumed with minimal
preparation, any measures implemented along the farm to fork con-
tinuum to prevent, remove, or inactivate parasites may provide a
measure of protection of consumer health and should be considered in
the frame of Hazard Analysis and Critical Control Points (HACCP)
studies. With greater demand and current food trends advising con-
sumers to increase their intake of fresh produce, in combination with
global sourcing and improved transport chains, the possibility of fruit
and vegetables contaminated with parasite transmission stages being
distributed more widely may be increasing. The probability of in-
troduction of new strains or species into non-endemic areas is also
likely to rise. Control procedures in the fresh-produce chain mostly
concern spoilage and pathogenic bacteria. However, whether those
procedures affect the survival of parasite transmission stages has
seldom been addressed. Furthermore, distinction between whether
parasites on fresh produce have become non-viable (as assessed by a
viability study) or non-infectious (as assessed using an infection model)
is also of relevance, and seldom addressed. In this companion paper to
an already published article addressing foods of animal origin (FoAO;
Franssen et al., 2018), we provide an in depth review of treatments for
inactivation of parasite transmission stages in FoNAO, emphasizing
where data are insufficient and drawing attention to relevant new
technologies.

2. Reference inclusion criteria

As with the FoAO companion paper (Franssen et al., 2018), a non-
systematic literature review was used to gather relevant information
from scientific publications, reports, and official documents. Articles
were included that attempted to quantify parasite inactivation effects of
different treatments for FoNAO. However, given the breadth of cover,
addressing different parasites, different matrices, different inactivation
methods, and different ways of assessing inactivation, it was difficult to
ensure the quality of all the references. Including only those references
that corresponded to our highest quality requirements (i.e., recent pa-
pers with detailed quantification of parasite inactivation using
bioassay), some parasites, matrices, and different methods would have
had no reference material and would thus have been excluded. In-
formation from relevant articles was aggregated into a database that is
presented in Tables 1–4.

3. Current state of knowledge

As with the article on FoAO (Franssen et al., 2018), we do not de-
scribe parasite biology, geographical distribution, disease in humans,
relevance for trade, and impact on economically vulnerable populations

in this article. The relevant information on these aspects for parasites
that may be transmitted via FoNAO is available in Annex 7 of the FAO/
WHO multi-criteria based ranking for risk management of foodborne
parasites (FAO/WHO, 2014, p. 302).

4. Avoiding contamination and key aspects of removal

Clearly, and from the HACCP perspective, prevention of con-
tamination is essential in reducing transmission of parasites with
FoNAO. Measures that may reduce contamination are ensuring that
personnel in contact with FoNAO are not themselves infected, ensuring
that appropriate hygiene facilities are available for farm workers,
keeping animals out of food facilities, including at the farm level, using
non-contaminated water within the food chain, from irrigation to
washing prior to packing etc.

Should contamination occur, a proportion of parasites transmission
stages may be removed from FoNAO by washing procedures without
the requirement for an inactivation procedure. Generally, washing
procedures in the fresh produce industry are intended to remove dirt,
pesticide residues, and microorganisms responsible for quality loss (Gil,
Selma, Lopez-Galvez, & Allende, 2009). Additionally, washing is used
to pre-cool cut produce and remove cell exudates that may support
microbial growth. Such procedures include spraying or deluging in
water, and sometimes mechanical treatment of surfaces by brushes or
spray washers, followed by rinsing; sanitizer treatments may also be
involved. The water used for these purposes must also be clean (potable
standard), so that it does not become a vehicle for contamination.
Washwater quality, especially if recycled and not treated prior to reuse,
is a concern of the fresh produce industry (Parish et al., 2003). Methods
for sanitizing washwater are not the focus of this document and not
considered further.

Although hardy items of fresh produce can be brush-washed, a
process in which oscillating brushes are used to scrub surfaces for
physical removal of soil and microorganisms (Parish et al., 2003), this is
not suitable for fresh produce such as lettuce and soft fruit. Addition of
particles to washwater to increase abrasion is impractical, as additional
wastewater treatment and particle recovery would be needed. How-
ever, introducing air into liquid provides additional cleaning forces and
modern aeration ‘jacuzzi’ washers reduce bacterial loads on vegetables
by between 1 and 2 logs (Gil et al., 2009). Since bacteria are smaller
than parasite transmission stages, it can be speculated that shear forces
should be larger, and thus the parasites would be easier to remove, and
use of this technology should be explored regarding parasites. However,
the transmission stages of many parasites, are “sticky”, and thus may be
more difficult to remove than bacteria. It should also be noted that
various characteristics of the surfaces of the fresh produce (cracks,
crevices, hydrophobic tendency, texture etc.) may affect the ability of
the washing procedure to remove adherent parasites.

Despite removal of bacteria from fresh produce by washing being
given considerable attention, investigations on removal of parasites
from fresh produce surfaces by washing procedures are largely lacking.
Among helminths, the adhesive properties of e.g. Taenia eggs (OIE,
2018), Echinococcus eggs (Eckert & Deplazes, 2004), and Ascaris eggs
(Jimenez, 2007) are well recognized. However, one older study found
some washing approaches were successful at removing Fasciola meta-
cercaria from leafy greens (el-Sayad, Allam, & Osman, 1997).

Studies on removal of protozoa from the fresh produce surfaces are
also sparse, but removal of Cryptosporidium oocysts from the surface of
apples has been explored (Macarisin, Santin, Bauchan, & Fayer, 2010).
None of the washing methods tested removed all oocysts from apple
peel, with the most efficient removal achieved either by rigorous
manual washing in water with a detergent or agitation in an orbital
shaker with tris-sodium dodecyl sulfate buffer. Scanning electron mi-
croscopy revealed that some oocysts were in deep natural crevices in
the apple exocarp, and some oocysts were closely associated with an
amorphous substance with which they appeared to be attached to the
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apple surface. Another study demonstrated strong adherence of Cryp-
tosporidium oocysts to spinach leaves, and also internalization of oocysts
through the stomata, such that washing was ineffective for removal
(Macarisin, Bauchan, & Fayer, 2010). In addition (Armon, Gold,
Brodsky, & Oron, 2002), reports that Cryptosporidium oocysts are diffi-
cult to remove from the outer surfaces (skins) of courgettes (zucchini),
possibly due to the hairs (trichomes) on the surfaces. Both apples and
spinach are of relevance to Cryptosporidium transmission due to out-
breaks of cryptosporidiosis associated with apple cider and with spi-
nach leaves in salad.

Although no studies have directly investigated removal of
Cyclospora oocysts from fresh produce by washing, an experiment in
which Eimeria acervulina, a coccidian parasite of chickens, was used as a
surrogate for Cyclospora on raspberries demonstrated that washing was
generally inadequate (Lee & Lee, 2001). Cyclospora oocysts have been
visualized attached to the surface of vegetables after washing and it has
been reported that Cyclospora oocysts are “stickier” than Cryptospor-
idium oocysts, although the adhesins responsible for enhanced attach-
ment have not been identified (Ortega & Sanchez, 2010). Experiments
investigating removal of Toxoplasma oocysts from fresh produce by
washing showed they adhere to berries, with greater attachment to
raspberries than blueberries, presumably due to surface differences
between the two berry types (Kniel et al., 2002).

5. Chemical inactivation methodologies

Although washing fresh produce with tap water can remove part of
the indigenous microbiota, chemical disinfectants are usually added in
the fresh produce industry to improve efficacy and to limit re-con-
tamination of produce, the use of which depends on national regula-
tions. Although washing with disinfectant decreases the concentration
of microbial hazards, these strategies are insufficient to ensure micro-
biological safety of fresh produce, because the efficacy of the treatment
will depend on several factors, including: i) the microbial target and
initial load; parasite transmission stages are often more resistant than
bacteria or fungi; ii) the conditions of application (type of disinfectant,
concentration of disinfectant and contact time (CT value), pH, tem-
perature); iii) the food matrix itself, which may protect the micro-
organism and/or modify the action of the chemicals. Thus, efficacy data
obtained for pathogens in simple matrices (buffers, water) cannot be
extrapolated to food matrices. Nevertheless, most studies concerning
parasites only assess the efficacy of chemicals in simple matrices.
Although the studies are informative, often the results cannot be di-
rectly transferred and applied to fresh produce.

5.1. Chemical oxidizers

5.1.1. Chlorine
Chlorine is the most widely used disinfectant in the fresh produce

industry to sanitize food-processing environments and washwaters.
Treatment efficiency depends on the concentration of free chlorine (i.e.,
hypochlorous acid, HClO) which varies with pH, temperature, exposure
time, and the presence of organic matter. Although various studies have
investigated the effect of chlorine on parasites (particularly
Cryptosporidium and Giardia) in aqueous solutions, and generally found
that very high CT are required to inactivate them, very few studies have
investigated the effects on fresh produce. Only one study investigated
the efficacy of chlorine at inactivating Cryptosporidium parvum oocysts
inoculated onto green peppers, and an insignificant reduction in via-
bility was reported with a CT of 67mgmin/L (100mg/mL of free
chlorine for 40 s), as determined by propidium iodide staining (Duhain,
Minnaar, & Buys, 2012). In the minimally processed vegetable in-
dustries, chlorine is commonly used at concentrations of 50–200 ppm
for 1–2min, pH < 8.0 (CT from 50 to 400mgmin/L) and low tem-
peratures (5–8 °C) (Goodburn & Wallace, 2013). Based on the experi-
mental data available, these conditions would probably not result in

inactivation of parasites in FoNAO.

5.1.2. Chlorine dioxide
Chlorine dioxide (ClO2) is a gas used for its powerful oxidizing

properties. Table 1 presents results investigating the efficacy of chlorine
dioxide to inactivate parasites on surfaces of vegetables or in various
types of juice.

Ortega et al. (2008) found that basil and lettuce exposed to rela-
tively low concentrations of gaseous chlorine dioxide for 20min (CT of
82mgmin/L) led to 2.6–3.31 log reduction in infectivity of Cryptos-
poridium oocysts. Although high concentrations seem to be effective at
controlling bacterial pathogens on apples, tomatoes, and onions
without compromising their sensory quality, its use seems limited with
other vegetables and berries because of the sensory impacts on the fresh
produce. Although the infectious Cryptosporidium load was significantly
reduced, Cyclospora sporulation was not affected. Thus, it was con-
cluded that chlorine dioxide was not suitable as a sanitizer against
parasitic contamination in the fresh produce industry (Ortega, Mann,
Torres, & Cama, 2008).

5.1.3. Electrolyzed water
Electrolyzed water is a technique based on electrolysis of water

containing sodium chloride to form hypochlorous acid and sodium
hydroxide. The bactericidal effects have been tested on fresh produce
by (Huang, Hung, Hsu, Huang, & Hwang, 2008), who found that dis-
infection efficacy may be reduced in the presence of organic matter due
to formation of monochloramines. However, its efficiency at in-
activating parasites on fresh produce is unknown.

5.1.4. Hydrogen peroxide and peroxyacetic acid
Hydrogen peroxide (H2O2) is a strong oxidizer, commonly used for

disinfection purposes. Addition of hydrogen peroxide to fruit juices at
concentrations as low as 0.025%–0.03% has been reported to result in a
25%–99.9% reduction of C. parvum infectivity, depending on duration
of treatment, ranging from 1 to over 6 h. Exposure of Cryptosporidium
oocysts to 0.03% H2O2 for 1 h resulted in 0.33–0.48 log inactivation in
various fruit juices as measured by excystation, whereas a reduction of
3.5–4.4 log was measured by cell-culture infectivity (Kniel et al., 2003).
Although exposure to hydrogen peroxide may inactivate Cryptospor-
idium oocysts, the exposure time and concentrations necessary seem
unsuitable for treating FoNAO.

Peroxyacetic acid or peracetic acid (C2H4O3) is a mixture of acetic
acid (CH3COOH) and hydrogen peroxide (H2O2) in aqueous solution
that is used as a disinfectant in the food industry. However, its probable
efficiency at inactivating parasite transmission stages on fresh produce
seem low as (Briancesco, Veschetti, Ottaviani, & Bonadonna, 2005)
found that peracetic acid (CT of 120mgmin/L) had only a marginal
effect on reducing the viability of Cryptosporidium oocysts and Giardia
cysts in effluent water.

5.1.5. Ozone
Ozone (O3) is an inert gas with a high oxidant power and a short

half-life (30min at 15 °C, pH 7.0). The growing interest in ozone, rather
than chlorine, for drinking water treatment is due to: i) its disinfection
potential, enabling shorter contact times and lower concentrations; ii)
its inactivation efficacy against a wide range of microbes; iii) the for-
mation of relatively few toxic byproducts; iv) the possibility to treat
large volumes of water. However, whether this can be extrapolated to
FoNAO is less clear. Compared with chlorine, the disinfection rate of
ozone is less affected by pH and temperature variations. However,
ozone reacts rapidly with most organic and many inorganic com-
pounds, decreasing persistence. Application of a high concentration for
a short contact time is usually considered preferable. Although it has
been used for reducing bacterial contamination of fresh produce for a
considerable period, and is considered to be a safe option for use
(Glowacz & Rees, 2016), to date, the efficacy of ozone at inactivating
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parasites has been studied only in simple matrices such as water, and
has not, to our knowledge been tested for its efficacy on parasites
contaminating fresh produce.

5.2. Organic acids alone or in combination

Organic acids, such as acetic, malic, tartaric, or citric acids, have
been tested as natural sanitizers (Uyttendaele, Neyts, Vanderswalmen,
Notebaert, & Debevere, 2004). They are thought to inactivate cells by
decreasing the pH, damaging membrane functions and key enzymes.

Acetic acid or vinegar is a natural, inexpensive readily available
product with known sanitizing properties. However, little information
exists on its efficacy at inactivating FBP, with only a few reports pub-
lished. Zanini and Graeff-Teixeira (2001) investigated the larvicidal
effect of wine vinegar on Angiostrongylus costaricensis, by incubating A.
costaricensis L3 larvae at 20 °C for 1 h in red wine vinegar, with 1.5% (v/
v) aqueous bleach solution and saturated cooking salt solution as con-
trols and using mouse infectivity to evaluate inactivation. Incubation in
vinegar resulted in a 1.25 log reduction in infectivity (Zanini & Graeff-
Teixeira, 2001).

The efficacy of undiluted vinegar (4% v/v acetic acid) and diluted
vinegar solutions at inactivating G. duodenalis cysts has been in-
vestigated (Costa, Thomaz-Soccol, Paulino, & Alcantara de Castro,
2009) Undiluted vinegar resulted in complete inactivation of the cysts
following incubation for 60min at 21 °C corresponding to 5.7 log re-
duction as measured by excystation. Thus, although very few studies
have investigated the use of acetic acid/vinegar for inactivating FBP
transmission stages on FoNAO, results available indicate that the effi-
cacy depends on the organism, temperature, time, and concentration.

Citric acid, a major component of orange juice, has antimicrobial
activity and has long been used in different food applications
(Davidson, Sofos, & Branen, 2005). However, investigations on its
ability to inactivate FBP are scarce and focus only on Cryptosporidium.
The potential mechanisms and interactions between citric acid and
Cryptosporidium oocysts have been discussed; an acidified environment
may damage oocyst walls thereby reducing infectivity (Kato, Jenkins,
Ghiorse, & Bowman, 2001; Kniel et al., 2003) (Friedman, Patten, Rose,
& Barney, 1997). Although incubation in orange juice for 24 h at 4 °C
failed to inactivate C. parvum oocysts completely, the methods used for
determining viability gave conflicting results, with in vitro excystation
indicating higher viability than dye staining. Kniel et al. (2003) tested
the disinfection potential of organic acids, including citric acid, at in-
activating C. parvum oocysts in juice. Citric acid was added to orange
juice in concentrations ranging from 1 to 5% (w/v) at 4 °C and in-
fectivity was measured in cell culture using human ileocecal adeno-
carcinoma cells. Infectivity decreased with increasing acid concentra-
tion, but complete inactivation was not achieved, even at the highest
concentration. The addition of 5% citric acid resulted in a 23% decrease
in C. parvum infectivity (Kniel et al., 2003). Dawson, Samuel,
Scrannage, and Atherton (2004) investigated citric acid from 0.017M at
pH 7.0 to 0.089M at pH 2.6 for inactivation of C. parvum oocysts. Vi-
able sporozoites were detected after 14 days of contact time indicating
a lack of efficacy at inactivating oocysts. Reductions in viability ranged
from 17% at pH 7.0 (22 °C) to 52% at pH 2.6 (22 °C) or pH 7.0 (4 °C)
(Dawson et al., 2004).

Levulinic acid is an inexpensive acid produced from renewable
feedstocks (Bozell & Moens, 2000; Fang & Hanna, 2002) with known
antimicrobial properties (Zhao, Zhao, & Doyle, 2009). It has been
classified by the U.S. Food and Drug Administration as generally re-
cognized as safe for direct addition to food as a flavoring substance or
adjuvant (FDA, 2017). Ortega et al. (2011) evaluated the effects of le-
vulinic acid alone or in combination with sodium dodecyl sulfate on the
viability of C. parvum oocysts, using different contact periods from
30min to 2 h and two concentrations (3% levulinic acid with 2% SDS
and 2% levulinic acid with 1% SDS). Using cell culture to assess in-
fectivity, the combination of 3% levulinic acid and 2% SDS decreased

oocyst viability by 0.41 log after 1 h of treatment (Ortega, Torres, &
Tatum, 2011). These results suggest that levulinic acid and SDS are
unlikely to be effective at inactivating Cyptosporidium oocysts on
FoNAO, and other parasites that are more robust than Cryptosporidium
are also likely to survive levulinic acid treatment.

Malic acid is an organic acid produced by all organisms and is partly
responsible for the taste of fruits. Although known to inhibit fungi and
bacteria, presumably due to pH alterations, studies on its effects on FBP
are scarce. Kniel et al. (2003) investigated the effect of different con-
centrations (1, 3 and 5% w/v) of malic acid on C. parvum oocysts in
apple cider, with oocyst viability evaluated by cell culture using HCT-
8 cells. Infectivity reduction ranged between 0.11 log for 1% to 0.81 log
for 5% (Kniel et al., 2003). Therefore, although malic acid is effective
against bacteria and fungi, its effect on the viability of parasite trans-
mission stages is probably insufficient in treating FoNAO against FBP.

As for the other organic acids, information on the effects of tartaric
acid against FBP is scarce, with only one publication to date (Kniel
et al., 2003). Tartaric acid is an organic compound occurring naturally
in many plants and added to foods as an antioxidant. Again, anti-
microbial properties of tartaric acid are associated with lowering of the
pH (Davidson et al., 2005). The effect of tartaric acid on C. parvum
oocyst viability was investigated by increasing the concentration of
tartaric acid in purple and white grape juice (Kniel et al., 2003).
Complete abrogation of infectivity was not achieved. In purple grape
juice, 5% tartaric acid increased inactivation of C. parvum from around
57% to about 77%, whereas for white grape juice, addition of 5% tar-
taric acid increased inactivation of C. parvum viability from around 30%
to about 55%. These data indicate that tartaric acid is probably un-
suitable for treating FoNAO against FBP.

6. Thermal inactivation methodologies

6.1. Heat treatment

Adequate heat treatment can destroy parasites that contaminate
FoNAO (Gajadhar, 2015). Table 2 presents available data on thermal
treatments that have been reported for parasites on fresh produce. For
all the high temperatures listed, it should be noted that these may be of
minimal relevance for fresh produce such as salad vegetables and soft
fruit that are intended for raw consumption.

Commercial pasteurization (71.7 °C, 15 s) has been demonstrated to
be effective in inactivating Cryptosporidium oocysts in apple cider (Deng
& Cliver, 2001), whereas blanching at 96 °C for 3min has been shown
to inactivate 93% of Cryptosporidium oocysts inoculated onto green
peppers (Duhain et al., 2012).

Cyclospora cayetanensis oocysts appear to be susceptible only to
higher temperatures. Heating Cyclospora oocysts on basil at 50 °C for 1 h
did not prevent sporulation, but temperatures of 70 °C or 100 °C for
15min, were effective in preventing sporulation (Sathyanarayanan &
Ortega, 2006). For raspberries contaminated with Eimeria acervulina
oocysts as Cyclospora surrogate, inactivation was achieved by heating to
a minimal internal temperature of 80 °C maintained for 1 h (Lee & Lee,
2001).

Heat may not always be that effective at inactivating Echinococcus
multilocularis eggs on FoNAO; although the eggs appear to lose in-
fectivity at temperatures even as low as 43 °C, low humidity conditions
may also be required (Veit et al., 1995). This aspect is important,
particularly as Echinococcus eggs on fresh produce may be in contact
with water droplets. Indeed, E. multilocularis eggs suspended in water
have relatively high heat tolerance, showing infectivity after exposure
to 65 °C for up to 120min (Federer, Armua-Fernandez, Hoby, Wenker,
& Deplazes, 2015). However, eggs were demonstrated to lose infectivity
following heat exposure at 65 °C for 180min or at 70, 75 and 80 °C for
30, 15 or 7.5 min (Federer et al., 2015). EFSA recommend heating of
food for at least 3 h at 65 °C to ensure that potential contaminant
Echinococcus eggs are inactivated (EFSA, 2018).
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Microwave heating also has shown promise in the decontamination
of some parasites on FoNAO, being effective in inactivating 93% of
Cryptosporidium oocysts inoculated onto green peppers and microwaved
in a domestic microwave oven (2450MHz; 850W) for 5min.
Pretreatment with chlorine increased the efficacy of inactivation to
98% (Duhain et al., 2012). These results suggest that industrial mi-
crowave blanching, as well as home microwave heating of fresh pro-
duce, could represent efficient treatments in parasite decontamination,
should sufficient time and temperature variables be applied.

Few data are available on the effect of heat treatment on trematodes
transmitted via FoNAO, such as Fasciola hepatica or Fasciolopsis buski.
However, there are recommendations to boil water plants for 1–2min
prior to consumption to kill metacercaria of F. buski (Weng, Zhuang,
Jiang, Lin, & Lin, 1989), or to cook aquatic plants thoroughly before
eating, to control foodborne trematodes (Keiser & Utzinger, 2009).

6.2. Freezing

Freezing is another thermal methodology that can be efficient in
controlling some parasites on FoNAO, although, as with heating, this
treatment may not always be appropriate for FoNAO due to altered
sensory properties (Gajadhar, 2015). Table 3 presents data on the
control of parasites on fresh produce at varying combinations of time
and low temperatures. Cyclospora oocysts on basil were able to spor-
ulate following storage at - 20 °C for up to 2 days, but were inactivated
by exposure to −70 °C for 1 h (Sathyanarayanan & Ortega, 2006).

Oocysts of C. parvum and T. gondii, and T. cruzi trypomastigotes
have also been shown to tolerate temperatures as low as - 20 °C. For
example, infectivity of T. cruzi trypomastigotes in açaí pulp was un-
affected by exposure to −20 °C for 26 h (Barbosa et al., 2012), and
Duhain et al. (2012) reported that blast freezing at - 20 °C for 4min was
not sufficient to kill C. parvum oocysts inoculated onto surfaces of green
peppers (Duhain et al., 2012).

Regarding helminths, Echinococcus multilocularis eggs have been
found to tolerate - 18 °C for 240 days, but lost infectivity following
exposure to - 83 °C for 48 h (Veit et al., 1995).

As domestic freezers have average operating temperatures of be-
tween - 13 °C and - 18 °C (Evans, Foster, & Brown, 2014), household
freezers should not to be expected to inactivate all parasites in FoNAO.
Indeed, EFSA recommend deep freezing at −80 °C for a minimum of
24 h in order to inactivate potentially contaminant Echinococcus eggs
(EFSA, 2018); something that cannot be achieved in a domestic freezer.
However, for industrial freezing, the paucity of information indicates
that further studies are required.

7. Non-thermal inactivation methodologies

Table 4 presents results investigating the efficacy of various non-
thermal technologies.

7.1. Drying

Among protozoan FBP, it has been shown that air-drying of Giardia
cysts on lettuce results in viability abrogation within less than 24 h with
almost 50% die-off of Giardia cysts recorded within the first 24 h;
however, as the lettuce also became unpalatable under these condi-
tions, it is not an appropriate methodology for this, and various other
types of fresh produce (Utaaker, Skjerve, & Robertson, 2017). The ef-
fects of drying on other FBP on fresh produce are lacking, and it would
be of particular interest to investigate how the viability of the more
robust parasites (cestode and nematode eggs) are affected by the drying
conditions used for producing “dried” fresh produce (e.g., dried fruit
occurring in cereals, “trail mix”, herbs etc.). There have been various
outbreaks of foodborne disease associated with dried fruits and vege-
tables, and although none of those reported are parasitoses, that various
bacteria can survive drying processes indicates that this is also relevant

for parasite transmission stages (Bourdoux, Li, Rajkovic, Devlieghere, &
Uyttendaele, 2016).

7.2. High-pressure processing (HPP)

In high-pressure processing (HPP), also known as pascalization,
bridgmanization, or application of high hydrostatic pressure (HHP),
foods are subjected to pressures from 100 to 800MPa. The processing
temperature during treatment can be from below 0 °C to above 100 °C,
with exposure times ranging from a few seconds to 20min and longer,
depending on process conditions. Nutritive values and sensory prop-
erties of food often remain unaffected by HPP.

The studies on the effectiveness of HPP in inactivating FBP have
often used surrogate organisms, particularly for helminths, and often
have not investigated the process on a relevant FoNAO matrix, although
initial data have suggested that this technology could be of use for in-
activating nematode eggs contaminating FoNAO (Rosypal, Bowman,
Holliman, Flick, & Lindsay, 2007).

With regards to protozoa, Slifko et al. (2000) evaluated the effects of
HHP at 550MPa for 0, 30, 45, 60, 90, and 120 s on C. parvum oocysts
suspended in apple and orange juice. HHP inactivated C. parvum oo-
cysts by at least 3.4 log after 30 s of treatment, and after at least 60 s of
treatment more than 4.2 log inactivation was observed as assessed by
cell culture (Slifko, Raghubeer, & Rose, 2000).

For Toxoplasma gondii oocysts, Lindsay et al. (2008) inoculated
raspberries with 5×104 oocysts of the T. gondii VEG strain exposed to
500, 400, 340, 300, 270, 250, 200, 100MPa for 60 s and showed
340MPa resulted in the oocysts becoming non-infectious for mice
(Lindsay et al., 2008).

For Cyclospora, the only investigations on HPP have used Eimeria
acervulina oocysts as a surrogate. Sporulated E. acervulina oocysts in-
oculated onto basil and raspberries at high (106 oocysts) and low (104

oocysts) levels and treated with 550MPa at 40 °C for 2min resulted in
apparent abolition of infectivity to chickens (Kniel, Shearer, Cascarino,
Wilkins, & Jenkins, 2007).

7.3. X-ray irradiation

X-rays are produced by reflecting a high-energy stream of electrons
off a target substance (usually one of the heavy metals) into foods. The
adverse effects on nutritional or organoleptic (sensory) properties as-
sociated with thermal processes are likely to be reduced as x-rays do not
produce heat.

Although some studies on inactivation of FBP by x-ray treatment
have been performed, none have been conducted on parasites con-
taminating FoNAO with the intention of investigating the suitability of
this process for food treatment.

7.4. Gamma irradiation

Gamma rays used for food treatments are emitted from radioactive
forms of the radionuclide elements, usually cobalt-60 or, very rarely,
caesium-137. A few studies have investigated the effects of gamma ir-
radiation on survival of FBP as contaminants of fresh produce, in-
cluding Toxoplasma oocysts on raspberries irradiated with doses of
≥0.4 kGy (cesium-137) failed to cause infections in mice (Dubey,
Thayer, Speer, & Shen, 1998), despite antibodies being produced in
some mice. Lacombe et al. (2017) showed that irradiation at≥ 0.2 kGy
(caesium-137) led to at least 4 log PFU/g inactivation of Toxoplasma
oocysts on blueberries as evaluated by cell culture plaque assay
(Lacombe et al., 2017). For Cyclospora oocysts, the only data rely on
experiments using Eimeria oocysts as surrogates, inoculated onto rasp-
berries and these indicate that irradiation at 1 kGy or higher is needed
to ensure complete abrogation of infectivity (Lee & Lee, 2001).
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7.5. Ultraviolet irradiation

The effect of ultraviolet irradiation (UV) on the viability and in-
fectivity of FBP is diverse and related to parasite species, stage, and the
matrix assayed. Reductions in infectivity have been observed for pro-
tozoa that may be transmitted by FoNAO, but inactivation varies de-
pending on the species tested and the matrix; the sensitivity of
Cryptosporidium and Giardia to UV light has resulted in this becoming a
standard treatment for drinking water. However, extrapolation to
parasites as contaminants of food is less clear, particularly due to
shading effects. However, experiments with raspberries spiked with
Cryptosporidium oocysts and exposed to a pulsed UV light of total flu-
ence 4J/cm2, have reported a 2 log reduction or 3 log reduction in
infectivity, with initial levels of 103 or 104 oocysts respectively (Le Goff
et al., 2015). Raspberries have also been spiked with 2×104 oocysts
Eimeria acervulina oocysts, as a surrogate organism for Cyclospora, and
treated with UV at doses up to 261 mw/cm2; in this experiment, in-
fectivity was reduced at the higher UV doses, as demonstrated by lower
oocyst excretion in infected chickens and a lower lesion score at au-
topsy; however when the inoculum was 2×106 oocysts, oocyst ex-
cretion was not affected (Kniel et al., 2007). In experiments with a si-
milar set up, but 2× 106 oocysts inoculated onto basil leaves, similar
results were obtained as for raspberries, but when the inoculum size
was lower (2× 104 oocysts), a UV dose of 160 mw/cm2 was used, the
effect was greater on the oocysts on the basil than on the raspberries
(Kniel et al., 2007). As discussed by the authors, this may well be due to
the shadowing effect and that basil provides a planar surface for irra-
diation, where as raspberries are irregular and oocysts in crevices be-
tween drupules may avoid the UV irradiation.

Helminths seem to be less sensitive to UV exposure than protozoa,
although data from food matrices is lacking. Ascaris eggs are among the
most UV-resistant pathogens, although exposure to 400mJ/cm2 can
reduce embryonation of Ascaris suum by at least 2.23 logs (Brownell &
Nelson, 2006).

7.6. Ultrasound

Ultrasound is used in many applications in the food industry.
Depending on the frequency used, ultrasound may be used to stimulate
cellular activity, for extraction and emulsification, and for cellular de-
struction and cleaning, amongs others (Mason, Paniwnyk, & Lorimer,
1996). Ultrasound parasite inactivation tests on fresh produce are
lacking, but experiments conducted on aqueous matrices have sug-
gested that ultrasound may affect the viability of Cryptosporidium oo-
cysts. Continuous sonication of real and filtered municipal water
treatment plants effluents with 20 kHz power for 10min was able to
achieve around 1 log reduction of viability of C. parvum oocysts
(Abeledo-Lameiro, Ares-Mazás, & Goméz-Couso, 2018).

7.7. Supercritical fluid-state gases

Supercritical fluids exist when the temperature and pressure are
such that distinct liquid and gas phases do not exist; the temperature
(and thus molecular kinetic energy) is sufficiently high that condensa-
tion will not occur, but the pressure is sufficiently high that the sub-
stance does not remain in pure gaseous state. Although supercritical
fluid-state gases have properties suitable for various applications, the
mechanisms behind their known antimicrobial effects are poorly un-
derstood. Supercritical carbon dioxide (SC CO2) treatment has been
recognized as a promising non-thermal treatment technology for the
food industry, particularly for extraction process, but also inactivating a
large variety of microorganisms, particularly in combination with ul-
trasound (Koubaa, Mhemdi, & Fages, 2018). More recently, an alter-
native supercritical fluid, supercritical nitrous oxide (SC N2O), has been
shown to have a similar microbicidal effect as that of SC CO2, but
without affecting pH change. Although we are lacking information on

use of this technology on parasites in food matrices, the efficacy of
supercritical CO2 and N20 at inactivating Ascaris suum eggs has been
investigated, and a strong ovicidal effect was abserved after 1min ex-
posure, with both gases achieving 2.4 log inactivation evaluated by
embryonation (Mun, Lee, & Yoon, 2012).

8. Future trends and novel technologies in inactivation of
parasites on food

Better understanding of the extent of contamination of FoNAO and
survival of transmission stages on these matrices, along with methods
for inactivation of potentially contaminated produce and assessment of
the efficacy of such methods, are important for safeguarding public
health. However, the application of Good Agricultural practices and
HACCP approaches are essential for minimizing contamination of
FoNAO.

Due to the lack of efficacy of chlorine-based traditional processes for
disinfection of FBP in the fresh produce industries, coupled with the
need to find alternatives to chlorine for health concerns, other direc-
tions have been explored (De Corato, 2019). Temperature (heat,
freezing) and desiccation may be appropriate for some FoNAO, but not
appropriate for produce such as leafy salad vegetables or fresh berries.
Although technologies such as irradiation technologies (X-ray, gamma,
UV), high pressure processing, and ultrasound may be effective, these
are also associated with some difficulties, related to their efficacy on
food matrices, their applicability within an industrial food setting, and
their effects on the organoleptic and sensory properties of the FoNAO.
Although X-ray is reliable and efficient at processing large volumes of
produce, there is considerable consumer mistrust and its use is rela-
tively expensive. Use of electron beam as alternative irradiation source
to gamma has not yet been investigated for inactivation of FBP on
FoNAO but some characteristics of this technology indicate that it may
provide more rapid effects. Various novel technologies have been in-
vestigated for other pathogens, such as bacteria, that may be trans-
mitted via FoNAO but have yet to be investigated for parasites. Such
technologies include non-thermal/cold plasma and plasma activated
water. For both of these, reactive oxygen species (ROS) are usually
considered as the major inactivating agent in combination with a high
positive oxidation reduction potential and low pH resulting in oxidative
stress in microbial cells, and thus damage to DNA, proteins, and lipids
(Ma et al., 2015). Another technology that may be of relevance is pulsed
electric field (PEF) technology; whereas PEF has been considered as an
important, non-thermal food processing technology for decades, parti-
cularly for beverage production (Aneja, Dhiman, Aggarwal, & Aneja,
2014); advances in this methodology, such as nanosecond PEF (nsPEF)
and microchip PEF (MCPEF) are considered to be effective membrane
disruptors. These may have better potential for eliminating microbial
contaminants, either alone or in combination with other technologies,
without affecting sensory qualities (Zhu et al., 2019).

Although, data on the use of these novel methods against other
foodborne pathogens is being steadily accrued, for FBP the data tend to
be scattered, inconsistent, or, more often, entirely absent. One im-
portant aspect is that suitable methods for determining survival and
infectivity of relevant FBP will need to be developed, such that we have
a good basis for evaluating the effects of such exciting technologies on
this important pathogen group in FoNAO (Rousseau et al., 2018).
Without appropriate viability/infectivity assessment methods, it is very
difficult to determine the efficacy of novel methods; for most parasites,
infectivity remains the gold standard – but this has associated ethical
issues, and is not possible for parasites such as Cyclospora, for which no
animal model is available. In parallel, investigations on the use of ap-
propriate surrogates, may help to circumvent the difficulty in obtaining
some parasites and would help in assessing the efficacy of processes at
industrial scale for relevant parasitic targets (Busta et al., 2003).
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9. Conclusions

Based on our extensive literature review, information on the effects
of different inactivation techniques on relevant parasites on FoNAO has
been assimilated. Given that contamination of FoNAO with transmis-
sion stages of FBP occurs relatively frequently, that they survive well
under storage, and are difficult to remove by washing procedures, it is
important to consider the efficacy of potential inactivation methods
that may be used on FoNAO without affecting their intrinsic qualities.

Chemical oxidizers have some effects on survival of FBP, but the
concentrations and contact times required to ensure inactivation are not
appropriate for FoNAO. Organic acids and other chemicals are in-
effective at inactivating FBP on FoNAO. Data from water studies sug-
gest that ozone may be suitable for inactivation of several foodborne
parasites, and could be promising for use in fresh produce industries.
The application conditions (around 5 °C) and the requirement to
maintain the aqueous ozone concentration among various levels of
organic matter are critical parameters in the context of minimally
processed fresh produce industries. Citric acid studies have investigated
the effects of various parameters, but none demonstrated total elim-
ination of C. parvum oocyst viability, indicating that treatment of
FoNAO with citric acid would be unlikely to reduce the risk of infection
should the food be contaminated with viable oocysts.

Among physical treatments, heat particularly, and for some para-
sites, freezing and desiccation may be effective, but are not appropriate
for FoNAO that are to be eaten raw, such as lettuce or berries. And some
important FBP, such as Echinococcus eggs, are resistant to elevated or
decreased temperatures. Although technologies such as irradiation
technologies (X-ray, gamma, UV), high pressure processing, and ultra-
sound may be effective, the data are sparse and mostly derived from
water matrices rather than actual FoNAO, and the range of FBP tested
are limited. Furthermore, these technologies are associated with some
difficulties, associated with applicability within an industrial food set-
ting, cost and effect on the organoleptic and sensory properties of the
FoNAO, but also consumer perception limitating the applicability of
irradiation technologies.

This assimilation of data indicates that research on the inactivation
of FBP transmitted by FoNAO should be expanded, with efforts directed
towards developing reliable and useful methods for assessing effects of
methods, such that investigations of current and novel inactivation
methods used for other pathogens on their effects on parasites in
FoNAO enables the production of useful, comparable data of relevance
for industrial applications.
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A B S T R A C T   

Hospital acquired infections stemming from contaminated reusable medical devices are of increasing concern. 
This issue is exaggerated with the introduction of complex medical devices like endoscopes and robotic 
instrumentation. Although medical device manufacturers validate their cleaning instructions for use, evidence in 
the literature demonstrates that effective device processing is not being performed consistently within sterile 
processing departments in clinical settings. The result is increased risks to patient safety. As a solution to this 
problem, focused one-on-one training increases compliance to the medical device manufacturer's processing 
instruction. However, often this is not a practical solution for the volume of healthcare staff responsible for 
device processing activities. This constitutes the first paper to address the blended use of educational and digital 
technologies to address these challenges and as a result inform safety and sustainability for the medical device 
sector. Cognitive learning theory is an evidence-based framework for learning. It supports the use of immersive 
educational experiences using emerging extended reality technologies (e.g., virtual or augmented reality) to 
increase learning comprehension. The delivery of educational content via these technologies provides an inno-
vative option for repeatable leaning and training outcomes. The motivation is to decrease patient risk of 
contaminated reusable medical devices. The proposed approach while primary motivated by safety can also 
enhance sustainability and efficiency enabled by artificial intelligence and robotic instrumentation.   

1. Introduction 

Medical devices are of critical importance to patient health where 
healthcare is continually evolving to enhance the quality of care for 
patients (Kremer et al., 2019; Rowan et al., 2023). However, despite 
advances in innovation and service provision, healthcare is constantly 
scrutinized so as to improve and evolve products for diverse patient 
needs. In particular, the effectiveness of quality improvements where 
inappropriately cleaned, processed and sterilized medical devices have 
been frequently cited as the source of transmitting significant microbial 
infections leading to morbidity and mortalities (McDonnell and Hansen, 
2020). Hospital acquired infections (HAIs) are defined as infections that 
develop 48 h after a stay at a healthcare facility that was not present or 
incubating at the time of admission. HAIs are estimated to affect 1.7 

million patients in the US annually leading to 99,000 deaths (Hensley 
and Monson, 2015). Contaminated medical devices are a common 
source of HAIs and have accounted for 60 to 80 % of all bloodstreams, 
urinary tract, and pneumonia-related HAIs (Gold and Hitchins, 2013). 
Although these statistics are related to the US as an example, similar 
studies can be found globally (e.g., France (Cabronne et al., 2010)). To 
reduce this risk, reusable medical devices are decontaminated (i.e., 
cleaned, disinfected and/or sterilized) before being used on the next 
patient. 

1.1. Reusable medical device decontamination 

Before reusable medical devices (e.g., surgical instruments) can be 
effectively disinfected or sterilized they must be thoroughly cleaned 
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(Association for the Advancement of Medical Instrumentation, 2020) 
(World Health Organization, 2016). Cleaning is defined in the medical 
device industry as the “removal or contaminants to the extent necessary 
for further processing or intended use” while clean is defined as “visually 
free of soil and below specified levels of analytes” (International Orga-
nization for Standardization, 2018). These specified levels have been set 
by industry consensus in ANSI/AAMI ST98 (Association for the 
Advancement of Medical Instrumentation, 2022) and ISO 15883-5 (In-
ternational Organization for Standardization, 2021). Device manufac-
ture's hold the responsibility to validate these cleaning instructions for 
use and demonstrate they can be reliably achieved within a healthcare 
setting with consideration of human factors (Association for the 
Advancement of Medical Instrumentation, 2014). 

Regardless of the validation requirements, HAI outbreaks have still 
been associated with inadequate cleaning and inappropriate disinfection 
of particularly challenging to clean devices, i.e., endoscopes (Rutala and 
Weber, 2019; Rowan et al., 2023). Often these devices have also been 
linked as causative agents in outbreaks of multi-drug resistant micro-
organisms (MDROs) in which there was no apparent breach reported in 
endoscope reprocessing (Cabronne et al., 2010; Marsh et al., 2015; 
Shenoy et al., 2019). This occurrence also coincides with the continued 
rise in antimicrobial resistance (AMR) in problematical bacteria and 
fungi that has reached crisis point globally (Masterson et al., 2021; 
Garvey et al., 2022; Garvey and Rowan, 2023). Notably, there can be as 
many as 100 complex cleaning and reprocessing steps for decontami-
nating medical devices (as per Original Manufacturers' Instructions for 
Use [IFU]) where the margin for patient safety post processing and 
sterilization is near zero (Rutala and Weber, 2019). The presence of 
recalcitrant biofilm that harbours pathogenic microorganisms adds to 
this reprocessing challenge (McDonnell and Hansen, 2020). In Oct 2022, 
the World Health Organization (2016) highlighted a new priority list of 
key fungal pathogens (such as Candida sp.) that can also be present and 
harboured in recalcitrant biofilms exacerbating safety and technical 
challenges for medical device cleaning and processing in healthcare. 

1.2. Complex medical devices 

As device features, geometric features of a medical device, continue 
to gain in complexity, the cleaning process also becomes more difficult 
for health care facilities to perform. Device manufacturers must reach a 
delicate balance in their instructions for use (IFU) between being too 
vague and risking improper cleaning or too detailed and being too 
restrictive and risk noncompliance (Bancroft and Spenser, 2022). As 
described by White et al. (2021), an ideal situation would be for medical 
device manufactures to improve the design of devices for ease of effec-
tive processing; but it is often evident from the literature that the effi-
cacy of device processing is typically only evaluated at the end of the 
device design process where the design features are fixed. This also has 
implications for material selection in medical device design to ensure 
appropriateness for effective functionality, cleaning, processing and 
sterilization (McEvoy and Rowan, 2019; McEvoy et al., 2021) (Table 2). 

An example of the evolution of complex device features is the flexible 
gastroscope, introduced by Dr. Rudolph Schindler in 1932 (Olympus, 
2022). The application of a camera with flexible lumens allows for vis-
ualisation during clinical procedures that dramatically changed the 
standard of care over the last 90 years using many types of flexible en-
doscopes. These devices were designed for functionality during the 
clinical procedure, may not always considered fully the required pro-
cessing steps necessary to ready them for subsequent patient use with 
repeated and constant use. As such, over the last 20 years there has been 
a plethora of research documenting the challenges with the cleaning 
process and the increased risk of HAIs as a result (Fig. 3). 

A literature search using the terms “endoscope” and “cleaning” 
currently results in 1906 results with 384 of these articles being relevant 
to cleaning/disinfection or the prevention of HAIs through appropriate 
processing practices. Narrowing the scope to include the word 

“duodenoscope” in the search results in 88 results with all of them 
relevant. The topic of how to appropriately process endoscopes to pre-
vent HAIs has been a subject of much debate since the early 2000s in the 
medical device community. Prior to 2015 there was not a standard 
practice for how device manufacturers were expected to validate the 
cleaning process. The inconsistencies in experimental designs led to 
conflicting information from the manufactures to what was observed 
within the clinical setting (Alfa, 2016). Throughout the globe, studies 
investigating unsuccessful decontamination began to populate the 
literature in addition to linking studies to the occurrence of patient HAIs 
(Rutala and Weber, 2019; Rowan et al., 2023). It is noteworthy that 
failure to effectively clean medical devices can contribute to the build- 
up of recalcitrant biofilms harbouring unwanted microbial pathogens 
that can challenge the sterility assurance process leading to HAIs and 
potentially sepsis (Vickery et al., 2013; Roberts, 2013; Dancer, 2014; 
Protano et al., 2019; Rowan et al., 2023). In 2015 the US Food and Drug 
Administration published a guidance applicable to endoscope medical 
device manufacturers. This standardization of the validation process for 
cleaning IFU allowed the health care facilities to focus their attention on 
the implementation of the validated processing instructions within the 
sterile processing departments as the root cause for the associated HAIs. 
Publications on the appropriate processing requirements for endoscopes 
has continues to steadily increase over the last 45 years (Fig. 1). 

There is increasing interest and focus on the potential use of digital 
technologies to improve the effectiveness and sustainability of medical 
devices including environmental waste management and circularity 
(Rowan et al., 2023). This discussion paper addresses the novel role of 
combining immersive and educational technologies to improve and 
evolve cleaning of medical devices. More specifically, through enhanced 
and active training, the target is to improve efficacy and sustainability. 
For example, immersive virtual reality training has been reported to 
inform design, verification, validation and manufacturing of medical 
devices with safety to the fore (Keefe et al., 2010). Immersive training 
informed educational programs and motivated workers (Matthew and 
Pillai, 2020; Pears and Konstantinidis, 2022; Ovunc et al., 2021; Ndhaief 
et al., 2022; Tang et al., 2022) and provide insight into environmental 
impact (Afolabi et al., 2022). Digital innovations and the rapid evolution 
of devices and tools requires to include critical thinking about sustain-
ability (Barats et al., 2020) that includes novel opportunities to intro-
duce of 3D printed polymers, digital twin (Chen et al., 2019) and 
sustainable sterilization modalities (McEvoy et al., 2023). Thus, there is 
a growing interest in leveraging digital tools to communicate simple, 
engaging and sustainability messages to large populations and to 
different appropriate stakeholders (such as Rowan, 2023; Rowan et al., 
2023). Moreover, appropriate omni-channel messaging is relevant for 
embracing environmental issues, sustainable development and climate 
change (George et al., 2021) that includes considering real-time op-
portunities for improving safety of medical devices such as through 
design thinking and automation (O'Neill et al., 2022; Schuelke-Leech, 
2021; Rowan et al., 2023). Life cycle assessment (LCA) contributes to the 
environmental assessment of higher order effects of ICT applications 
that includes behavioural change effects (Pohl et al., 2019), which in-
cludes modelling the environmental effects of services and products 
throughout their life cycle. Researchers have noted the importance of 
applying digital solutions to facilitate development of new digital tools 
beyond LCA (Cooney et al., 2023; Rowan et al., 2022, 2023) where there 
is provision for harmonized training and problem solving such as the use 
of extended reality applications (Table 3). 

1.3. Risk mitigation 

Effective decontamination continues to be an important industry 
discussion as the literature continues to explore a root cause analysis for 
the HAIs. At the World Federation Hospital Sterilization Sciences 
Congress held in Barcelona, Spain in November 2022, Annette Rittich of 
Olympus discussed a collaboration with French authorities to 
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investigate 2017 HAIs associated with endoscopy. The key findings of 
their investigation showed that cleaning steps were not being performed 
correctly or were missing from the process due to a lack of training or 
awareness. Mitigation showed that with direct training from the medical 
device company on performing processing, effective decontamination 
could be achieved (World Federation for Hospital Sterilization Sciences, 
2022). Singh et al. (2022) noted challenges faced by the medical device 
industry presented by the COVID-19 pandemic and the importance of 
safety (Table 4). 

The occurrence of HAIs has direct medical cost impact on hospital 
finances and many researchers perform analysis to understand the 
economic benefits of the investment of an infection control program. In 
a 2009 summary report based on 2002 HAI data, the consumer price 
index (CPI) for inpatient hospital service ranged from $35.7 billion to 
$45 billion, while the benefits of prevention ranged from $25.0 billion to 
$31.5 billion (Scott, 2009). 

Immersive and educational technologies will support and enable the 
application of appropriate risk management for medical devices in terms 
of training on important techniques and design features. These tech-
nologies can help ensure safety of the device throughout the product 
lifecycle by identifying device design problems from a risk-based 
cleaning and processing decisions perspective prior to distribution. 
This underpins risk analysis, which is a regulatory requirement where 
FDA requires risk analysis information (Rowan et al., 2023). This risk 
management specifically relates to ISO 14971:2019 Standard and rigor 
associated with this guiding document that essentially reduces the 
probability of device failure and patient risk (harm) due to the occur-
rence and severity of this hazard or hazardous situation. Using blended 
immersive and educational approaches, this will also help towards vis-
ualisation holistic situation in virtual real-time that will inform and help 
reduce the possibility of failure of the device by way of design, use and 
re-use including reducing margins of error with end-to-end use of the 
device. This approach will also allow specialist end-users, such as 
nurses, surgeons, contribute to design and training from an integrated 
real-time solutions perspective that will help reduce risk for patients. 
These digital and cognitively informed approaches will also help provide 
specialist situational training on devices as it relates to understand the 
potential source of harm (hazard) and the sequence of events that may 
lead to or prevent this hazardous situation to reduce probability of 
occurrence. Immersive technologies will provide real-time interactive 
experiences simulating actual device cleaning and processing that will 

contribute to risk-based decisions such as identifying design outputs for 
proper functioning of the device that may be difficult to clean, or by 
defining the type and extent of control to be exercised over product and 
for end-users (FDA). The complementarity of digital and educational 
technologies will also help understand and implement an appropriate 
quality system including subject-matter training addressing necessary 
process control and simplification of steps to ensure major equipment 
and processes are validated appropriately. These can seamlessly help 
contribute to informing necessary approvals for in-process acceptance 
based on feedback from virtual training experience. These tools can also 
potentially provide training including efficacy of new product designs, 
labelling and instructions for use for appropriate risk controls to reduce 
and mitigate unacceptable risks. These technologies can also help reg-
ulators (FDA) for risk make risk-based decisions surrounding core 
management activities including device and recall classifications and 
can also provide an insight the role of AI in terms of usage and appre-
ciation for trustworthiness (Rowan et al., 2023). These risks manage-
ment activities can also be extended to help with critical inspectional 
decisions from a training and devices features perspective, particularly 
with complex devices that may be more prone to supporting biofilm 
build-up due to challenges associated with cleaning that may bring 
margin of error to zero for meeting all steps defined by manufacturers' 
IFUs. Immersive and educational tools also can support greater under-
standing, visualisation and training on risk management techniques 
such as Fault Tree Analysis (FTA) to hazard identification, Failure Mode 
and Effective Analysis (FMEA) to identify and help evaluate individual 
fault modes in hazardous situations, and FDA Benefit-Risk Analysis that 
is used to assess medical device risk(s) once all measures to reduce risk 
(s) have been applied. For example, given the complexity of the de- 
risking situation, these virtual and cognitive approaches can also help 
inform determinations in pre-market approval applications (PMA) and 
De Novo classifications along with supporting appropriate training that 
may contribute to determining substantial equivalence in premarket 
notifications (510(k)). These technologies can help unlock efficiencies, 
such as through enhanced collaborations with multi- and inter- 
disciplinary stakeholders that will streamline compliance including 
risk-based requirements under ISO 13485: 2016. 

The growing application of artificial intelligence (AI) in healthcare 
including the virtually-created paradigm has brought technological 
breakthroughs to traditional training, diagnosis and treatments. How-
ever, it is accompanied by risks and challenges. Where medical data are 
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unstructured, lack uniformity and standardization annotation there is 
potential for such data to directly affect the quality of medical AI al-
gorithm models. These authors noted that opacity of algorithms affects 
patients' trust in medical AI where algorithmic errors or security vul-
nerabilities can pose significant risks and harm to patients. There is a 
commensurate need to “make medical AI trustworthy, at the ethical 
level. At the important regulatory level, strengthening data quality 
management, improving algorithm transparency and traceability to 
reduce algorithm bias, and reviewing the whole process of the AI in-
dustry to control risk” is appropriate. Use of the virtual environment 
created by immersive technologies may potentially provide a case study 
environment for multiple stakeholders to discuss and assess AI risks and 
social impacts through international cooperation and communication 
for service end-users. Effective use of education and enabling technol-
ogies will help stakeholders understand and compensate for perceived 
risks associated with AI trustworthiness (Table 2). 

2. Educational and digital technologies - training and 
innovation in device design, cleaning and processing 

Training and competence development remains mostly grounded in 
traditional methods of training against a backdrop of highly innovative 
processes and technology advancements. Likewise, the provision of 
specialist training in the healthcare workforce merits innovative ap-
proaches using technology as a tool in competence development. A 
systematic review of publications in Scopus databases using combina-
tions of the keywords ‘immersive’, ‘medical devices’, ‘virtual reality’, 
‘infection control’, ‘educational technologies’ and ‘training’ using a 
PRISMA framework (Rowan et al., 2023) revealed a surge in increased 
published outputs (Table 1). These activities and applications have been 
applied to help with end-user understanding, testing, risk management, 
competencies, and satisfaction with conducting complex procedures, 
such as simulated device use in surgery and infection control that in-
cludes improved patient safety (Table 2). 

For example, in the context of specialist training and educational 
programs, Extended Reality technologies such as Virtual reality (VR) are 
emerging as potential platforms to deliver learning content in a more 
ecologically valid manner. This is based on their delivery of 360◦ visuals, 

spatial audio, and allowing the learner to move beyond the passive mode 
towards an active participant in their learning experience (Braga 
Rodrigues et al., 2020). These technologies in conjunction with various 
wearable sensor technologies support the capture of various user phys-
iological measures in addition to task performance and user interaction 
to facilitate a true “human-in-the-loop” system that supports adaptive, 
personalized while maintaining context-based learning (Egan et al., 
2016; Salgado, 2018). The capture system identifies, at the individual 
level, key abilities of the learner (by moving beyond binary pass/fail 
reporting towards understanding a specific individual learning needs). 
This then informs how the presentation system challenges the learner; 
thus, optimizing the learner experience. It identifies opportunities for 
improved training including future provision for operator retraining 
(Tables 1 and 2). 

To ensure efficacy, it is paramount that any training agenda adopts a 
suitable evidence based theoretical framework to guide educational 
design, implementation, and evaluation. Having already been used or 
advocated for across several industries such as the food (Galanakis et al., 
2021), manufacturing (Carvalho et al., 2020), and automotive industries 
(Atici-Ulusu et al., 2021), Cognitive Load Theory (CLT) (Sweller, 1988) 
provides a suitable framework for this general purpose. 

2.1. Cognitive Load Theory (CLT) 

CLT is based on the view of learning being a change in long-term 
memory, i.e., that a goal of education or training is for important and 
relevant knowledge to become stored [learned] in a learner or trainees' 
long-term memory and therefore be retrievable when necessary. The 
purpose of CLT is to underpin the efficiency of this process through 
ensuring an appropriate instructional design of educational materials 
and approaches. 

CLT is premised on the limitations of peoples' working memory and 
thus their restrictions to contend with excessive amounts of information 
or excessive complexity in information to be learned. It is regarded as 
one of the most evidence-informed educational theories for teaching and 
learning and underpins several explicit pedagogical practices (Weinstein 
et al., 2018). It is considered specifically pertinent to medical education 
(Young et al., 2014; Young and Sewell, 2015), notably in terms of 

Table 1 
Scopus database search of keywords blending use of immersive and educational technologies with medical devices up to 2023.  

Year Frequency of keyword cited in published abstracts and full length papersa 

“Medical devices” “Immersive technology” “Virtual reality” “Infection control” “Educational technologies” “Training”  

2023 10,252 1337 19,939 16,031 11,635 100,155  
2022 25,306 2964 32,880 42,432 30,540 264,875  
2021 23,857 2123 26,789 43,116 26,666 226,265  
2020 20,666 1300 21,765 35,726 22,952 199,371  

Combinations of keywords cited in published abstracts and full length papers  
√ √ √ √ √ √  

2023 0  
2022 0  
2021 0  
2020 0  

√[+Ed Technol]  √[All four marked]  √ √[+MedDev + Ed]  
2023 23  2   10  
2022 70  3   18  
2021 68  3   21  
2020 56  7   29  

√  √   [+√]  
2023 90   3  
2022 183   14  
2021 131   16  
2020 88   6  

√  √ √    
2023 1    
2022 2    
2021 1    
2020 0    

a Search conducted 25/5/2023; √ indicates key word used in combination; + indicates a combination used with other marked keywords for that search. 
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Table 2 
Examples of immersive and educational technologies informing training and behavioural change for complex medical device applications including patient safety and 
risk management.  

Description of activities and applications Reference(s) 

Use of VR as optimal solution in neuroscience, psychology, medicine and sports rehabilitation with ecological validation, smart interface with other 
medical devices; 3D simulation of real-life experience; strong effects on human perception and behaviour 

Fusco and Gaetano (2022) 

VR relevant as learning and practicing tool for improving infection control procedures including influencing performance, motivation, concentration Omori et al. (2023) 
Systematic review of 287 approaches (VR, AR, EX) published from 2011 to 2022 in field of Industry 4.0 intimated emergence of benefits including 

high performance on human tasks with focus on XR applications - opportunities for improving algorithms, ergonomic features, built-in cameras/ 
sensors 

Cardenas-Robledo et al. 
(2022) 

VR induced post-stroke patients will illusion of painting masterpieces for motor rehabilitation in upper limbs Losa et al. (2020) 
Immersive VR treatment on balance and pasture by inducing stroke patients illusion of motivation and rehabilitation Yeung et al. (2021) 
Robotic training to inform and to improve rehabilitation Slater and Sanchez-Vives 

(2016) 
VR, AR, mixed reality and extended reality (XR) mechanization in healthcare sector demonstrated students using these immersive technologies 

improved training-based learning outcomes and education; motivated students; created positive interactions; reduced anxiety in learning process 
complex setting (medical professionals), improved engagement and satisfaction 

Khan and Lippert (2022) 

Deployment of HoloSens2 MR deadest device to support delivery of remote care in COVID-19 hospital environment – highlighted role of MR in 
minimizing exposure to nosocomial infection, optimizing use of PPE, and enhanced aspects of care. Addressed content-specific security, infection 
control, user experience and workflow integration for clinical end-users. 

Martin et al. (2020) 

Immersive VR informed design, verification, validation and manufacture of medical devices including new high risk, high-payoff design. Aligned 
with goals of FDA where simulation played role in engineering, manufacturing and science. 3D interface and visualisation to inform training. 

Keefe et al. (2010) 

126 articles reviewed showing that Immersive Technologies (VR, AR, MR, XR) used mainly to inform education and training in surgery and anatomy- 
related subjects for doctors, medical students and interns 

Tang et al., 2022 

Use of VR for medical students to improve learning motivation, competencies and transferrable skills such as for complex operation theatre Matthew and Pillai (2020) 
VR visualisation of complex CFD simulated blood flow in cerebral aneurysms treated with flow diverted stents Baheri Islami et al. (2021) 
Immersive technologies informed training and competencies in First Responders and Physiotherapists Wilkerson et al. (2008) 

Pappa and Papodopoulos 
(2019) 

VR provided low cost, high-fidelity surgical training skills, improved procedure time task completion, accuracy, satisfaction and low discomfort. Mao et al. (2021) 
Training with cognitive load improves performance under similar conditions in a real surgical task, improved pre-, post and retention tests Sankaranarayanan et al. 

(2020) 
Immersive technologies and AI allowed autonomous support for trainees to accelerate their skills tailored to learners with minimal time and expense Pears and Konstantinidis 

(2022) 
VR training proven to be low cost option for microbiologist in teaching Damasceno et al. (2023) 
Immersive technologies improved perioperative anxiety, acute and chronic pain management Alqudimat et al. (2021) 
VR supported rapid upskilling of Healthcare professionals during COVID-19 pandemic Young and Aquilina (2021) 
VR relevant as learning and practicing tool for improving infection control procedures including performance, motivation, concentration Omori et al. (2023) 
Virtual reality infection control (IC) simulation used in donning and doffing of PPE during COVID-19 for respiratory care in paediatric patients – 

informed knowledge, IC performance and self-efficacy for nursing students 
Yu and Yang (2022) 

Immersive technologies used to assess, model and implement safety risk mitigation (adjacent construction industry) Afolabi et al. (2022) 
Immersive simulation exercises improved student skills and patient safety; created safe and supportive environment replacing real life Mitchell and Assadi (2021) 
Use of immersive technologies in robotic surgery and training to improve patient safety A. Chen et al. (2021) 
Immersive technology used in surgery training (mimics actual stressful clinical setting) to enhance patient safety and reduce errors; high-fidelity 

visual/sensory feedback – thus providing all 3 levels of human behaviour 
Dargar et al. (2015) 

Training using VR to prevent HAIs focusing on hand hygiene – providing visual feedback about complex microbial-transmission and intervention Clack et al. (2021) 
Development of VR simulation on program for high-risk neonatal infection control education – VR combines digital learning with simulation to 

provide situated learning in 3D interactive experience, informs clinical skills in deliberate and repetitive manner, promotes problem solving for 
nurses 

Yu and Mann (2020) 

Reduction in visual changes while learning in XR environments – research describes addresses XR limitation of cognitive overload in trainees due to 
continuous changes in attention. 

Bautista et al. (2023) 

Engineering design and evaluation of the process evaluation method of auto repair professional training in VR environ – this traditional vocational 
training limitations saving time and resources. 

Xiang et al. (2022). 

Immersive (IM) technologies improves safety training by increasing motivation, engagement and skills development – albeit only 10 of 44 studies 
published on comparing IM training to traditional learning (PRISMA) 

Garcia Fracaro et al. (2022) 

Addresses improvements in evaluation and assessment for simulated training and development and performances from this experience Akdere et al. (2022) 
VR simulation of high tibial osteotomy for medical training with outstanding result through interaction between surgical tools/sites verified by 

surgeons. 
Han et al. (2022) 

A scoping review addressing current state of XR is in Otolaryngology head and neck (OHNS) surgery training that defined as fully-immersive (VR) 
using head-mounted displays, non-immersive and semi-immersive VR, AR, or MR. Current educational applications of XR in OHNS are limited to 
VR, do not fully immerse participants with need for shared definition of VR technology. 

Zagury-Orly et al. (2023) 

Used AR to reduce risk of contamination from airborne disease agents on surfaces with novel application of 3D sensing technology in real time Yu et al. (2021) 
Used task models to understand the interaction of numeracy skills and technical competence with medical device design where interactive systems 

are safety critical (syringe drivers and infusion pumps for IV medication). Helped prevent errors through ensuring system behaviours are consistent 
with user requirements – highlights major role in training medical personnel 

Bowen and Coben (2021) 

Digital factory – VR environments for industrial training and maintenance – highlighting benefit this platform as intuitive and immersive human- 
computer interface for complex training using low-cost applicability 

Shamsuzzoha et al. (2021) 

Use of AR headset to successfully remotely train clinicians on medical devices using anatomic models – two way training with the proctor and student 
using their own platforms – AR eliminates need to travel and may mitigate risks of infectious exposures, reduce training cost and increase proctor 
availability, allowing training from own institute or clinic. 

Stone et al. (2022). 

Use of digital technologies and 3D simulation to train medical staff on new technologies and tools (practice of lumbar puncture, childbirth) Ndhaief et al. (2022) 
VR training for assembly of hybrid medical devices with positive experience. Ho et al. (2018) 
Use of Immersive technologies to develop medical educational materials. Ovunc et al. (2021) 
VR as psychological intervention for mental health disturbances during COVID-19 pandemic alleviating face-to-face challenges – conceptual. Hatta et al. (2022) 
Use of handheld educational technologies (digital) in medical schools. Relan et al. (2004) 
IR trauma simulation using MR for next level of medical skills training. Uhl et al. (2023) 
VR, AR and MR applications in surgery increased operative accuracy and improved safety by decreasing procedure-related complications 

“innovations in computer-assisted surgery (CAS)”. 
Verhey et al. (2020) 

Abbreviations: virtual reality (VR), augmented reality (AR), mixed reality (MR), extended reality (XR), hospital acquired infections (HAIs), infection control (IC). 
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curriculum design (Leppink and Duvivier, 2016), clinical training 
(Mancinetti et al., 2019), and simulation design (Fraser et al., 2015). It 
has also been foundational to research within the medical device in-
dustry where Fenik et al. (2013) used CLT to guide a randomized control 
trial in which novice clinicians use of pre-packaged all-inclusive central 
line catheter kits was compared with their use of kits containing only the 
catheter components and with all other components separately pack-
aged and provided in a materials cart. 

Specialist training through IM for the medtech industry has devel-
oped using the assumption of CLT that humans have working-memory 
limitations and the learning science assumptions that human informa-
tion processing system has two channels, visual/pictorial and verbal/ 
auditory (dual-channel assumption). Therefore, humans need to actively 
engage in cognitive processing to learn and not just be passive recipients 
of knowledge (active processing assumptions). These assumptions were 
evolved into the Cognitive Theory of Multimedia Learning (Mayer, 
2014). The utility of this theory lies in its capacity to be translated into 
evidence-informed techniques for education and training where 
immersive technologies specifically are being used. Mayer and Moreno's 
(2003) seminal work provides 9 explicit techniques with associated ef-
fect sizes which can be immediately adopted within the design of IM- 
based training. Examples of these include segmenting – allowing time 
between bite-sized segments of multimedia information for cognitive 
processing, synchronizing – presentation narration simultaneously to 
animation to reduce the trainee's need to mentally hold representations 
in their memory, and off-loading – moving some essential information 
from the visual to auditory channel or vice-versa to avoid overloading a 
singular channel and permit more efficient cognitive processing. 

2.2. Advantages of CLT 

Immersive technologies utilize physiological and psychological 
measurements to provide insight into learning and performance data 
and CLT is directly associated with the cognitive capacity of trainees. 
This combined underpinning framework allows for a seamless integra-
tion of an educational paradigm within Medtech training. It is envisaged 
that such immersive approaches to training and development could 
deliver significant benefit to healthcare industry in highly technical 
areas such as aseptic manufacturing, cleanroom control, sterilization 
processing and laboratory testing. The key aim of various assistive 

technology (AT) systems is to augment an individual's functioning while 
supporting an enhanced quality of life (QoL). In recent times, we have 
seen the emergence of Virtual Reality (VR) based assistive technology 
systems made possible by the availability of commercially available 
Head Mounted Displays (HMDs) (Salgado, 2018). The use of VR for AT 
aims to support levels of interaction and immersion not previously 
possibly with more traditional AT solutions. Crucial to the success of 
these technologies is understanding, from the user perspective, the 
influencing factors that affect the user Quality of Experience (QoE). In 
addition to the typical QoE metrics, other factors to consider are human 
behaviour like mental and emotional state, posture, and gestures. In 
terms of trying to objectively quantify such factors, there are wide 
ranges of wearable sensors that can monitor physiological signals and 
provide reliable data. Salgado has previously demonstrated, captured 
and presented the users EEG, heart Rate, EDA, and head motion during 
the use of AT VR application from a learning perspective (Salgado, 
2018). The prototype is composed of the sensor and presentation sys-
tems: for acquisition of biological signals constituted by wearable sen-
sors and the virtual wheelchair simulator that interfaces to a typical LCD 
display. Hynes et al. (2020) describes an evaluation of lower facial micro 
expressions as an implicit QoE metric for an augmented reality (AR) 
procedure assistance application, such as for device cleaning. 
Augmented reality (AR) has been identified as a key technology to 
enhance worker utility in the context of increasing automation of 
repeatable procedures. The development of AR will also be commen-
surately important for enabling human-robotic interaction for high-level 
remote robotic operation (HRI) (Xue et al., 2020), which is a critical 
component for delivering reliable and cost effective HRI system in 
adjacent smart factories of the future. Vijayakumar et al. (2022) have 
also recently proposed complementary AI-derived QoE prediction-based 
on measuring and assessing human physiological signals for immersive 
multimedia experiences. Specifically, the authors describe use of 
advanced machine learning techniques to predict QoE from physiolog-
ical signals using a multimodal digital model. Vijayakumar et al. (2020) 
also describe commensurate wearable technology research that focuses 
on using peripheral physiological signals for emotion recognition that 
has real-time applications in healthcare. Adapting to the learner needs in 
a context aware manner by employing various AI and machine learning 
techniques to process the aforementioned human responses to predict 
the user state will facilitate the next generation of human in the loop 

Fig. 2. Virtual reality training.  
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intelligent reality experiences. Nowadays, potential opportunities exist 
to employ the use of digitized “feedback” modalities to help a user to 
“understand” improved techniques. A critical requirement emerges to 
consider the quality of feedback from the user perspective i.e., how they 
process, understand, and react to the feedback. 

For example, medical device companies in partnership with univer-
sities are developing and deploying state-of-the-art biotechnology tools 
to unlock real-time microbial inactivation (McEvoy et al., 2021). 
Immersive (digital) technology providers are also partnering with 
medtech companies for complex virtual training on specific technical 
operations. For example, Mersus Technology has partnered with Boston 
Scientific in Ireland to test and apply an ‘Avatar Academy Program’ that 
uses computer gaming to recreate virtual laboratories and cleanrooms; 
thus, allowing medtech employees to familiarize themselves remotely 
with a complex work environment and processes. This approach will 
potentially automate training where one can could theoretically run six 
bespoke training sessions in one day that previously would have taken a 
month, which can be extrapolated to address the full production chain 
delivered in a virtual environment (Westmeath Independent, 2022). 
Thus, there is a significant opportunity to combine immersive and 
educational technologies for informing and shaping the future of device 
cleaning and reprocessing (Murray et al., 2019), which will help to 
safeguard patient health and will support e-innovation with future po-
tential for technology disruption. 

This combined educational and immersive technology approach to 
medical device cleaning and processing training is rooted in digitaliza-
tion, which is commonly recognized as “Digital Twin” (DT) and is 
gaining in popularity across industries (Singh et al., 2022). The term 
‘Digital Twin’ (DT) has gained popularity recently in academic as well as 
industrial circles, even though it was conceptualized decades ago. In 
2002, Michael Grieves, who introduced the concept of DT, defined it as 
“A set of virtual information constructs that fully describes a potential or 
actual physical manufactured product from the micro atomic level to the 
macro geometrical level. At its optimum, any information that could be ob-
tained from inspecting a physically manufactured product can be obtained 
from its Digital Twin” (Grieves and Vickers, 2017). Singh et al. (2022) 
defined DT as comprising three components: (a) physical twin – a real 
world entity (living/non-living) such as part, produce, machine, process 
(such as device cleaning), organization or human; (b) digital twin – the 

digital representation of the physical twin with the capability to mimic/ 
mirror its physical counterpart in real-time; (c) linking mechanism – the 
bidirectional flow of data between the two with operates automatically 
in real-time. DT offers benefits in reducing operational costs and time, 
increasing productivity of existing system, informs decision making into 
opportunities for automation, improves maintenance schedules and 
activities, provides, and enables remote access including bespoke 
training, makes for a safer working/operational environment (including 
potential for medical product/reprocessing, and promotes sustainability 
(such as resource utilization) (Singh et al., 2022). As reported by Grand 
View Research (2021), the global market of DT was estimated at USD 
5.04 billion in 2020 and is expected to reach USD 86.09 billion by 2028, 
with a compound annual growth rate of 42.7 % from 2021 to 2028. 
Combined use of digital technologies to inform design and processing 
has the potential to cause business and technology disruption by opti-
mizing the learner's experience leading to significance increase in the 
device processing instruction retention. For example, Rowan (2019) 
noted the potential of developing novel processes for food and health 
applications where the author defined differences between sustaining 
and disruptive innovation). Fig. 2 depicts the methodology behind 
immersive learning with example technologies. Table 3 provides the 
benefits and limitations of immersive and educational technologies for 
this purpose, which compliments the extensive range of potential ap-
plications that was highlighted in Table 1. 

2.3. Application of immersive technologies in healthcare 

During the 2019 Kilmer Conference, a concept of how augmented 
reality could be applied to improve the training for the processing steps 
associated with reusable medical devices was presented. The authors 
described how the user experiences the real-world environment with an 
overlay of information that provides instruction (Patel and Flynn, 2019). 
This enhancement of instruction would allow for the substitution of 
device manufacturer's representative providing direct training and 
provide a greater opportunity for enhanced training (Fig. 3). 

The complexity of reusable medical devices continues to advance 
with the introduction of robotic surgeries. The instruments used with the 
robotic are particularly difficult to clean as they often cannot be fully 
dismantled and require specific instructions for decontamination (White 

Table 3 
Potential benefits and limitations of educational immersive technologies.  

Potential benefit Example (Ref) 

Increased training motivation Virtual reality has been shown to increase medical student motivation in learning activities (Sattar et al., 2019) with motivation 
being significantly linked to transfer to learning and competency (Vansteenkiste et al., 2009). 

Overcoming of language barriers Mobile AR applications have been developed to permit live language translation, permitting instructional and training materials 
to be made more generally accessible. Applications extend from written and verbal language (Fragoso et al., 2011) to sign 
language (Soogund and Joseph, 2019). 

Cost and time savings to industry with potential 
safety implications 

Immersive technologies can enable off-site training reducing the need for production line downs, the development of physical 
training equipment which can be less mobile, travel expenses, and where relevant the need to place novices in high risk situations 
for realistic training exercises (Kizil and Joy, 2001). 

Responsivity to individual training needs Use adaptive difficulty scaling of virtual reality task in proof-of-concept stage (Knobel et al., 2021) illustrates potential for 
immersive training tasks to respond live to individual trainee needs. 

Just-in-time information provision AR applications can provide relevant information in real time of working procedures for device usage (Nakai and Suzuki, 2016;  
Rochlen et al., 2017) and/or instructional steps for produce assembly (Radkowski et al., 2015) to operators or trainees.   

Potential limitations Example (Ref) 

Sub-optimal presence/ 
immersion 

Quality and level of user-experienced immersion is associated with feelings of presence in immersive technologies (Cummings and Bailenson, 2016). 
Higher levels of immersion is linked to improved task performance and error reduction in procedural training tasks (Sowndararajan et al., 2008) 
however excessive feelings of presence can lead to users being distracted hindering learning and subsequent performance (Parong and Mayer, 2021) 

Potential high costs Cost of immersive technology includes a wide range of factors to be considered on case-by-case basis which can vary based on industry/company size, 
sector, training needs, and dedicated budgets. These include technology investment costs, training and operator costs, re-use potential of the 
technology over time, and number of trainees availing of the technology (Garcia Fracaro et al., 2022). 

Trainee safety The use of head-mounted displays has been shown to present side effects of nausea in immersive simulations which can need to be resolved prior to 
clinical or industry implementation (Nunnerley et al., 2017) 

Cybersecurity risks Predominantly highlighted through the use of the Metaverse (includes immersive technologies, artificial intelligence, and blockchain) is the potential 
cybersecurity threat via internet communications (Jaipong et al., 2023; Pooyandeh et al., 2022).  
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et al., 2021), so although there may be a benefit to the patient for the 
surgical procedure, the risk of an HAI originating from a contaminated 
robotic instrument is higher than with less complex, manual devices. 

With endoscopes the literature demonstrates that without proper 
training for the sterile processing personnel there is an increased risk of 
the endoscopes not being fully decontaminated leading to HAIs. Robotic 
instruments are on a similar path of discovery. Like endoscopes, publi-
cations and conference proceedings are beginning to highlight the 
presence of residual soil after the decontamination process and the 
inability of health care facilities to properly clean these devices. 

Performing literature search, like that for endoscopes, using the 
terms “robotic instrument” and “cleaning” results in 118 articles with 5 
being relevant to cleaning. Although currently smaller in number, the 
articles are controversial with investigations from the clinical setting 
claiming the instruments cannot be cleaned, whereas the instrument 
manufacturer defends the cleaning process defined within the IFU. Ro-
botic surgery is a fast-growing area of innovation and therefore, the 
problems associated with the decontamination of the instruments may 
grow exponentially over time (Fig. 4). Like other complex devices (i.e., 
endoscopes) effective training on performing the cleaning instructions 

will mitigate the risk of HAIs associated with this type of reusable 
medical device. 

The medical industry has learned a lot over the years about the need 
for effective training from the introduction of endoscopes. To be 
appropriately trained the evidence shows that training must be 
personalized and interactive. The traditional way of training through 
seminar instruction is not sufficient for individuals to demonstrate 
competency, and the training issue is becoming increasingly more 
important with the introduction of robotic instruments. 

CLT demonstrates that using immersive educational experiences like 
virtual or augmented reality will increase the competency of the trainees 
and are an innovative training process that can complement techno-
logical advancements. Individual leading supports active and engaged 
training that allows for the trainee to demonstrate competency without 
risk to patient safety. Compared to the cost of manufacturers providing 
individualized training, educational technologies have a lower cost and 
are more consistent with knowledge transfer (Table 1). Application of 
this educational technology to the processing instructions for complex 
medical devices, such as endoscopes or robotic instrumentation, is an 
ideal way to reduce patient safety risk. 

Fig. 3. Viewing example of proposed device processing augmented reality.  

Fig. 4. Robotic instruments cleaning publication timeline (Wehrl et al., 2014; Wallace, 2017; Saito, 2017a,b; Chen et al., 2021b; de Melo Costa, 2022; Sagourin et al., 
2021; White et al., 2021). 
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Brenner et al. (2023) recently conducted a systematic review of 2165 
publications in this emerging domain of digital health, yet found only 5 
papers that address or suggest tangible key performance indicators 
(KPIs) (Table 2). However, the medical device industry is very much an 
established rigorous domain that is highly regulated including risk 
management through ISO 14971: 2019 and more recently, ISO 14971: 
2020. Table 4 provides a list of established and potentially new KPIs for 
the medical device industry that can be informed by use of novel 
immersive and educational technologies. Use of digital tools and auto-
mation will be informed by use of appropriate biosensors (Anand et al., 
2022). 

3. Summary 

Effective cleaning and reprocessing of medical devices is essential to 
mitigate the risk to patient safety. Despite technological advancements, 
contaminated medical devices can transmit pathogenic microorganisms 
and have caused outbreak infections despite the fact that no defect in the 
medical device was detected, nor were there deviations from cleaning 
and processing steps. Device cleaning and processing comprises many 
complicated steps in healthcare where the margin to patient safety is 
often near zero, such as for gastroendoscopes subjected to cleaning and 
disinfection. There is a pressing need to improve training and innovation 
including design that can be met through future combined use of 
educational and training technologies that will also inform automation. 

This holistic approach to education and innovation has the potential to 
impact positively on future sustainability for the medical device sector 
along with commensurately benefiting patient safety. Development of 
health using these “E-Technologies” and digital twin innovations con-
stitutes a healthcare domain of special interest as society begins to 
engage in more meaningful manners with “Metaverse” technologies, a 
concept initially conceived by Neal Stephenson in 1992. 
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Table 4 
Indicative key performance indicators (KPIs) to assess impact of educational and immersive technologies on medical device.  

Indicative key performance indicator (KPIs) Relevant related reference(s) 

Reduction in waste, resources and increased cost efficiency in healthcare – such as through eco-design MacNeill et al. (2020) 
Gusso et al. (2020) 
Ling et al. (2018) 
Benedettini (2022) 

Informing reduction in number of complicated steps for effective reprocessing of devices Rowan et al. (2023) 
Reduction in the margin of error for safety on device reprocessing through robust training combined with design thinking Rowan et al. (2023) 
Reduction in the number of hospital-acquired infections (HAIs) associated with use of reusable medical devices Rowan et al. (2023) 
Increased satisfaction, competence and standardization in the delivery of effective procedures through virtual/educational platform Mao et al. (2021) 

Khan and Lippert (2022) 
Increased productivity and product quality, optimized cost and time. Combining immersive technologies with Lean tools such as for improving 

layout and flow, supply chain enhancement, reduction of waste, improving quality, expedite operations, standardization and ‘6S’ practices, 
continuous improvement, increased competitiveness, work-in-progress reduction. 

Trubetskaya et al. (2022). 

Increased number of inter-disciplinary publications that harness use of IM and Educational technologies to support measurable KPI (outcomes) 
for device cleaning and processing – including use of Quadruple Helix framework 

Rowan and Casey (2021) 

Efficiency in patient scheduling and reduction in waiting times for medical device intervention (including related reduction in patient 
anxiety). 

Wu et al. (2014) 

Reduction in Development cost and time (including human resources, material and machine expenditures). 
End-user satisfaction (such as surgeon) 

Peel and Eggbeer (2016) 
Garnica-Bohorquez et al. (2019). 

Medical device maintenance performance (life cycle) monitoring including types of maintenance strategies (scheduled, corrective), 
dependability criteria, failure rate category, maintenance costs, and risks. 

Iadanza et al. (2019) 

Number of short advanced programmes (SAPs), micro-credentials and mobility of staff for subject-specific training on immersive and 
educational technologies informing infection control procedures and outcomes 

Perla et al. (2023) 
Rowan et al. (2022) 

Number of sustaining or potentially disruptive innovations (including high risk/high gain, deep tech) envisioned through virtual end-to-end 
processing and training and connectivity between immersive and living (complex) labs 

Schuelke-Leech (2018) 
Schuelke-Leech (2021) 

Increased number of businesses from diverse disciplines developing coherent, appropriate and relevant partnerships for medical device 
innovation 

Auer and Jarmai (2018) 

Number of engagements with regulatory authorities including ISO standards informed by embracing education and immersive technologies 
including risk mitigation and MI/AI trustworthiness 

Guerra-Bretana and Florez-Rendon 
(2019) 

Use of IM + Educational technologies used in combination with other measurement tools (such as LCA) for informing appropriate sustainable 
solutions (HACCP) in medical device innovation with a training focus 

Hemberg et al. (2023) 

Increased awareness and appreciation of use of IM and Educational technology for an E-health considering including patient perspective and 
behavioural change including provision of learner/end-user interactive tools 

Brenner et al. (2023) 

Increased number of educational modules delivered across university curriculum that recognizes digital technologies for device devices 
including sterility assurance 

Lambert et al. (2021) 

Reduction in occurrence in device-associated sepsis as a consequence of effective bespoke immersive training Rivers et al. (2015) 
Simplification and potential standardization of many complex steps under manufacturers' IFUs that reduces risk of error in healthcare in 

cleaning and processing 
Rutala and Weber, 2019 
Rowan et al. (2023) 

Number of dedicated interdisciplinary workshops and networking activities on use of IM and Educational technologies to address a harmonized 
approach to achieving consensus on appropriate KPIs for stakeholders including training and device features 

Brenner et al. (2023) 

Use of IM + Educational Technologies to inform increased number of trained technologists, engineers, clinicians, interns and nurses to simplify 
complex procedures from medical device cleaning/processing, to surgery/anaesthesia. 

Tang et al. (2022) 

Abbreviations: IM (Immersive technologies); HACCP (Hazard Analysis Critical Control Point); HAIs (Hospital-acquired infections); AI (Artificial Intelligence); LCA 
(Life Cycle Assessment); IFUs (Instructions for Use). 
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It is appreciated that digital health is increasing in interest as an important 
area for efficiently standardizing and developing health services in Ireland, 
and worldwide. However, digital health is still considered to be in its infancy 
and there is a need to understand important factors that will support the 
development and uniform uptake of these technologies, which embrace 
their utility and ensure data trustworthiness. This constituted the first study to 
identify themes believed to be relevant by respiratory care and digital health 
experts in the Republic of Ireland to help inform future decision-making 
among respiratory patients that may potentially facilitate engagement with 
and appropriate use of digital health innovation (DHI). The study explored and 
identified expert participant perceptions, beliefs, barriers, and cues to action 
that would inform content and future deployment of living labs in respiratory 
care for remote patient monitoring of people with respiratory diseases using 
DHI. The objective of this case study was to generate and evaluate appropriate 
data sets to inform the selection and future deployment of an ICT-enabling 
technology that will empower patients to manage their respiratory systems 
in real-time in a safe effective manner through remote consultation with 
health service providers. The co-creation of effective DHI for respiratory care 
will be  informed by multi-actor stakeholder participation, such as through a 
Quintuple Helix Hub framework combining university-industry-government-
healthcare-society engagements. Studies, such as this, will help bridge the 
interface between top-down digital health policies and bottom-up end-user 
engagements to ensure safe and effective use of health technology. In addition, 
it will address the need to reach a consensus on appropriate key performance 
indicators (KPIs) for effective uptake, implementation, standardization, and 
regulation of DHI.
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1. Introduction

The impact of chronic disease on healthcare systems 
internationally is well documented (1–3). Effective and resource-
efficient long-term management of multimorbidity is one of the 
greatest health-related challenges facing patients, health professionals, 
and society more broadly (3). Respiratory disease represents a diverse 
range of acute and chronic diseases that are a major cause of morbidity 
and mortality (4). This situation has been exacerbated by the 
COVID-19 pandemic (5). Respiratory diseases are responsible for a 
large proportion of the overall health burden of illness, both in Ireland 
and globally (6). It is estimated that respiratory disease causes one in 
five deaths nationally which is 38.2% higher than the EU-28% average. 
In 2018, a report titled “Respiratory Health of the Nation” found that 
respiratory disease accounted for 14.3% (n = 92,391) of inpatient 
hospitalizations and 15.8% (n = 578,319) of bed days. Comparable 
figures for cardiovascular disease were 8.2 and 11.3%, and for 
non-respiratory cancers 4.7 and 8.0% (7).

The delivery of healthcare services has witnessed an accelerated 
evolution in recent years. Healthcare professionals have had to 
exercise creativity to meet the changing needs of service users (8). For 
example, there is a commensurate interest in implementing strategies 
to support remote patient monitoring and telemedicine to help 
service users at home and to provide follow-up consultations. Digital 
health is defined by the WHO as a field of knowledge and practice 
associated with the development and use of digital technologies to 
improve health (9) There is evidence to suggest that these programs 
can improve the quality of care and compliance, reduce the financial 
burden and ultimately improve patients quality of life (10). Remote 
healthcare is an evolving concept that is seeing clinicians move 
toward remote monitoring for service users outside of the hospital 
setting. Malasinghe et al. (11) propose that there are many advantages 
to this type of healthcare. These include real-time detection of 
illnesses, prevention of worsening of illness/ untimely deaths, and 
reduced hospital admission. Noah et al. (12) reported that remote 
patient monitoring has many positive outcomes; however, caution 
must be taken by clinicians using remote patient monitoring and 
further research is required.

According to the report titled “Health in the 21st Century; Putting 
Data to Work for Stronger Health Systems” recently published by 
OECD (13), intelligent use of data and digital technology improves the 
safety and quality of care provided in healthcare. It also helps address 
unmet health needs and makes accessing services easier. It supports 
informed health system stewardship and the development of policies. 
Effective data collection also assists researchers to develop safer and 
better treatments, and enables more robust disease prevention and 
public health, resulting in healthier and more productive populations. 
The Irish government has faced challenges as to how this country will 
appropriately address its overwhelmed health service as attested by 
extensive and lengthy patient waiting lists for elective surgery and 
consultations. Moreover, there is also a growing concern surrounding 
future predictions of extreme burden due to the prolonged lifespan of 
the aging population. The concept of “living labs” in health care has 
been proposed as a framework to connect governmental, public-sector 
organizations, industry, higher education institutions, community-
based organizations, and clinicians. The aim is to create an environment 
of creativity that encourages a collaborative approach in the 
developmental process of a product, service, or system.

Globally, the adoption of digital technologies varies significantly 
(8). There is evidence to suggest that the adoption of wearable 
technologies has significantly lagged in comparison to other established 
technologies such as smartphones and tablets. Cheung et al. (14) noted 
that when it comes to healthcare, researchers have inadequate 
knowledge of the adoption intentions of service users. A high 
proportion of the research conducted has a primary focus on the 
technical development of the device; therefore, there is an inadequate 
understanding of the diffusion process. This contrasts with the 
marketing research conducted for smart technologies, which is 
primarily focused on consumer adoption, resulting in a much quicker 
diffusion process. Brenner et al. (8) highlighted the significant gap in 
evidenced-based published literature across 10 databases on the 
development of key performance indicators for the development of 
digital health interventions where only five references were eligible. Key 
performance indicators play a central role in the evaluation, 
measurement, and improvement of healthcare quality and service 
performance. This also intimates a gap in knowledge concerning the 
service users adoption of technology within healthcare. Lycett et al. 
(15) suggest the use of psychological theory can enhance the 
effectiveness of digital interventions and ultimately result in more 
successful outcomes such as increased consumer adoption. The 
systematic review concluded with a future recommendation for 
researchers to further evaluate how the application of theory in the 
development of digital interventions impacts their overall effectiveness. 
It is suggested that the use of a psychological framework to gain insight 
and understanding into consumer adoption will lead to positive 
engagement with digital health technologies. More recently, future 
recommendations by Nadal et al. (16) identified that the gap in the 
current body of knowledge was in the pre-acceptance of technologies. 
A main thrust of research has focused on understanding people’s 
perspectives before and after using digital health innovations (DIH) 
where the initial emphasis has been placed on establishing appropriate 
multi-actor partnerships with relevant stakeholders including 
end-users, developing models for evaluation and monitoring, informed 
by best-published evidence, and the generation of key performance 
indicators (KPI’s) for measuring the effectiveness and appropriateness 
of DHI that is currently lacking (8). However, if the main goal is to 
access the effectiveness of DHI, it cannot be assumed that the service 
user will engage with the technology long term, or indeed at all. 
Dundon et  al. (17) noted that digital tools for diagnosis and 
management of respiratory conditions are an important area for 
research and development; however, the long-term success in this 
domain will depend on identifying real needs and integrating the 
often-divergent interests of the various partners in healthcare systems 
worldwide. Thus, the overarching aim of this novel study is to gain an 
understanding of the pre-acceptability of respiratory patients to digital 
health technologies in the Republic of Ireland by interviewing key 
subject matter experts encompassing respiratory care and digital health.

2. Methodology

2.1. Research approach including 
philosophical underpinning

A reflective thematic analysis framework (18) that addresses 
flexibility within data analysis while maintaining the integrity of the 
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method was used in this study. This method for health research is 
supported by the literature and deemed “an interpretive method 
firmly situated within a qualitative paradigm that would also have 
broad applicability within a range of qualitative health research 
designs” (19). This study used a phenomenological approach to 
explore the participants’ intentions, perceived thinking, and 
reactions toward digital health. Subsequently, experiences were 
captured without any prejudice and participants were provided 
ample space and time to share their experiences. In line with a 
phenomenological approach, the phase of the study provides a 
detailed description of participants’ experiences from analysis 
through to contextualized findings (20).

2.2. Participants

Purposive sampling was used in the study to select the participants 
which has allowed the researcher to choose appropriate members with 
selected levels of expertise. Samples were not chosen randomly as not 
every member of the particular specialty is eligible to partake in this 
study. Pursuing random sampling also needs significantly more time 
and information, beyond the capacity of this project which led the 
researcher to use purposive sampling. Saturation is reached at a point 
where similar themes were provided as answers to the questions posed 
(21). However, in this particular study, not all questions that had 
reached saturation were void, as some were retained to expand themes 
and help with the discovery of new information. Saturation points 
were discovered as the transcription process occurred simultaneously 
during the interview process.

2.3. Inclusion and exclusion criteria

Participants in this study were Irish women and men. Each 
participant was invited to partake in the study, as they will have been 
identified to subject matter experts who possess particular qualities or 
skills relevant to the digital health technology field and /or Respiratory 
disease. Subject matter experts participating in this study encompassed 
a respiratory physician, psychologist, digital health expert, 
technological expert, respiratory nurse specialist, health innovation 
representative, and a government representative.

2.4. Ethics statement

In qualitative research, ethics is one essential part that must 
be considered. Ethical approval is important for all types of research 
to result in a benefit and to minimize the risk of harm, by protecting 
participants’ information by informing the participants of everything 
about the study and their roles as participants, and minimizing the 
misuse of the information given. It is equivalent to a moral contract 
when it comes to dealing with humans (22). Ethical applications were 
first sent to the Technological University of the Shannon Research 
Ethics Committee, and thereafter the clinical sites. The completed 
submissions were made on 12th Dec 2021 and were approved via email 
on January 15th, 2022. The researcher carried out data collection 
(interviews) from March 2022 to May 2022. Ethical approval number 
C.A.2734.

2.5. Data collection

Semi-structured interviews were carried out with the participants. 
The qualitative phase was a crucial level in which the researcher 
gained a better understanding of behaviors and knowledge among the 
targeted population (23). Data collection was conducted in English, 
as it is the first language spoken in Ireland. Before the interviews 
commenced, participants were first informed through the information 
sheet that all the information gained from the interviews would 
be kept completely confidential. Besides informing participants about 
the study, the information sheet is a comprehensive reference for the 
participants to refer to; if anything ever happened to them after the 
interview session. It is also mentioned in that particular document 
about confidentiality and how the information will be stored and kept 
confidential using coding to respect anonymity. Participants were also 
informed of their rights to withdraw from the study at any stage 
(Protocol included in Supplementary material).

2.6. Study setting

The reasons for choosing a small number of participants for this 
study are as follows. Firstly, it is valuable to understand peoples 
experiences within their area of expertise in this topic. This helped the 
researcher gain valuable insight into diverse areas within the area of 
digital health technology and indeed technology specific to the area of 
respiratory diseases. It took at least one to 2 days to explore and draw a 
conclusion after each conversation before starting a new interview. Also, 
the time schedule for interviews depended on what free time the 
participant had, and not all who were invited could or were willing to 
participate in the interview. Secondly, because the locations were 
separated geographically, the researcher’s time to interview participants 
was limited, therefore the option of a virtual interview was offered. 
Thirdly, there were a small number of participants who had the most 
valuable experiences and were to deliver the expectations of the 
researcher purposefully. Interviews were carried out until data saturation 
was reached. Lastly, it is relevant that the number of interviewed 
participants met the research objectives and fulfilled the research aim. 
Data collected and analyzed at this qualitative phase 1 were aimed at 
developing an instrument for a future quantitative phase II. The data 
collection was performed primarily through Zoom narrative interviews, 
using open-ended questions. In the interview sessions, questions were 
asked according to the interview protocols. Participants responses also 
generated further questions about the study topic. Each interview was 
recorded, guided by an interview protocol and guide, and also by the 
recommendation of the regional ethics committees.

2.7. Bracketing

In, bracketing is essential for understanding the phenomenology 
method. In Braun and Clarke’s phenomenological research method, 
the application of bracketing is a process to prove the validity and to 
demonstrate the phenomenological approach through the research 
process, not only during the data collection but also during data 
analysis. In this particular study, bracketing began to take place as 
soon as the interview started. Bracketing is important for the 
researcher to avoid pre-judgment and assumptions.
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2.8. Reflection

After utilizing bracketing, the researcher used reflection to help 
improve her understanding of the outcome and the meaning of the 
findings of this study (20). This activity involves thorough and deep 
thought of any factor that might contribute toward respondents’ 
reactions about the studied topic (24). Reflection is an important 
activity, especially for social science research, where the relationship 
with scientific needs was established in exploring thoughts through 
culture (25). The environment and experiences are real and natural; 
thus, it is categorized as valuable and rich. It also involves recalling and 
extracting participants’ details such as: who said that, how, when, 
where, and why. Through this research, the researcher came to learn 
and appreciate the art of reflection and practiced this process through 
the analysis of the project findings for phase 1.

2.9. Data analysis

Data was analyzed in agreement with Braun and Clarke’s data 
analysis framework. The researcher explored the data analysis tools 
available and decided to adapt Braun and Clarke’s framework. Braun and 
Clark’s framework is one of the most popular frameworks and is used 
widely by qualitative researchers to gain reliable results. In this study, the 
adaption of Braun and Clarke’s phenomenological analysis method is 
appreciated and translated into the following steps: the interviews were 
conducted and the researcher practiced bracketing during the particular 
time to ensure original experiences and thoughts were produced by the 
participants. The raw data from the audio were then transcribed. 
Subsequently, the researcher decided to use computer-aided qualitative 
data analysis to help with coding and theming. Through coding, themes 
emerged accordingly and supported the aim of this study. Emerging 
themes were either similar or different from one participant to another. 
Transcripts were uploaded into NVivo to allow the process. NVivo also 
helped the researcher to see the statements made by the participants 
being placed under certain themes. Coding data using NVivo saves the 
researcher time and also helps to organize complex data. From there, 
themes were extracted, sub-themes were reorganized and data was 
organized under the identified gaps. These statements were then gathered 
under matrices. Finally, themes were organized again and this stage 
eliminated the redundancy of themes, also, all codes evolved were 
clustered in a bigger theme. The steps have considered the application of 
NVivo computer-aided data analysis software to aid the analysis process, 
especially in theming the transcribed data.

3. Findings

3.1. Surrounding key themes emerging 
from semi-structured interviews with 
subject matter-experts in respiratory care 
and digital health on beliefs and barriers to 
uptake of digital health technologies by 
patients

3.1.1. Utility and patient understanding
Participants commented on the ability of patients to appreciate 

and use digital technologies for personal management of their 
respiratory symptoms, for example, Participant 1 believed” I think 

there’s a little bit of work to be done first before they are given the device 
around getting them to understand that they can affect change or they 
can make something at least improve something even if they have a 
chronic illness that they have control over exacerbation of symptoms.”

3.1.2. Digital literacy
Digital literacy was noted as a key consideration to the 

acceptability of technology. Digital health literacy has been identified 
within the literature as being a factor that influences the adoption of 
digital health technology but it also is a significant barrier. Slevin et al. 
(26) explore this theory within their study, where findings suggest that 
individuals with previous experience with technology, perceived these 
skills enhanced their digital literacy abilities, therefore empowering 
them to engage with digital health technology. In the same study, 
digital literacy was reported to be a significant adoption barrier to 
digital health technology.

Participant 6 in this study stated “The ability of the person to use 
the device is an important consideration. “I have just seen a 47-year-old 
lady who does not know how to send an email when I tried to give her 
contact details of how best to contact somebody in an emergency or if 
they have a question.”

3.1.3. Data privacy and trustworthiness
Participants noted that despite concerns, the use of technology 

can have a relatively positive impact on people’s lives as noted by 
Participant 5 “Technology has changed our lives, you know technology 
is a good idea for the most part.”

Korpershoek et al. (27) suggest that individuals do not feel that 
digital health technology can be trusted. Data privacy is commonly 
discussed and an area that internationally raises concern. The Data 
Protection Acts 1988–2018 are designed to protect people’s privacy. 
The legislation confers rights on individuals concerning the privacy of 
their data as well as responsibilities on those persons holding and 
processing such data. It is assumed that individuals may have strong 
opinions on their health data and how it may be used; however, to note 
this is only an assumption and confirmation would be  beneficial. 
Interestingly multiple subject matter experts in this study did not feel 
that service users would have significant data privacy concerns.

Participant 4 believed that “I’m not sure about privacy, I do not 
think that’s as big an issue as it may be, for some people, but not for 
everyone, I think it’s getting across and understanding what it is in the 
first instance, and how your data is being used, and when it is your 
health data for the people who are the controllers and are the ones who 
are making these decisions for their clinical team, they need 
this information.”

Participant 5 stated “I do not know if the service users in the patient 
cohort have huge data concerns. I do not feel like you know patients 
come in and say God that looks amazing but I’m worried that the 
Russians are looking you know I mean I just do not.”

Participant 6 stated “No, I would not have said that in fact, I would 
consider the consultation, a lot more privacy on digital technology, 
because there’s a lot of security and protection there for patients with the 
GDPR concerns some may have, so no I think there’s much more privacy 
sitting in a room on their own.”

3.1.4. Equality
Equal and fair access to the necessary amenities to engage in 

digital health technology is ambiguous. This is a common theme 
among other studies. Multiple authors such as Mathar et al. (28) and 
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Disler et al. (29) explore the concept that individuals claim that they 
have no access to technology due to their location and age, but also 
that they would have little to no confidence in their ability to use any 
device. It is somewhat unclear what individuals define as “access to.” 
On one hand, individuals are insinuating that they do not own a piece 
of technology such as a computer to access some of the available 
online resources, however, the lack of internet access was also 
highlighted. None of the studies in the literature made specific 
reference to the access to internet and the reasons why this was an 
issue. It is very unclear if the participants in the studies which vary 
across multiple international countries such as the United Kingdom, 
Australia, Denmark Norway to name a few, were from an urban or 
rural geographical location. One study however conducted by 
Sönnerfors et al. (30) in Sweden, does however mention that data were 
collected in rural and urban areas however no differentiation was 
made in the discussion of the results. This study was unique also, as it 
reported that access to the internet and access to technology was a 
significant facilitator to the adoption of technology. The author 
highlights to the reader that in Sweden, approximately only 4% of the 
population are seldom or non-users of the internet. It is also worth 
noting that the Swedish government has a national vision of e-health 
for 2025, in which the government pledges to assist and support the 
population, to have increased access to the internet and digital devices. 
This would suggest that the successful adoption of digital health 
technology would require commitment and support from local 
government to invest in both rural and urban infrastructure and 
internet access. It would be safe to assume that rural Ireland would 
lack similar resources and most definitely requires investment.

Similarly in this study, participants believed that not every 
individual in Ireland has equal and fair access to digital technologies.

Participant 4″ “The IT infrastructure might be  challenging 
particularly in rural parts of the country.”

Participant 6 stated “high-speed broadband so even though you are 
kind of maybe saying okay mine maybe that brilliant for the older 
population, it might be that brilliant for the younger population, because 
they cannot afford to engage in it.”

Participant 7 “Absolutely not and that goes back to you know I’m in 
a Council House and I am not getting the wifi because they are going to 
make me commit to 12 months, but the Council said, I have to move out 
of here in 3 months so I’m not going to sign up there.”

3.1.5. Education
Education, or more specifically IT education, is mentioned within 

the literature as both a facilitator and barrier to the adoption of digital 
health technology. Slevin et al. (26) report from an Irish study that 
participants perceived that IT education should be personalized for 
everyone. Personalized early IT education would result in a higher 
uptake of engagement with digital health technology, as it would instill 
competence and confidence in individuals when presented with 
digital health technology.

Participant 6 stated, “I mean, even in my career like I’m self-
learning every single bit of it that I’ve ever done.” Education regarding 
the use of technology and the intention that it is in place to support 
and is not intended to replace the HCP is warranted to negate any ill 
feeling toward technology.

Participant 1 comments “I think, as soon as they are put on 
something that is remote so away from a person and they are feeling like 
their issues are being trivialized in some way. They need to see that it 

does not have to be an all or nothing, it can be supported by a person 
and use of technology.”

Participant 4 believed that “a lack of protocol on the clinical side 
and a lack of understanding or awareness of what was happening on the 
service user side.”

A summary of the themes emerging from the interviews with 
subject-matter expert participants in this project, on reaching data 
saturation, is shown in Figure 1.

The data analyzed from these semi-structured interviews 
highlighted many key themes among the subject matter experts on the 
role and potential effectiveness of DHI for remote patient use. There 
was a strong concern that people’s awareness of digital technologies 
and their perceived usefulness could be poor. There was also concern 
that poor awareness could hinder the acceptance of technology as 
people were somewhat blinkered to the advantages. The literature 
suggests that the increased knowledge and awareness of disease 
resulted in better self-management, better reported quality of life, and 
improved continuity of care from healthcare professionals (31). 
However, not all studies acknowledged this as a facilitator of the 
adoption to digital health technology. A qualitative study conducted 
in the United Kingdom by Sanders et al. (32) reflects the perception 
that engagement with digital health technology poses a threat to an 
individual’s identity, autonomy, and ability to self-care. It was believed 
that the use of digital health technology would result in a lifestyle that 
put too much focus on ill health and would encourage a high degree 
of dependency on the technology. Individuals were also keen to 
distance themselves from technology to avoid negative stereotypes of 
ill health and aging. The increased access to health data and focus in 
symptom awareness was seen as an aggravating factor for anxiety for 
some individuals (32) whereas counter-argument was made by Slevin 
et  al. (33) who insinuates that engagement with digital health 
technology was seen to reduce an individual’s experience of anxiety. It 
can be concluded that an individual’s perception of usefulness is a 
significant element that should be considered as a facilitator, but, also 
a barrier to the adoption of digital health technology. The follow on 
quantitative phase of this study will encompass translating information 
from these semi-structured interviews into a questionnaire for 
respiratory patient participation attending both rural and urban 
health service clinics. The questionnaire will be developed using data 
from this study and will apply the Health Information Technology 
Acceptance Model. This framework is an amalgamation of TAM and 
HBM (34).

3.2. The role of living labs in supporting 
and enabling development and use of 
digital health interventions in respiratory 
care

Living labs are a relatively new concept within healthcare despite 
their existence since the early 2000s. There is no commonly accepted 
definition of living labs, however frequently used adjectives include, 
open innovation, user-centric, co-creation, test innovation, and real-
life context (35). The idea of living labs facilitates the collaboration of 
knowledge sharing and research design which delivers a user-centered 
open innovation system. Broadly speaking the key concept of living 
labs is the idea that a safe space is created to facilitate knowledge 
exchange, co-ideation, and testing between diverse stakeholder groups 
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in real-life settings (36) The underpinning goal of living labs is to 
establish and accelerate networking and collaborations of key 
stakeholders resulting in greater and faster societal impact inclusive 
of service providers and service users. In Ireland, there are currently 
nine different living labs focusing on different aspects of digital health. 
While the type of disease supported varies, the main aim of the living 
labs is to facilitate the use of technology for remote monitoring, data 
collection, telehealth, and assistant apps for the older population. 
Respiratory living labs facilitate actively transferring the research into 
action. The development of a living laboratory for respiratory care 
management and intervention in Ireland will be informed by data 
generated from this study. Key candidate digital technologies to 
be used and developed in this digital respiratory health library include 
the Internet of Things (IoT) which includes personalized mobile 
phone apps; artificial intelligence and machine learning (algorithms) 
for real-time analysis and intuitive use of big data to promote ease of 
use and for patient risk mitigation; Edge end-to-end monitoring of 
data and the use of block chain to develop both business models and 
to address data trustworthiness; and immersive technologies to help 
patients and service providers understand new e-technologies. The 
living lab established for this respiratory patient project or DHI 
provides access to specialist training environments and subject-matter 
experts (including immersive technologies), for healthcare and 
industry through a university interface that also responds to 
community needs informed by regional policies (Figure 2).

Moreover, the increasing availability and sophistication of mobile 
health technology continue to garner research interest (37). Liao et al. 
(37) noted that mobile technology has become a ubiquitous part of 
everyday life and is challenging the way we offer clinical and health 
services internationally. However, meeting the challenges posed by 
unprecedented access to data and the commensurate influx of 
wearable device data requires a multidisciplinary team of researchers, 
clinicians, software developers, information technologists, and 
statisticians. Adoption of digital health technologies in Ireland will 
also be  accelerated by the use of open access and by knowledge 
transfer from adjacent domains that are more advanced in living 

laboratories including additive manufacturing and smart agri-food 
systems (38, 39). The studies of Flott et al. (40) also corroborate the 
necessity for using this Quintuple Helix Hub encompassing living 
laboratories as a flexible patient-centered framework for evaluating 
the digital maturity of health services. Digital maturity is the extent to 
which digital technologies are used as enablers to deliver a high-
quality health service. Flott et al. (40) noted that measurement systems 
that do exist are limited to evaluating digital programs within one 
service or care setting, intimating that digital maturity evaluation is 
not accounting for the needs of patients across their care pathways.

The use of big data and artificial intelligence is under study to 
stratify the delivery of healthcare. In Ireland, programs have been 
funded through Horizon (2020), an example being the CLARIFY 
project which aims to identify risk factors that impact cancer patients´ 
quality of life after oncological treatment by using Big Data and 
AI. Data from more than 15,000 survivors of breast, lung, and 
lymphoma cancer will be reviewed. The objective is to help to stratify 
cancer survivors by risk to personalize their follow-up by better 
assessment of their needs.

3.3. Quintuple Helix hub framework for 
support and enabling living labs in 
respiratory health

The Quintuple Helix Hub framework combines academia-
industry-government-healthcare and society thus providing an 
integrated multi-actor environment enabling digital transformation 
of living laboratories, such as for bespoke respiratory care and 
management. There is a pressing need to embrace national digital 
transformation strategies, particularly for healthcare; however, there 
is a gap at the interface between top-down strategic policies and 
bottom-up healthcare and end-users. This framework operates as a 
one-stop-shop to cross-cut different disciplines that include specialist 
infrastructure and equipment sharing, subject-matter expertise, 
demonstrator facilities, human capital building, training and mobility, 

FIGURE 1

Themes emerging from semi-structured interviews with subject-matter expert participants in this study.
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test-the tech, funding and investing (41, 42). The Quintuple Helix has 
its’ foundations in previous N-Tuple helices (namely Triple and 
Quadruple) that are explanatory and active models for facilitating and 
analyzing knowledge-based economies (43). This author reported that 
“the Triple Helix model of university-industry-government relations 
measures the extent to which innovation has become systematic 
instead of assuming the existence of national (or regional) systems of 
innovations on a priority ground.” This model also addresses the 
system of innovation patterns that embraces integrating (such as 
functions of wealth creation, knowledge production, and normative 
control taking place at organizational interfaces) and differentiating 
factors (such as exchanges on the market, scholarly communication 
in knowledge production, and political discourse) (43). One can 
determine whether innovation systems are technology-specific or 
sector-based by review of indicators, such as co-authorship data 
arising from the Science Citation Index. Leysdesdorff and Sun (44), 
previously showed that in Japan, “university scholars have increasingly 
co-authored with foreign colleagues, thus favoring internationalization 
above relevance when considering the triple helix model of university-
industry-government.” It is appreciated that defining selection 
environments for delineating performing indicators for deploying 
effective digital health technology beyond the Triple helix of 
university-industry-government as it will require substantive 
specification and operational in terms of potentially relevant data that 
may require the development of additional relevant indicators. 
However, to effectively deploy appropriate digital technologies, 
consideration must be given to the additional subject domains of 
healthcare and society for both subject-matter appreciation, 
appropriateness, and socio-economic value for tax-payers; thus, 
inferring development of a Quintuple Helix framework for digital 
health in Ireland.

This present project addresses key themes for remote patient 
uptake of digital health innovations including informing future key 
performance indicators for living labs for respiratory care under a 
digital health living-lab framework. This challenge is not insignificant, 
for example, Rowan et al. (39) have noted that there are 706 digital 
innovation hubs in Europe under varying degrees of maturity. Yet, 

Brenner et al. (8) highlighted that of the 2,192 publications reviewed 
and analyzed (PRISMA) between May 2021 and August 2021, only 
five papers have addressed approaches to inform key performance 
indicators for the applicability of digital health innovations. Further 
reading of these five mainly European publications reveals that they 
mainly focused on developing multi-stakeholder frameworks 
exploiting literature reviews and expertise meetings to classify 
indicators (45) and completing interviews with individual stakeholders 
followed by an interdisciplinary brainstorming session (46). Vedluga 
(47), applied the Activity Pyramid, Kane’s Model Affinity Diagrams, 
and Critical quality requirements tree to identify stakeholders, their 
needs and to determine KPIs for Lithuania’s national eHealth 
information system. Carrion (48), and Bradway (49), did not include 
methods to identify KPIs, but described DHI assessment based on 
principles of technical readiness and maturity, risks, benefits, and 
resources needed. Thus, there remains a knowledge gap in assessing 
both the benefits and barriers to supporting and enabling remote 
respiratory patient monitoring using digital technologies in a 
Quintuple Helix framework that also addresses appropriate KPIs for 
reporting on their effective implementation and management, which 
also embraces feedback to government on policies at the interface with 
end-users. This present study reports on the first qualitative phase 
through interviews with subject-matter experts to guide remote aging 
respiratory patient usage and their empowerment.

Living labs will also be supported and accelerated by digital twin 
(DT) activities that refer to the “virtual copy or model of any physical 
entity (physical twin) both of which are interconnected via the 
exchange of data in real-time. Applications of DT include real-time 
monitoring, designing/planning, optimization, maintenance, remote 
access, and so forth” (50). Operating an effective living laboratory that 
exploits digital technologies including digital twin applications for 
healthcare can increase productivity and efficiency. This Quintuple 
Helix Hub framework may potentially also operationally meet clinical 
programs and electronic medical records for the effective 
commensurate implementation of appropriate technologies into 
clinical workflow and allow feedback to measure the impact including 
key performance indicators on clinical outcomes (37). This hub 

Policy
Governance

Ventricular Innovation

End user feedback
Behavioural Change

IPC

Development of National 
Policy on digital health 

technology.

Testing 
Innovation…

Quintiplet Helix. The collaboration 
of Industry, Academia, Helathcare, 
Social and Government to develop 
novel digital solutions

Development of novel ITC solutions 
in response to Quintiplet Helix

FIGURE 2

Addressing the interface between top-down digital health policies and service end-user needs, such as through a Quintuple Helix Hub Framework.
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framework can also address the nexus to personalized home healthcare 
options for smart service delivery and patient-centered monitoring 
(51), such as respiratory care management. Alexandru and Ianculescu 
(51), noted that as the number of older adult patients increases with a 
broad spectrum of needs and specificities, the number of available or 
caretakers diminishes; thus, the healthcare and social system needs to 
evolve to meet these trends including informing appropriate and 
efficient decision making such as financial and human resources.

In the context of specialist training and educational programs 
delivered in living labs supporting eHealth, Extended Reality 
technologies such as Virtual reality (VR) are emerging as potential 
platforms to deliver learning content in a more ecologically valid 
manner. This is based on their delivery of 360° visuals, spatial audio, 
and allowing the learner to move beyond the passive mode toward an 
active participant in their learning experience (52). These technologies 
in conjunction with various wearable sensor technologies support the 
capture of various user physiological measures in addition to task 
performance and user interaction to facilitate a true “human-in-the-
loop” system that supports adaptive, personalized while maintaining 
context-based learning (53, 54). The capture system identifies, at the 
individual level, key abilities of the learner (by moving beyond binary 
pass/fail reporting toward understanding a specific individual learning 
needs). This then informs how the presentation system challenges the 
learner; thus, optimizing the learner experience. It identifies 
opportunities for improved training including future provision for 
operator retraining. The Quadruple Helix Hub framework also 
supports and enables the integrated knowledge translation (IKT) 
approach that proposes researcher/knowledge user collaboration as a 
key step in achieving population impact and a way for society to direct 
science. IKT shifts from a paradigm where the researcher is an expert 
to one where researchers and knowledge users are both experts 
bringing complementary knowledge and skills to the team (55).

3.4. Role of DHI as an enabler to informing 
sustainability for respiratory health

Sustainability is referred to as a societal goal to enable co-existence. 
More often than not, it is a term more commonly used when referring to 
global warming and detrimental environmental changes that need radical 
change. The Irish healthcare system is a constant topic for Government 
debate which already is at a crisis point. Indeed, with the projected rise in 
the aging population, the future of Healthcare appears to be grim. The 
growth of the aging population in the Republic of Ireland has accelerated 
in comparison to other EU countries. In 2019 the estimated population 
of individuals greater than 65 in the Republic of Ireland was 696,300 
people, which represents approx. 14% of the total population. This is 
estimated to reach 1.6 million by 2051 (56). This level of growth is likely 
to increase the already lengthy waiting lists, delay elective surgeries, 
overburden our emergency departments, and results in poor quality care 
provision. The current data from January 2023 shows that 505,545 adults 
and 84,125 children are currently waiting time for Outpatient 
appointments in Ireland (57). The number of patients waiting for a 
Respiratory Consultant appointment is estimated to be 19,200. To put this 
into context, currently, One in eight of the Irish population is waiting for 
medical intervention. This is 12.5% of the Irish population. Healthcare is 
at the core of the success of sustainability in many other areas as it is the 
main beneficiary and contributor to development. It is suggested that 

ultimately health is determined by a range of environmental, social, and 
economic influences, and the health of people, places, and the planet are 
interdependent (58). However, for healthcare to contemplate 
sustainability, changes need to be radial and imminent.

The introduction and inclusion of technology in the form of 
digital solutions into how healthcare is delivered is an exciting and 
welcome innovation currently being explored internationally. Digital 
solution goals have such diversity, therefore requiring the inclusion of 
stakeholders who have a particular interest in digital solutions 
interests (59). Collaboration is the key to success, such as through the 
Quadruple Helix Hub framework.

3.5. Summary

This study aimed to explore the perspectives of subject matter 
experts and their view of the factors that influence the pre-acceptability 
of digital health technology in the aging respiratory patient. The common 
themes identified in the literature were digital literacy, perceived 
usefulness, education, and access to and reliability of technology. Each 
theme uniquely impacts an individual’s compliance with digital health 
technology. Participants discussed the difficulties that they experienced 
in gaining access to technology and also the lack of availability to the 
Internet. Most studies in best-published literature did not explore this 
theme in detail; therefore, it is unclear the reasons for this difficulty. Is it 
age? Is it geographical? Each of the subject matter experts raised 
awareness that the availability of appropriate infrastructure was a 
concern and that not all service users would have access to the internet 
or technological devices. Lack of digital literacy skills, IT education, and/
or access to technology were also identified as concerns that may lead to 
poor engagement by service users. This topic is somewhat under-
researched, and there are very limited Irish studies available for review. 
Data privacy was also a common theme among the participants in this 
study, but not a concerning one. It was suggested that service users may 
be very forthcoming about sharing their health data for the purposes of 
obtaining support and guidance from healthcare professionals and 
ultimately disease control. Healthcare is significantly evolving into the 
world of digital health technology; however, it is very unlikely that 
service users are evolving as rapidly to evoke change; understanding is 
needed of the perspectives of the service users to encourage engagement 
with digital health technology. It is imperative to ensure not only the 
success of digital health technology but also the sustainability of the Irish 
healthcare system so that the service users are identified as key 
stakeholders. Investment in digital health technology is futile if it is not 
accepted by the end user. Given the increasing emergence of digital 
innovation hubs across Ireland and Europe (n = 206), applying an 
effective Quintuple Helix Hub framework that encompasses living lab 
activities will help define datasets and domains for improved utility and 
data trustworthiness.

This constituted the first study to identify themes believed to 
be relevant by respiratory care and digital health experts in Ireland to help 
inform future decision-making among a cohort of respiratory patients in 
the Irish midlands and Western region that may potentially facilitate 
engagement with an appropriate use of digital health technology. The 
study explored and identified expert participant perceptions, beliefs, 
barriers, and cues to action that would inform content and future 
deployment of living labs in respiratory care and related strategies for 
remote patient monitoring of people with respiratory diseases. The 
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ultimate goal of this case study was to generate and evaluate appropriate 
data sets to inform the selection and future deployment of an ICT-enabling 
technology that will empower patients to manage their respiratory 
systems in real-time in a safe effective manner through remote 
consultation with health service providers. Findings will advance Digital 
Health Strategies in Ireland and Europe and will have a global orientation. 
This study focused on respiratory patients only as it is the area of expertise 
of the researcher in nursing. The researcher is working full-time as an 
Advanced Nurse Practitioner and is undertaking this study independently. 
Leave has not been permitted to expand this study; therefore, this novel 
study focuses on the group of participants that are accessible.
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