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I. Abstract 

Despite advancements in veterinary medicine, bovine mastitis remains one of the most 

significant and prevalent diseases in Irish dairy herds. Raw milk represents one of Ireland’s 

main food exports and as DAFM Food-Wise 2025 aims to increase food exports by 85%, 

coupled with the removal of the EU Milk Quota in March 2015, there is need for improved 

milk yields from Irish farms. Bovine mastitis is an inflammatory infection of the mammary 

gland, which is a major constraint on milk production, causing animals discomfort, health 

complications, production of poor-quality milk and when treated using conventional means, 

requires their removal from the herd. There are several prevention plans being implemented 

but the use of antibiotics remains the only recognised means of treatment, which requires a 

cool-off period to ensure no traces of antibiotics enter the food supply. Due to emerging 

antibiotic resistance, there is an ever-increasing demand for antibiotic-free treatments in all 

fields of medicine; thus, highlighting the need for developing new or alternative treatments 

targeting infectious diseases such as mastitis.  

In this study, four thermo-tolerant bioactives (nisin, silver nitrate, zinc oxide and chitosan) 

were evaluated in order to determine their suitability as alternatives for antibiotics in the 

treatment of bovine mastitis. They will be assessed for their antimicrobial capabilities as well 

as their suitability for polymer incorporation through hot-melt extrusion (HME), which would 

greatly open their potential applications and uses. Well established methods in the evaluation 

of antibiotics and other antimicrobial compounds were utilised to allow comparisons with 

published literature and already well-established antimicrobials. Additional methods have 

also been implemented and developed to assess the antibiofilm capabilities of the bioactives, 

and other methods commonly used in pharmaceutical  studies for determining combinational 

potential of the compounds in terms of a synergy assessment. 

Methods: The four bioactives were first incorporated into a polymer matrix of PVP-VA64 

through hot-melt extrusion (HME) as a means to access this novel route of therapeutic 

delivery.  Broth microdilution assays were utilized to evaluate the microbial growth inhibition 

capabilities of each bioactive, before and after HME, and to determine their individual 

minimum inhibitory concentration (MIC) against four bacterial strains, E. coli, S. aureus, S. 

epidermidis and P. aeruginosa. Growth inhibition was determined by measuring absorbance 
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while secondary analysis was carried out by use of the extra-cellular dye, resazurin. MIC 

studies were conducted on a number of veterinary isolate strains, some of which have 

demonstrated antimicrobial resistance (AMR). The biofilm disruptive capabilities of each 

bioactive was assessed against S. aureus and P. aeruginosa biofilms. A novel protocol was 

developed to assess bioactive effects upon the three stages of biofilm development, 

attachment, growth, and maturity. Thereafter, the bioactives were assessed in arrangements 

of two, three and four drug combinations to determine their synergistic capabilities for 

inhibiting E. coli, S. aureus and S. epidermidis growth. The synergistic relationship between 

bioactive activity was evaluated by a new analytical system developed using the Python 

coding language, allowing for high-throughput evaluation and quantification.  

In vitro experiments were then conducted in order to determine the cytotoxic and 

inflammatory potential of the bioactives against bovine mammary epithelial (BME) cells. To 

assess the bioactive cytotoxicity, BME cells were treated with each bioactive at a range of 

concentrations, and cell viability was determined by use of the MTT assay. Cells were also 

treated and assessed to determine their inflammatory response, by determining changes in 

the expression of the cytokines TNFα, IL-1β, IL-6 and IL-8. Relative expression was determined 

by use of RT-qPCR using β-actin as the reference housekeeping gene. 

Results: The four bioactives were found to exhibit satisfactory antimicrobial inhibitory effects, 

before and after their incorporation into a polymer matrix against E. coli, S. aureus, S. 

epidermidis and P. aeruginosa. Bioactive studies against veterinary and reference strain 

bacterial isolates also exhibited promising findings in terms of addressing AMR. Assessment 

of the biofilm disruptive capabilities highlighted varying degrees of bioactive efficacy. 

Furthermore, this study generated novel data that will advance the field of biofilm innovation. 

The inclusion of a novel anti-attachment step in the anti-biofilm assessment process holds 

great potential as a pivotal source of data, informing future preventative measures against 

biofilms and biofilm-mediated infections. The novel anti-attachment step included in the 

present study generated important revealing the bioactives effect upon the initial stages of 

biofilm development. While some results varied greatly with some treatments (such as 

AgNO3) causing notable decreases in biofilm growth against P. aeruginosa, but causing 

increased S. aureus biofilm growth, the study shows the import of considering such scenarios.  
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Synergistic combinational assessments yielded enormous amounts of data for the named 

bioactives tested, with the majority showing clear synergistic capabilities when combined. 

This data also exhibited interesting trends such as how therapeutic behaviour can change 

unpredictably depending upon the combination of bioactives used. Results show how two or 

more drugs can interact differently with each other when they are at the active site of 

treatment, and how their activity can change. While the primary intention is for positive 

therapeutic reinforcement of activity (i.e. synergy), certain bioactives were shown to inhibit 

each other (i.e. antagonism). While antagonistic interactions are not favourable, they are 

equally valuable data points to consider when preparing combinational therapies as these 

combinations can be reduced to limit such antagonism.  The most interesting finding from 

this section involved the use of nisin, a lantibiotic unable to affect gram-negative bacteria, 

which was shown to have a definite effect when used in combination with other bioactives 

(primarily AgNO3 and Chitosan) which was a hugely significant finding that carried the 

hypothesis of the combination studies. Previously used combination/synergy predictive 

models would claim there would be no effect between these compounds, whereas in the 

present study it was proven that there was an effect. This constitutes the first study that 

exploits a three-drug combinational study for these bioactives and the only four-drug 

conducted study of any therapeutic compounds.  

Cytotoxic assessment of the bioactives reported negative effects when using AgNO3 and ZnO 

with BME cells. Both AgNO3 and ZnO were quite toxic to the cells in vitro, however as per 

results from other studies carried out during this project, both bioactives still hold great 

potential for inclusion in a final treatment solution. For example, combinational report much 

lower required concentrations of each which enables the potential of using sub-toxic 

concentrations of each compound that may still hold notable anti-microbial effect. 

Furthermore, inflammatory assessment revealed interesting effects upon cytokine 

expressions. AgNO3 was noted to produce a strong anti-inflammatory response, as noted by 

the reduced expression of the pro-inflammatory cytokines, TNFα, IL-1β, IL-6 and IL-8. Reduced 

expression of such cytokines is a key indicator of reduced inflammation, which holds great 

promise for the treatment of inflammatory diseases, such as mastitis. Nisin, chitosan and ZnO 

also reduced the expression of some target cytokines. Notably, there was no major increase 

in expression of targeted cytokines using the aforementioned bioactives which indicates that 
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they did not elicit an inflammatory response in the cells. This too is an important characteristic 

required for treatment of inflammatory diseases. 

The findings of this research were published in leading journals that will inform solutions for 

AMR crisis where this cross-cutting area aligns with the new TUS Strategic Plan 2023-2026.   
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Chapter 1 Introduction 

The dairy industry today represents one of the oldest agricultural-based industries while still 

holding huge significance throughout the world in terms of economics, employment and as a 

major source of food goods (Garvey, Curran, and Savage 2017). The value of the industry 

comes from its supply of highly nutritious foods, which is becoming increasingly more 

important as the global population continues to grow. While the continued development of 

the dairy industry’s milk supply is vital for continued success, it is important to bear in mind 

the effects that an increased herd size may have, for example, towards the environment and 

also the indirect effects to other areas. In recent years there has been a large influx of 

investment and interest into the industry in order to maintain its growth to correlate with the 

increasing demand from the global market. This saw large scale expansion and proliferation 

of the industry Worldwide. Presently, as the scale of the industry is beginning to peak, the 

current focus for improvement lies on the development of a more sustainable industry, one 

that can meet and maintain the expected production growth while minimising cost and as 

such creating a more efficient industry. The Irish dairy industry has been a major supplier of 

raw cow milk to many countries within Europe, and with the abolishment of the European 

Union Milk Quota in March 2015, there has been a great influx of resources in-order to 

increase Ireland’s milk output (Department of Agriculture Food and the Marine 2015; 

Donnellan, Hennessy, and Thorne 2015). These investments hold great potential returns for 

several reasons. Recent financial studies have given in-depth analysis of Irish farms over a ten-

year period, from 2003 – 2013.(Thorne et al. 2015). This study of Irish agriculture, as led by 

Teagasc, reveals interesting financial trends of Irish farms compared by their main output, be 

it dairy, livestock or tillage. Dairy farms have reported lower solvency levels (which compares 

borrowed capital of a business to the owner’s equity capital in the business) on average as 

compared to livestock and tillage. As well as this, dairy farms were found to be the most 

economically viable Irish farm systems over all others, when evaluated by returns on non-

land capital being at least 5 percent and their ability to reimburse family labour at the 

minimum agricultural wage rate. However, the average level of debt on dairy farms was 

significantly higher than that of livestock farm. Considering the majority of loans taken by Irish 

farms were used for the development of buildings and as capital for their work force, it can 
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be no surprise that dairy farms require larger sums due to need for specialised equipment, 

housing and trained farm hands as well as additional expenditures in comparison to other 

farm systems.  

A commonly faced challenge by dairy farmers is the upkeep of the herd’s health, primarily in 

the prevention infectious disease which can spread quickly and unnoticed while having a huge 

impact on overall cost and profits of a farm. Although there have been huge efforts into 

management and prevention of such, mastitis remains one of the most prevalent and 

problematical diseases within dairy industries. While mastitis can be prevalent in all farm 

systems that house livestock, be it cattle or sheep, dairy farms have the greatest prevalence 

of mastitis and also show the largest impact on overall profits as a result for the disease. There 

have been a number of studies into the estimated costs of mastitis upon farms through direct 

costs (or failure costs), such as production losses, treatment and culling of the herd (Geary et 

al. 2012; Huijps, Lam, and Hogeveen 2008) but also into the costs involved its control and 

prevention (van Soest et al. 2016). Mastitis also has a major effect on the quality of produced 

milk, the quality of which can be quantitatively measured by a somatic cell count (SCC) of the 

milk which detects any cells that were shed from internal mammary gland extracellular layer 

due to damage or infection. Several EU regulations have been imposed in-order to keep SCC 

of raw milk from farms below a certain threshold. The value of milk falls dramatically as its 

average SCC/mL increases; thus it is in the best interest of dairy farmers to properly maintain 

the health of their livestock in order to maximise profits. To better understand intramammary 

infections (IMI) and the steps necessary for management of such, it’s important to first 

understand the mammary system and the pathogens involved in infection. 

1.1 Diagnosis 

While diagnosis of CM can be quite straightforward due to the visible clinical signs, means of 

evaluation are still required as it is important to determine the severity of the infection and 

to established if it is a mastitic infection. In contrast, the asymptomatic nature of SCM 

necessitates routine monitoring of the herd and requires specialised tests for diagnosis.  At 

present, there are various methods for the detection of mastitis that are as follows: 

Visual Inspection: The initial step in diagnosis of mastitis involves visual inspection of the 

udder and milk produced. Inspection of this manner looks for heat, swelling, inflammation 
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and sensitivity of a quarter or the udder as a whole. The milk is also assessed by colour and 

consistency of state (whether it is of normal standard or watery). Visual inspection may only 

be reliable for determination of CM, it is still hugely important and should be carried out in 

regular intervals to allow for prompt response to mastitic occurrence (Contreras and 

Rodríguez 2011; Mainau, Temple, and Manteca 2014; Jones and Bailey 2009). 

Field Tests: Conventional field testing gives a simplistic yet rapid means for the detection of 

mastitis. One of the most commonly used and readily accessible methods available to both 

farm-hands and veterinarians alike, is the California Mastitis Test (CMT) (Schalm and 

Noorlander 1957). This detects elevated levels of somatic cells in milk by addition of the CMT-

Test reagent, disrupting their membranes causing the cells to rupture and coagulate forming 

a gel with viscosity that is proportional to cell numbers. The CMT is generally carried out on a 

paddle divided into four wells, one for each udder quarter, for holding the milk during the 

test. The reaction of each quarter is recorded on a scale of 0 – 3, 0 being no reaction, 3 being 

full positive reaction with a viscous gel formation. (Dingwell et al. 2003; Kaşikçi et al. 2012). 

However the interpretation of the results can be subjective to the individual performing the 

test and therefore can lead to false negatives/positives (Viguier et al. 2009) 

Other established methods used include the measurement of electrical conductivity (EC) and 

pH of the milk and measurement of udder skin surface temperature (USST) (Langer et al. 

2014; Viguier et al. 2009; Polat et al. 2010). The principle behind EC measurement is that the 

conductivity of milk increases during mastitic infection due to the changes in ionic 

concentrations as a result of damaged mammary tissue, leading to an increase of Na+ and Cl- 

ions. EC is commonly used in automatic milking (AM) systems as a detection tool for CM as it 

is simple and inexpensive, and when used in conjunction with other detection methods such 

as CMT or SCC, it can make for reliable SCM detection (Kamphuis et al. 2008; Kaşikçi et al. 

2012).  

Measurement of USST can also be indicative of infection within the mammary gland. Polat et 

al. demonstrated that infrared thermography (IRT) was sensitive enough to detect thermal 

changes on the udder skin caused by SCM, clarified by use of CMT and SCC (Polat et al. 2010) 

Somatic Cell Counts: As previously mentioned one of the main methods for the diagnosis of 

mastitis, as well as being a measure of udder health and overall milk quality, is the somatic 
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cell content of milk (Jones et al. 1984; Dohoo and Meek 1982). An elevated SCC in milk is most 

commonly related to mastitis, both clinical and sub-clinical. This is due to the immune 

response to the infection, which causes mass gathering of leukocytes (predominantly 

neutrophils) as well as mammary epithelial cell detachment (exfoliation), which can occur as 

a defence against bacterial attachment or as a result of damage from the infection (Nagasawa 

et al. 2018). While the CMT gives only a rough indication to the presence of somatic cells, 

there are more quantitative methods available. Counting by direct microscopy is well 

established means of determining the SCC of milk and is also one of the most officially 

recognized methods. It does however hold a number of draw-backs, primarily that of 

inaccuracies as a result of human error in counting (Nielsen, Smyth, and Greenfield 1991; 

Frøsig 2017) 

Technological advancements have allowed the development of automated counting by use 

of imagery cytometry (IC). By utilising fluorescence imaging, IC based instruments have 

become widely used in SCCs as they allow for rapid and reliable counts and can accommodate 

mass sample analysis. There are a number of IC-based equipment’s available such as flow 

cytometers but also instruments made specifically for milk SCCs such as the NucleoCounter®, 

which is now widely used (Shah et al. 2006; Sumon, Ehsan, and Islam 2017; Javorová et al. 

2013). An individual SCC of <100,000 cells/mL indicates a normal healthy cow, but it is widely 

accepted up to 150,000 cells/mL (O’Brien 2008).  

While SCCs are generally carried out to determine individual infections, it is recommended 

procedure on dairy farms to carry out a bulk tank somatic cell count (BTSCC) at regular 

intervals (Savić, Mikulec, and Radovanović 2017). A BTSCC can give an indication to the 

presence of mastitic cows within a herd and also an estimate of what percentage of the herd 

is infected. For example a BTSCC of 100,000 to 200,000 cells/ml indicates that approximately 

20% of the herd are infected, a BMSCC of 300,000 to 400,000 cells/ml indicates that 

approximately 40% of the herd are infected (O’Brien 2016). The European Union has set a 

regulatory limit of 400,000 cells/mL for raw cow’s milk, after which they will enforce 

appropriate measures (Community 1984). 

In vitro culture: Culturing of microorganisms present in affected milk is regarded as a gold 

standard test for the detection of IMI’s and gives insightful information to the aetiology of the 

infection, allowing more specialised treatment (Bouchard, Roy, and Tremblay 2014). Culturing 
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the organisms is as simple as streaking a tryptone soy agar (TSA) plate with a sample of milk 

taken from the individual to be tested, or more specifically, from the quarter suspected to be 

infected. However, the implications in this method revolve around the actual causative 

pathogen of the IMI, whether it be bacterial, fungal or viral. Viral isolation is a more complex 

procedure and requires specialised facilities (Leland and French 1988). While fungal 

pathogens are more easily isolated, they require a longer incubation time before growth can 

be seen. Certain bacterial isolates will require additional growth supplements such as 

defibrillated sheep blood, in order to grow sufficiently. After a culture is established in the 

most suitable media, additional microbial and biochemical tests can be performed to identify 

the microorganism (Shelley, Deeth, and MacRae 1987). Proper identification of the pathogen 

is of great importance as it allows more efficient treatment, management and also 

prevention.  

1.2 Bovine Mammary System and Infection  

The bovine mammary system is collectively found in the udder which consists of four quarters 

(see Figure 1.1 for a cross-section illustration of two quarters), each containing a separate 

mammary gland composed of milk ducts, a gland cistern  teat cistern and glandular tissue (or 

parenchyma) consisting of small, milk producing sacs known as alveoli (Nickerson and Akers 

2011).While mammary tissue is present in all mammals, it’s development into a mature gland 

does not initiate until puberty of female mammals and does not become fully productive until 

first conception (Knight, Wilde, and Peaker 1988). After parturition, a shift in the cow’s 

hormones will trigger the alveoli to produce milk or lactate. Although lactation will continue 

normally for a time, the production of milk will eventually hit a peak after which it will decline 

steadily until lactation ends (Schmidt and Vleck 1974). Due to this, dairy farmers plan breeding 

times accordingly in order to achieve the highest potential milk yield. The period between 

calving is what’s known as the “lactation cycle” and is divided into four phases: early lactation, 

mid lactation, late lactation and a dry period. While each lactation period can last up to 120 

days, the dry period should ideally last 60 days (Moran 2015). The dry period is necessary as 

it allows the cows to recuperate, regain body fat supplies, regenerate secretory tissue and 

prepares for the next lactating cycle which can all lead to an overall increase in production 

(Cortes, Search, and Period 2018).  
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Figure 1.1 Bovine Mammary Gland Cross-section.  
Cross-section illustration of two bovine mammary gland quarters, showing dermal layers 
(left) and internal system structure (right). (Alany et al. 2013) 
 
One of the main goals of Irish, and indeed all dairy farmers is to increase and maintain their 

annual raw milk yield for enhanced profit. The general course of action to achieve such 

involves proficient management of the herd’s lactation cycles as well as other influential 

factors such as nourishment, rearing, housing conditions and the general health and well-

being of the herd as a whole (Ingvartsen, Dewhurst, and Friggens 2003). Maintenance of a 

herd’s well-being can be the most challenging and problematic of such. Dairy farms worldwide 

commonly face issues that can have a direct impact on milk yield such as poor reproductive 

performance of cows, which increases calving interval and consequently lowers the average 

lactation length (Nebel and McGilliard 1993; Gröhn and Rajala-Schultz 2000); non-infectious 

diseases such as milk fever acidosis, ketosis (Rajala-Schultz, Gröhn, and McCulloch 1999); 

infectious diseases such as bluetongue, foot-and-mouth and mastitis (Wells, Ott, and Hillberg 

Seitzinger 1998; Fleischer et al. 2001). While each such condition can be quite harmful to 

production or herd sustainability, diseases of the mammary gland itself have the greatest 

potential impact on milk production if left unchecked. Mammary infections can have a direct 

effect on farm production by lowering milk quality but also causing indirect complications by 

necessitating the removal of infected cows from the line or in extreme cases, culling (George 

et al. 2008). It is therefore in the best interest of farmers to prevent ailments to their herd, or 



Chapter 1 Introduction 

26 

to treat such promptly and appropriately, in order to maintain the highest possible 

performance, however this is not always possible. While it can be said that teat, udder and 

mammary gland disorders can be quite harmful in all aspects, they also greatly increase 

susceptibility of cows to bacterial infection within the udder, which can then lead to the onset 

of IMI, such as mastitis. Mastitis can have a major influence on milk production and quality, 

herd health and sustainability, thus affecting overall profits. 

1.3 Mastitis 

Mastitis is defined as inflammation of the parenchyma, regardless of the causative agent, and 

can be characterized by pathological changes of the glandular tissue itself as well as various 

physical and chemical changes to the milk produced. It primarily occurs as an immune 

response caused by bacterial invasion of the mammary gland but may also be caused by 

chemical or physical trauma of the udder and can affect one or more of the udder quarters 

simultaneously (Constable, Hinchcliff, Done, and Grünberg 2017). Mastitis can be further 

classified in terms of clinical signs, aetiological agents and its progression (i.e. mild, per-acute, 

acute, sub-acute or chronic) (Contreras and Rodríguez 2011).  

Mastitis is referred to as clinical mastitis (CM) in cases where there are visual signs of 

infection, both on the udder itself and in the milk. The milk will have obvious signs of infection 

such as blood clots, discoloration and altered composition causing the milk to become watery 

(Mainau, Temple, and Manteca 2014). The more common indicators of CM on the udder 

include swelling, heat, increased sensitivity (hyperalgesia, allodynia) and bruising. In more 

extreme cases, systematic symptoms can develop such as fever, loss of appetite/anorexia, 

weakness and reduced rumen function (Bogni et al. 2011; Jones and Bailey 2009).  

Sub-clinical mastitis (SCM) however has no visual symptoms and instead requires analysis of 

the produced milk in order to determine the quantity of somatic cells present, a key 

identifying agent of both CM and SCM (Björk 2013; A. J. Bradley 2002). Due to the difficulty in 

diagnosing SCM, it is considered more serious than CM and is responsible for much greater 

losses within the dairy industry (Islam et al. 2011). Due to its inconspicuous nature, it can 

quickly spread throughout a herd if left unchecked and prolonged infections can develop into 

clinical cases (Constable, Hinchcliff, Done, and Grunberg 2017; Saglam et al. 2017). Depending 

on the causative pathogen, there is also the threat of the infection being allowed to produce 
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a biofilm layer which can greatly complicate the matter due to the protective nature of 

biofilms against immunological responses, antibiotic treatments and can also play a role in 

reoccurrence (Melchior 2011; Melchior, Vaarkamp, and Fink-Gremmels 2006; Gomes, 

Saavedra, and Henriques 2016).  

1.4 Aetiology 

Mastitis is a complex disease caused by numerous pathogens of varying origins, with different 

patterns of infection. While over 135 different micro-organisms, including bacteria, fungi and 

viruses, have been isolated from bovine IMI’s, the majority of infections are of bacterial 

origins. The more commonly faced bacteria are staphylococci, streptococci and Gram-

negative bacteria (Thompson-Crispi et al. 2014).  

Bacteria associated with mastitis can be classified by their primary source and mode of 

transmission as being either contagious or environmental. Contagious bacteria are 

transmitted through contact, which primarily occurs by indirect means, from an infected 

udder. For example, after a cow that carries a contagious infection is milked, the bacteria can 

be passed on through the machinery or by the handling of the farmer if proper hygiene and 

disinfection is not followed. The most predominant contagious bacteria in most countries, 

including Ireland is Staphylococcus aureus which primarily causes SCM (Bogni et al. 2011). 

Another well-known pathogen is Streptococcus agalactiae however it is mainly associated 

with individual herds and it’s occurrence is generally associated with inadequate milking 

procedures (Barrett et al. 2005). 

Environmental pathogens arise from the cow’s surroundings such as housing, bedding and 

manure. They are regarded more opportunistic in nature, invading individuals with weakened 

defences or at certain stages of lactation. Common species that fall under this classification 

are coliforms (such as Escherichia coli) and certain streptococci such as Streptococci uberis 

and Streptococci dysgalactiae (Jones and Bailey 2009; Thompson-Crispi et al. 2014; A. J. 

Bradley 2002). While S. dysgalactiae is classified as an environmental pathogen, it’s 

pathogenic traits are more that of a contagious strain in terms of infection and transmission, 

but it’s main reservoir is the environment (Bogni et al. 2011). 

Another group of bacteria commonly identified in cases of mastitis are teat skin-associated 

opportunistic pathogens, primarily coagulase-negative staphylococci (CNS) bacteria. While 
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CNS bacteria have been known to be implicated with mastitis, they were held in very low 

regard until recently where they have been identified as one of the leading causes of SCM on 

many farms (Vanderhaeghen et al. 2015). Of particular interest is Staphylococcus epidermidis 

which is one of the most frequently isolated CNS species from SCM. The most notable 

characteristic of S. epidermidis is that it is of human origin, found on the skin. Therefore it is 

assumed that its origin is from improper hygiene and sanitation of farmers themselves 

(Thorberg et al. 2006). 

1.5 Epidemiology 

There are a number of factors that influence the risk of mastitis which can relate to the host, 

its farm environment. While incidence of CM or SCM can vary according to these factors, the 

prevalent pathogen in reported cases also varies. 

Host factors  

The most significant factors that can influence susceptibility to mastitis are the age and parity 

of the cow, which affect herds globally. A number of studies have shown the correlation 

between increasing age of a cow and the occurrence of mastitis. One study reported cows 

above the age of seven years holding highest prevalence of SCM with a notable trend of it 

increasing with age (Tripura et al. 2014). A separate study reported cows in age groups of 3 – 

5 years and 6 – 10 years had infection prevalence rates of 65% and 93.2% respectively 

(Zeryehun, Aya, and Bayecha 2013). Advancing parity shows a trend of increasing SCM 

prevalence, with studies showing it to be significantly higher in cows above second parity, 

which can be associated with weakened host immune systems (Tripura et al. 2014; Jamali et 

al. 2018; Sarker et al. 2013). Mastitis incidence has also been related to lactation periods. 

Young, primparous cows hold high prevalence of CM in early lactation while older animals 

have higher prevalence during middle or late lactation cycles (McDougall et al. 2009; Green 

et al. 2007). Breed of cow has also been noted to play a factor in mastitis prevalence. Islam et 

al. reported crossbreed and local breed cows screened for SCM had prevalence rates of 37.5% 

and 24.61% repectively (Islam et al. 2011). The condition of the outer udder also plays a huge 

influence on a cow’s susceptibility to invading pathogens. The streak canal is the opening of 

the teat which acts as the main entry point of pathogens into the mammary gland. The 

condition of the teat end holds huge influence against initial invasion of pathogens and can 
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become damaged due to improper milking and external trauma that can be caused by feeding 

calves (Jones and Bailey 2009). 

Environment   

General farm condition can play a hugely influential role in the occurrence of mastitis. The 

milking parlour holds the greatest danger for the transmission of contagious pathogens. (Deb 

et al. 2013). Milking a mastitic cow can transfer bacteria onto the teat cups and even the 

hands of the individuals, which in-turn will put the next cow into great danger of contact with 

the bacterial contaminants. Cows kept in housing are at a greater threat to environmental 

pathogens, such as E. coli and S. dysgalactiae, found in bedding and manure (Argaw 2016). 

Those most at risk of such infections are in the older age range (>7 years) and those following 

calving (Berry and Meaney 2005) 

Size of herd and individual exposure is also noted to correlate with mastitis incidence, 

primarily that of contagious aetiology but also environmental. Larger herds make it more 

difficult for inspection and diagnosis of mastitis, especially SCM. Mixed herds of different age, 

parity and health increases overall incidence of infection, as individuals with low risk of 

infection are in constant proximity with high-risk individuals. Animals with mastitis of 

contagious origins are now exposed to healthy individuals, increasing risk of transmission 

(Mekonnen et al. 2017). Following the establishment of major movements and societies to 

publicise mastitis and through the implementation of programs, such as the five-point plan, 

the incidence rates of mastitis have dropped significantly over the last number of decades. In 

the UK, the average annual rate of mastitis (measured in number of cases per 100 cows over 

a 12 month period) fell from 150 cases per 100 cows/year in the 1960s, to ~30 cases per 100 

cows/year in the last decade (AHDB Dairy 2018). Other sources have reported that the current 

average cases in individual herds range from 10% to 12% of the herd, however higher 

incidence rates (up to 65%) have been recorded in some exception (Constable, Hinchcliff, 

Done, and Grünberg 2017). Such abnormally high incidence rates can be accredited to a 

number of factors that are specific to individual farms, which will be discussed in chapter 1.8.  

In recent years the occurrence of CM has fell greatly, which can be accredited previously 

mentioned improvements in herd management and preventative measures against the 

disease. However, SCM has since overtaken as the dominant form of mastitis. The ability to 
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recognize CM more straightforwardly allows the needed steps to be taken in its treatment, 

whereas the clinically symptomless SCM lacks this advantage. As well as this, reports have 

shown that cows with previous cases of CM hold a greater possibility of developing SCM which 

can be due to ineffective treatments of the CM. Surviving bacterial strains may then cause the 

onset of chronic SCM (Sarker et al. 2013).  

1.6 Pathology 

Development of mastitis is a complex process occurs in three stages: invasion, infection and 

inflammation. These stages are summarised in Figure 1.2.  

Invasion of the teat end by a pathogen species is the first step towards the development of 

mastitis. The streak canal can be described to as the first line of defence against mastitis, 

acting as a mechanical and anti-microbial barrier (Burvenich et al. 2000). Teat end damage, 

known as hyper-callosity, can occur as a result of improper milking methods, badly 

maintained milking machinery and damage from suckling calves or any external trauma to the 

teat. This compromises the teats defences which leads to the streak canal becoming more 

prone to invading bacteria (Jones and Bailey 2009).   

Infection describes the establishment of the pathogen within the mammary gland, allowing 

for rapid multiplication and further invasion of mammary tissue by migration of pathogenic 

cells into the gland cistern and ultimately towards the alveoli. At this point it could be said 

that an IMI has established and while it does not mark the onset of mastitis, there are certain 

invading pathogens such as coliform bacteria, that can produce endotoxins leading to 

systematic signs of infection with little to no inflammatory response (Constable, Hinchcliff, 

Done, and Grünberg 2017). 
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Figure 1.2 Bacterial Invasion of bovine mammary gland.  
Cross section overview of a bovine mammary gland quarter and an enlarged view of alveoli 
following bacterial invasion. Bacteria breach the streak canal and colonize the gland udder 
cistern before advancing towards the alveoli. Bacterial invasion of the alveoli is the primary 
source of damage and pathology of mastitis. Here bacteria can colonise epithelial cells by 
invasion or attachment, which can then propagate biofilm formation. Epithelial lining can 
become damaged through bacterial toxin secretion and as an indirect effect of the 
inflammatory response (Viguier et al. 2009). 
 

Inflammation is the key mark for the onset of mastitis, resulting in both clinical and sub-

clinical symptoms, which depends on the invading pathogen species and the level of infection 

(Contreras and Rodríguez 2011; George et al. 2008). This occurs following invasion of 

pathogen which then elicit a host immune response. The main leukocyte involved mastitis 

defence are neutrophils, which are present in a healthy mammary gland in quite low numbers 

(<11% of all leukocytes). If the pathogen is able to bypass this initial defence, they then 

migrate to the alveoli and into the glandular tissue (intracellular invasion), leading to 

colonisation of the tissue. It is here that their effects are most prominent, due to newly 

produced bacteria and also through secretions such as cell wall components, metabolic by-

products and endotoxins (Constable, Hinchcliff, Done, and Grünberg 2017). Secretion of such 

by-products leads to recruitment of additional leukocytes from the bloodstream to the site of 

infection. If this immune response is unsuccessful, inflammation will continue to evolve 
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leading to neutrophil migration between cells of the parenchyma. Prolonged occurrence of 

this rapid recruit of immune cells, referred to as leukocyte extravasation or diapedesis, results 

can cause severe damage to the secretory tissues which in turn leads to exfoliation of the cells 

(Nagasawa et al. 2018; Reshi et al. 2015). This provoked leukocyte recruitment, coupled with 

the detached epithelial cells is what leads to the increased SCC in milk released from mastitis 

infected glands. 

1.7 Management 

The management of infectious diseases revolves around their control and prevention, 

likewise to mastitis. Over the years, there have been great movements in the understanding 

and control of mastitis, with the establishment of the National Mastitis Council (NMC) in the 

United States being regarded as the starting point (Middleton et al. 2014). The NMC in 

cooperation with the International Dairy Federation (IDF) became an international hub for 

farmers and veterinary researchers to collaborate towards improvement of udder health. The 

National Institute for Research in Dairying (NIRD) was a similar organization based in the 

United Kingdom, and undertook a similar imitative, focusing on development of hygienic 

practises (Hillerton and Booth 2018). The result of this movement is what’s known as the 

“Five-Point Control Plan”, a simple five step program aimed at the reduction of CM and SCM 

through the control of contagious pathogens. Through the cooperation of international 

organizations the five-point plan was circulated through the dairy industry undergoing several 

trials, and developed into a system that farmers could understand and utilise (Hillerton and 

Booth 2018). The five-point control plan is as follows:  

1) Teat and udder disinfection. Disinfection of the teat and udder is critical in eliminating 

bacterial pathogens. Use of teat dipping post-milking has a significant effect in the prevention 

of pathogen transmission between cows. As well as correct disinfection of the cow, it is vital 

that farmers themselves following proper hygienic practise to prevent spreading of bacteria 

on their person (i.e., hand, clothes) 

2) Proper installation and maintenance of milking equipment. Milking machines should meet 

functional standards and only be used upon correctly prepare udders. This ensure the udder 

and teat are not exposed to unnecessary pathogens and are not damaged during milking, 

which greatly increases susceptibility to infection. 
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3) Dry cow management and therapy. The role of dry period is a valuable opportunity to 

improve udder health, as the risk of infection is greatest at the beginning and the end of the 

dry period. The most commonly used method is dry cow therapy, which aims to eliminate 

existing infections and to prevent new infections through use of intramammary (IMM) 

antimicrobial infusion. The two major variants are Blanket dry cow therapy (BDCT) which 

involves treatment of every quarter of every cow with long-acting antimicrobials, and 

Selective Dry Cow Therapy (SDCT) which requires identification and treatment of only 

infected cows/quarters or those of highest risk. 

4) Appropriate use of lactation therapy. Since the commercialisation of antimicrobial agents 

in the 1950’s, they have been used for the treatment of mastitis and still remain the primary 

method today. They are generally administered through IMM or parenteral routes, although 

as a general rule they should not be used unless deemed necessary by a trained veterinarian.  

The treatment strategy for antimicrobial use depends on a number of factors such as whether 

the mastitis is sub-clinical or clinical and the overall health status of the herd.  

5) Culling of chronically infected cows. Culling is a necessary step for the removal of 

problematic animals. Such animals are those that exhibit recurrent CM, have a record of 

chronic mastitis coupled with additional illnesses (e.g., severe fibrosis) and/or have a high S. 

aureus prevalence are most commonly recommended for culling. 

While the five-point plan was hugely successful at arms where it was properly utilised, 

however it is ineffective for the control of mastitis from environmental pathogen origin (R. 

Gill et al. 1990). As further studies were carried out in mastitis management and as our 

understanding of the topic advanced additional points were added to the five-point plan.  

6) Maintenances of an appropriate environment. Sufficient cleanliness of the animal’s 

environment is essential in preventing infection from contagious and opportunistic 

environmental pathogens. Basic farm management, such as merely changing bedding 

regularly and building adequate housing, can have a great impact on the spread of mastitis 

within a herd. Proper protection from severe climate conditions is also recommended as 

exposure to such can weaken the immune system, thus increasing chances of infection. 

7) Good record keeping. Proper record keeping is necessary to keep track of mastitis cases 

within a herd. Such information is important in order to assess possible risk factors that may 
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be associated with mastitis incidents and to also keep track of steps taken or yet to be carried 

out in treatments. Although a simplistic step, its value is becoming more and more evident in 

recent years, due mainly to the fact of antibiotic misuse.  

8) Monitoring udder health status. Although not included in early control programs for 

mastitis, it is now seen as the third key principle for the control of mastitis. Since the 

employment of the SCC on bulk milk tanks, there have been noticeable improvements in herd 

udder health. While monitoring overall herd health is important and can give quick indication 

to possible infections within, it is also necessary to monitor udder health on an individual. This 

can be achieved by use of cow side diagnostics and bacterial culturing of milk samples. 

9) Periodic review of the udder health management program. With changes in technology 

and the aetiology of mastitis, it is important to periodically review management programs to 

ensure the most effective treatments and technologies are implemented. 

10) Setting goals for udder health status. Realistic targets are important to identify shortfalls 

related to milk quality and general health. They should be achievable while still maintaining 

sufficient economic significance and as such, it is important to balance performance with 

profit. 

It is now expected that dairy farms follow at-least six points of this ten-point plan in order to 

tackle the threat of environmental pathogen-related mastitis which, since the 

implementation of the five-point plan, has overtaken contagious mastitis in prevalence. The 

remaining 4 points, however, are considered necessary procedure in the optimised control of 

mastitis globally.  

While the development and implementation of these plans has seen dramatic reduction in 

mastitis occurrence and BTSCC, there are a number of downfalls to their current structure as 

well as issues faced due to factors such as improper employment by farmers. 

1.8 Impact and Costs 

Mastitis at present holds great influence on the dairy industry as whole, from the 

international market to small independent farms and can have either a direct or an indirect 

effect to certain areas. 
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Direct impacts of mastitis involve areas that are influenced from the disease itself. This 

includes the effect on individual cow and herd health, quality and quantity of milk production 

as well as costs of veterinary care. The effect on individual cow refers to general well-being 

and as with any disease, mastitis (specifically CM) has several detrimental effects. In clinical 

cases, the costs of mastitis add up from discarded milk, labour needed to manage and 

veterinary costs for treatment. In extreme cases with recurrent infections, culling is the 

advised course of action. As previously mentioned, the SCC of milk is a key method for the 

detection of mastitis, but it is also a means of qualifying the milk. There are SCC restrictions 

implemented globally by various controlling bodies in order to keep SCC of dairy producers in 

check. In Europe, milk received from a dairy farm whose herd has an average SCC above 

100,000 cells/mL has milk quality penalties applied (O’Brien 2016). Mastitis can also been 

linked to infertility, which can have huge impact on profits of a farm considering it will lead to 

fewer offspring and also as a result, lowered milk production (Metcalfe 2016). Milk production 

is also directly affected due to damaged secretory cells as a result of the inflammatory 

response and from toxin secretions from certain pathogens (Seegers, Fourichon, and 

Beaudeau 2003). 

Indirect impacts are areas affected following the disease. Such areas can range from losses 

due to taking cows out of milking rotation, culling of animals, disposal of milk due to raised 

SCC or the presence of antimicrobials. At present, the only effective means of treatment for 

mastitis are antibiotics, however there are a number of issues with this. Due to recent 

incentives to reduce use and public exposure to antimicrobials (as a result of the increasing 

prevalence of antibiotic resistance) cows that have undergone antimicrobial therapy are 

removed from milking for 3 – 4 weeks to ensure there are no antimicrobial residues remaining 

in their system. This also requires the need of a trained professional to administer treatment 

(Krömker and Leimbach 2017). Occasionally, even after such periods the SCC and/or levels of 

antimicrobials will be too high and must be disposed of, leading to further loses.  

1.9 Antibiotics and Mastitis 

Mastitis has been the subject of intense research interest, particularly in recent years, which 

has positively informed real improvements in disease detection, management and 

prevention. However, the primary means of therapy still rely heavily on the use of antibiotics. 

While the effectiveness of using antibiotics remains high, there is an increasing trend where 
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antibiotic therapy is insufficient. However, success rates for treating cases of mastitis 

involving intracellular invasive pathogens with antibiotics, such as S. aureus, have been 

reported to be approximately 10 – 30% (Gomes and Henriques 2016b). A major contributor 

to antimicrobial resistance (AMR) found in staphylococci species, is their ability to form 

biofilms, a mechanism that mastitic bacteria utilise successfully to prolong the infection and 

to hurdle therapeutic treatments. Due to the relevance and impact of biofilms in mitigating 

effectiveness of mastitic counter-treatments, it is important to understand physiological 

characteristics that govern its’ formation and persistence.  

A major mechanism of resistance seen in such complex systems are biofilms, which form a 

protective, physical barrier around mixed communities of bacteria preventing molecules from 

interacting with their targets. Biofilm formations are quite common in nature and also in 

various medical fields, the majority of which occur on foreign bodies (such as medical devices, 

implants and catheters) but may also develop on natural surfaces (e.g. plaque formations on 

teeth, endocarditis in the heart and mastitis in mammary glands) (Melchior 2011; Marsh 

2004; Nallapareddy et al. 2006).  

 

1.1.1. Biofilm: Characteristics and Formation 

Biofilms are the product of close-knit bacterial communities which cooperate in order to 

increase their survivability. While bacteria are seen as fully self-sufficient organisms, they 

have the ability to communicate with one another through quorum sensing (QS), a basic form 

of inter-cellular signalling that allows the ability to recognise population densities. There are 

a number of example activities that are accomplished through such communication, such as 

bioluminescence production, exoenzyme secretion and biofilm formation (Solano, Echeverz, 

and Lasa 2014). Biofilm formation can be described in a stepwise manner, the reported 

number of which varies but follows the basic structure as such; 1) attachment, 2) growth, 3) 

maturation and 4) detachment, after which the cycle repeats (see Figure 1.3).  

The initial step involves a primary bacteria species adhering to a surface and establishing a 

micro-colony. During this stage, the biofilm formation process is still reversible as the cells are 

still exposed to external threats (Stoodley et al. 2002). Following colony formation, begins 

irreversible attachment of the bacteria to the surface and formation of the biofilm matrix. 
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This is initiated through QS and exposure to external stress factors (De la Fuente-Núñez et al. 

2013). The bacterial colony excretes an extracellular matrix, consisting of a glutinous 

substance known as exopolysaccharide (EPS) which can comprise of a variety of compounds 

such as polysaccharides, lipids, proteins and nucleic particles (Stoodley et al. 2002; Bjarnsholt 

et al. 2013; Jolivet-Gougeon and Bonnaure-Mallet 2014). This matrix can account for 90% of 

biofilm mass and aids bacterial endurance, giving physical protection and providing the basic 

structure of the biofilm (Sutherland 2001; Sun et al. 2013). In the majority of cases, biofilms 

are regarded as multispecies with the initial EPS formation being produced by several 

bacterial micro colonies which ultimately combine into the mature biofilm. The initial 

secretion is primarily activated in response to a high bacterial population density, as 

determined through QS which identifies QS signal molecules in the extracellular environment 

(Solano, Echeverz, and Lasa 2014).  

During the growth stage, the biofilm expands and bacteria within multiply. However, 

nutrients are prioritised for use in developing the extracellular matrix rather than production 

of new cells. As the biofilm develops, it matures and begins to gain structure. The structure, 

as well as composition of the biofilm, varies depending on the primary species. For example, 

Pseudomonas aeruginosa forms mushroom like micro-colonies while Streptococcus 

pneumoniae is known to form tower-like assemblies After irreversible attachment, the biofilm 

initiates growth. Nutrients are prioritised for use in developing the extracellular matrix rather 

than production of new cells, however if needed the bacteria have the capacity to produce 

digestive enzymes which can break down the matrix for use. As the biofilm develops, it 

matures and begins to gain structure. The structure, as well as composition of the biofilm, 

varies depending on the primary species. For example, Pseudomonas aeruginosa forms 

mushroom like micro-colonies while Streptococcus pneumoniae is known to form tower-like 

assemblies (Wilkins et al. 2014). A major component common to many biofilms formations, 

are interspersed water channels which allow for transport of nutrients within the biofilm, but 

also allowing for a basic form of transport to take in nutrients and remove waste (de Beer et 

al. 1994). With a distinct structure and water channels established, the biofilm is now mature. 

At this point, it is possible for a secondary bacterial species to adhere to this initial biofilm and 

begin developing a secondary biofilm.  
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The final stage involves detachment of small segments of the biofilms and/or release of 

bacterial cells from the matrix. This process is aided by the production of saccharolytic 

enzymes by interior microbial communities, which lyse the EPS matrix. During this stage, cells 

upregulate expression flagella production in-order to encourage motility of released cells 

(Jamal et al. 2018). These planktonic cells may then relocate and colonise other surfaces, 

giving further indication of the advanced pathology of biofilm associated infections (BIs) 

(Wilkins et al. 2014). 

 
Figure 1.3 Stages of Biofilm Formation 
Biofilm development can be commonly described in four stages: 1) Attachment, 2) Growth, 
3) Maturation and 4) Detachment. Bacteria adhere (reversibly) to surface, form a micro-
colony and produce a glue-like substance known as exopolysaccharide (EPS). Following EPS 
production, they are irreversibly attached, allowing for the biofilm to grow. During this 
stage, the biofilm develops a definite structure and inter-channel waterways. The protruded 
structure also gives opportunity for a secondary bacterial species to form a biofilm upon the 
initial biofilm. After maturation of the biofilm, bacterial cells are detached and dispersed out 
of the extracellular matrix, allowing further colonisation and biofilm production (Jacques 
2013) 
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1.1.2. Biofilm Mediated Resistance 

Biofilm formations are quite common in various medical fields, the majority of which occur 

on foreign bodies (such as medical devices, implants and catheters) but may also develop on 

natural surfaces (e.g. plaque formations on teeth, endocarditis in the heart and mastitis in 

mammary glands) (Melchior 2011; Marsh 2004; Nallapareddy et al. 2006). It is estimated that 

a majority of all bacterial infections have been found to be associated with biofilm formations 

(Jamal et al. 2018). As such, BIs are frequently encountered and yield numerous challenges 

which greatly impede the successful treatment of infections. As previously mentioned, 

biofilms confer a higher level of resilience to the containing bacterial species against external 

threats which can come in the form of the hosts immune response, antimicrobial compounds 

from other unrelated bacteria or medical treatments (e.g., antibiotics). 

1.1.3. Mechanisms of Biofilm Mediated Resistance 

There are a number of different means through which biofilms can increase anti-microbial 

resistance of microorganisms. While biofilm composition and structures can vary between 

bacterial species, the general mechanisms remain consistent. There are several well-known 

mechanisms that aid in AMR, including hindered permeability due to the EPS matrix structure, 

altered bacterial physiology/phenotype due to genotypic alterations which can prevent 

interaction with target ligands, high density cell populations, QS and also multi-drug efflux 

pumps. 

While the EPS matrix is known to hinder antibiotic diffusion, slowing its migration towards 

the cells within the biofilm, it is primarily enzymes within the matrix that produce the greatest 

defence by altering or degrading the antibiotics. One such class of enzymes are β-lactamases 

(Jolivet-Gougeon and Bonnaure-Mallet 2014; Hall and Mah 2017). Multi-drug efflux pumps 

are also a commonly faced resistance mechanism which effectively remove antimicrobial 

compounds from the internal environment of a biofilm. These pumps, coupled with the 

biofilms internal water channels, establish an effective means of drug removal. 

High-density cell populations provide greater means for bacteria to improve their defence. 

Through QS, they can assess when their numbers reach critical levels, and response by 

activating certain genes which in term produce toxins and enzymes. These compounds aid in 

the infection pathology but also in eliminating threats such as host immune cells or 
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antimicrobial compounds which can be degraded by certain enzymes (Høiby, Bjarnsholt, 

Givskov, Molin, Ciofu, et al. 2010). The close proximity of such numerous bacteria also gives 

greater accessibility for horizontal gene transfer between microbes, thus enhancing the 

overall populations survivability. 

1.10 Global Concerns Regarding AMR 

There is a pressing need to develop new or alternative antimicrobial compounds to combat 

the global threat of antimicrobial resistance (AMR) that has caused a depletion in efficacy to 

front line therapeutics for human and animal intervention. The World Health Organisation 

(WHO) released a report in 2014 summarising the global prevalence of AMR species and 

called for immediate action to counteract this “antibiotic resistance crisis” (WHO 2014). This 

initial report has led to the establishment of many important initiatives, such as the global 

action plan of 2015, the Interagency Coordination Group (IACG) on Antimicrobial Resistance 

in 2016, which also lead to the formation of a multi-partner trust fund in collaboration with 

the Food and Agriculture Organization (FAO), and the World Organisation for Animal Health 

(OIE), named the One Health Global Leaders Group on antimicrobial resistance in 2019 (World 

Health Organistaion 2015; “New Multi-Partner Trust Fund Launched to Combat Antimicrobial 

Resistance Globally” 2019; World Health Organistaion 2020; Interagency Coordination Group 

on Antimicrobial Resistance 2019). With this mass support, a resurgence in the development 

of antibiotics has seen many new agents being produced in order to cope with the increasing 

occurrence of AMR (World Health Organization 2019).  

Antibiotic usage in agriculture is reported to be a major contributor to the rise in antibiotic 

resistant bacteria through introduction of antimicrobial residues to the food chain as well as 

AMR pathogens themselves (Economou and Gousia 2015). While a number of countries have 

implemented policies for efficient therapy methods in order control unnecessary 

antimicrobial usage, the need for alternative therapies still are in high demand (Valde et al. 

2004). 

While newly developed antibiotics are crucial to counteract the global rise in AMR, it has been 

reported that the dependence on their use and their subsequent misuse to be one of the 

major factors leading to the increase in AMR bacterial species, with history showing that 

resistant bacterial species emerge within 15 years of an antibiotic being mass produced and 
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distributed publicly (Aminov 2010; Ventola 2015).  Antibiotic use in the agricultural sector has 

also been identified as a major contributor to AMR on a global scale through introduction of 

antimicrobial residues to the food chain as well as AMR pathogens themselves (Watkins and 

Bonomo 2016; Economou and Gousia 2015). The misuse of antibiotics is hugely prevalent and 

difficult to regulate on farmlands, allowing antibiotic residues to enter our food supply 

through animal products, where the correct procedure and withdrawal periods are not 

followed. While the majority of antibiotics used in animals are not used in human medicine, 

many antibiotics have similar frameworks and targets (Manyi-Loh et al. 2018). As such, AMR 

bacteria that arise from such areas can still lead to bacteria resistant to even the most 

effective human used antibiotics (Economou and Gousia 2015).  

 

1.11 Alternatives 

There are a number of different alternatives currently under study for treatment of infectious 

diseases such as mastitis. There are a number of antibiotic alternatives currently under 

investigation such as vaccines, phages, and various organic and inorganic compounds, 

however such alternatives hold limitations in treating bacterial infections. 

1.11.1 Vaccines 

Immunisation against bovine mastitis has been a long sought-after solution with very limited 

results. A number of vaccines were produced for S. aureus based mastitis, none of which 

showed promising results due to limited efficiency (Gomes and Henriques 2016b). However, 

a vaccine for coliform mastitis has been developed with promising success rates. The E. coli 

J5 vaccine composes of whole antigens derived from the E. coli J5 variant strain and was 

proven to reduce the number of coliform mastitis by ~75% (Wilson and González 2003) The 

main difficulty in establishing an effective vaccine is due to the complex aetiology of mastitis 

and other such biofilm-associate infections. 

1.11.2 Bacteriophages 

The use of bacteriophages for the treatment of bacterial pathogens has been a topic of 

controversy for some years. Bacteriophages, or simply phages, are viruses that target and 

invade bacterial cells, eliminating the pathogen (Wittebole, De Roock, and Opal 2014). There 
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have been a number of bacteriophages developed for the use against mastitis such as Phage 

K, MSA6 and CHAPκ which show great promise as treatments for the elimination of 

staphylococci species.(J. J. Gill et al. 2006; Fenton et al. 2013; O’Flaherty et al. 2005; Kwiatek 

et al. 2012). Phage therapy does hold a number of limitations such as their 

degradation/inactivation by host immune systems and their specificity. For mastitis 

treatment and indeed other biofilm based infections, a wide-spectrum antimicrobials is 

required, however there have been studies conducted using cocktails of bacteriophage 

species (Porter et al. 2016; Breyne et al. 2017). 

Both vaccines and bacteriophages have a narrow spectrum of effect and are generally tailored 

per bacterial species, leading to increased costs and higher probability of inefficacy versus 

infections with more complex aetiology (Gomes, Saavedra, and Henriques 2016; Breyne et al. 

2017; Porter et al. 2016). 

1.11.3 Organic Compounds 

Naturally produced, organic compounds with antimicrobial properties are an area of great 

interest in the treatment for mastitis for a number of reasons. Due to their natural sources, 

such compounds are biologically safe with no effect towards the individual cow and as well 

as this, any residues or particles remaining in the milk are acceptable.  

Chitosan is a widely studied compound derived from chitin, an organic polysaccharide, in the 

shell of crustaceans. Chitosan is a polysaccharide-based polymer, produced from the 

deacetylation of chitin, a major component in shells of crustaceans (Kyoon et al. 2002). 

Chitosan is a well-studied compound used in the biomedical and food packaging sectors. The 

exact mechanism of chitosan’s antimicrobial properties are still unknown, but it is thought to 

interact with cellular wall lipids, causing destabilization (Qin et al. 2006). There are reports 

claiming that chitosan requires acidic solution in order to confer its antimicrobial properties 

(Hamdine, Heuzey, and Bégin 2005; Romanazzi et al. 2009). Chitosan has already been 

involved in a number studies, exhibiting its effect against mastitis bacterial pathogens and 

also its use to encapsulate alternative treatments, such as nitric oxide (Moon et al. 2007; 

Cardozo et al. 2014; Asli et al. 2017) 

Antimicrobial peptides are also accumulating great interest in the field of alternative 

antimicrobial treatments. Nisin is one such polypeptide with an already well-established 
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status as an antimicrobial with a good number of studies involving its effect against various 

bacterial strains. Nisin is a lantibiotic, a group of poly-cyclic polypeptide antibiotics produced 

by Gram negative bacteria in order to attack other Gram-negative bacteria. Lantibiotics act 

by binding with great affinity to bacterial cell wall components such as lipid II, a precursor 

molecule in cell wall synthesis. They are divided into two categories based upon their mode 

of action after lipid II binding, Type A eliminate bacteria by rapid pore formation and Type B 

inhibits peptidoglycan synthesis (Hasper et al. 2006; Willey and van der Donk 2007). Nisin is a 

type A lantibiotic produced by Lactococcus lactis, a lactic acid bacterium commonly used in 

dairy processing as fermentation initiators. As such, these bacteria and their compounds have 

a well-established use in the food industry  (J. Wu, Hu, and Cao 2007). There are different 

variants of nisin identified, with nisin A being the first such form of nisin discovered and 

studied. The other variants are nisin Z, F, Q and U which differ slighting in their primary 

structure giving them slightly altered modes of actions. This gives the facility for 

bioengineering of nisin variants (J. M. Shin et al. 2016). Nisin and its variants have also been 

studied for their effect against mastitis derived bacteria and have shown great promised 

against normally treatment resistant bacteria (J. Wu, Hu, and Cao 2007; Delves-Broughton 

1996). The use of lantibiotics as treatment for mastitis has been a topic of great interest for 

many years and some nisin-based treatments are already developed such as Mast out, a IMM 

infusion product containing nisin and Wipe Out, a wipe soaked in antimicrobial solution 

containing nisin (Bogni et al. 2011). Another area showing great interest in antimicrobial 

organic compounds is that of active food packaging. This involves the incorporation of active 

compounds into packaging materials. Both chitosan and nisin have been studied for this 

purpose and have showed promising results which could pave the way for the use of such 

bioactive incorporated materials in mastitis treatment (Bastarrachea et al. 2015).  

1.11.4 Inorganic Compounds  

There are a number of compounds that have been used in the treatment of bacterial 

infections for many years. Metal and metal oxides, such as gold, silver, titanium oxide (TiO2), 

zinc oxide (ZnO) have been extensively studied for their antimicrobial effect (Beyth et al. 

2015). Nanoparticles (NPs) have been a topic of increasing interest following recent 

advancements in nanotechnology and due to their unique functional and physiochemical 
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properties. A number of NPs forms of well-established antimicrobials have been developed 

and extensively studied for their antibacterial properties, such as chitosan, silver, zinc oxide.  

ZnO is an inorganic compound, approved as generally recognised as safe (GRAS) by the FDA, 

and a widely used ingredient in a number of different, everyday products (U.S. Food & Drug 

Administraion 2019). While its major applications make use of its different characteristics, 

such as its ability to block ultra violet (UV) light in sun block, its pigmentation used in paints, 

or as a nutrient supplement in foods, recently there is considerable research looking to 

various ways of utilising its antimicrobial abilities (Beyth et al. 2015). The antibacterial 

properties of ZnO have been well studied, and it’s mechanism of action involves the 

destabilisation of microbial membranes upon direct contact, the production of reactive 

oxygen species (ROS) and the release of Zn2+ ions (Pasquet, Chevalier, Pelletier, et al. 2014). 

ZnO has been shown to utilise three major mechanisms to confer its antimicrobial abilities; 1) 

the release of antimicrobial ions (Zn2+), 2) destabilisation of the outer membrane via 

electrostatic interactions, 3)  the production of reactive oxygen species (ROS) (Pasquet, 

Chevalier, Pelletier, et al. 2014). ZnO NPs have also been shown to exhibit greater 

antimicrobial effects, due to their reduced structural size which allows more effective 

interactions with bacteria cells (Padmavathy and Vijayaraghavan 2008). They have been used 

in studies for their effects against mastitis in sheep, buffalos and also cows (Anju Manuja 

2015; A. Hassan et al. 2014; Alekish et al. 2018).  

Silver and its various compounds have been used for the disinfection of medical, water 

purification and for the treatment of burns and wounds. The earliest uses of silver as an 

antimicrobial can be dated as far back as the 11th century BC, with noted cases of water being 

kept in silver containers in-order to keep it potable. There are later reported uses of silver for 

the treatment of ailments such as eye inflammation of new-born infants and topical cleaning 

of burn wounds (Balazs et al. 2004; Atiyeh et al. 2007). It was not until the late 19th century 

AD that the first medicinal studies involving silver were carried out, noting its ability to 

eradicate freshwater Spirogyra (Russell and Hugo 1994). In the 1960s, studies were carried 

out into the characteristics of silver and its mechanisms. Silver salts were implemented, due 

to their stability as a carrier system leading to the common usage of Silver nitrate 

(AgNO3)(Atiyeh et al. 2007). However, as the development of antibiotics progressed, the 

needed use of silver and its salt derivatives for their antimicrobial abilities were gradually 
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made redundant in medicine. With the recent need of antibiotic alternatives, silver and 

AgNO3 have been under recent reassessment, with noted successes in several areas such as 

biomedical devices and dentistry (Gao et al. 2018; Balazs et al. 2004).  

Silver NPs have also been studied for their effective antibacterial effect. Silvers mode of action 

is similar to that of other inorganic metals which interact with the cell membrane and cause 

disruption through production of free radicals, allowing the NPs to transverse into the cell 

where they continue producing reactive species (Prabhu and Poulose 2012).  Saied et al. 

conducted a study using silver NPs as a treatment against S. aureus samples taken from cows 

suffering with SCM, which showed the treatment to be highly effective  (Saied, Fatemeh, and 

Azizollah 2011).  

Although there has been comprehensive research and expansion in our knowledge of bovine 

mastitis and its management, it still remains a major problem to dairy farms globally. While 

antibiotics remain the most widely used method of treatment, there is a rising need for 

alternative therapies in order to improve dairy production but also to remove antibiotics from 

the food chain. There are a number of alternatives to antibiotic use that hold great promise 

for use in agriculture. While individual treatments, such as nisin and silver, are displaying 

significant results in the treatment of mastitis originated pathogens, the greatest potential 

lies within the possible synergy of such compounds.  

1.11.5 Processing Methods   

Alternative methods used to challenge AMR bacteria and biofilm formations in medical fields 

include producing polymer-based materials and coatings that release antibiotics into 

surrounding tissues and fluids in order to prevent a build-up of bacterial cells in the area, and 

thus stopping initial attachment and formation of the biofilm (Costerton 2005). Such 

methods, and other polymer based applications, require the use of antimicrobials that are 

suitable for processing and polymer incorporation through techniques such as hot-melt 

extrusion (HME), which necessitates the capacity to withstand thermal processing while 

retaining bioactivity (Simões, Pinto, and Simões 2019). HME is a commonly widely used in the 

area of pharmaceuticals as it allows the production of biologically active polymers with 

various formulations, dosage forms, and can enhance the physical properties of the bioactive 

component (such as increased water solubility, improved stability and shelf-life, and aiding 
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bioavailability) (Patil, Tiwari, and Repka 2016). HME is carried out using a device known as an 

extruder. There are various arrangements of extruders available, which also vary in size and 

abilities, but the principal part of every extruder is the screw, housed in a heated barrel, which 

blends the materials along the length of the barrel, pushing the materials towards a die from 

which the final extrudate exits. The type of die also determines the shape of the final product. 

Extruder assemblies can have a single screw (SSE), twin-screws (TSE) or multiple screws (MSE) 

which will alter how the materials are blended and thus their final properties (Rajadhyax et 

al. 2021). The process of HME for producing pharmaceutical materials involves combining and 

feeding of the active drug with a chosen polymer carrier into the barrel at a constant rate, 

with the screw rotating at a chosen speed, which carries and blends the materials along the 

length of the barrel which is heated to a chosen temperature, usually above the glass 

transition temperature (Tg) of polymers and many times even above the melting temperature 

(Tm)(Tambe et al. 2021). Melting of the ingredients results in mixing at the molecular level 

along the screw within the barrel, to produce extrudates with excellent content uniformity 

and improved quality. 

There are a wide variety of polymers available which can be used for HME, which can vary 

greatly in their characteristics and properties, which ultimately influences the final 

pharmaceutical product (Thakkar et al. 2020). Commonly used polymers for HME include 

polyethylene oxide (PEO), polyethylene glycol (PEG), hydroxypropyl cellulose (HPC) and 

polyvinylpyrrolidone (PVP0), but there are also formulations which combine different 

polymers and additives to enhance their properties (Tambe et al. 2021). One such polymer of 

recent widespread use and research in pharmaceuticals is Kollidon® VA-64 (PVP/VA64), a co-

polymer of poly-vinyl-pyrrolidone and vinyl acetate (VA) at a 6:4 ratio. PVP/VA64 has excellent 

stability through extrusion processing with good flowability and can be used in a variety of 

roles, depending on the application. In pharmaceuticals, it is used as a dry binder in tablets, 

as a matrix former in amorphous solid dispersion and as retarding and film-forming agents. 

Its properties as a carrier allows increased water solubility and bioavailability, while being 

non-toxic and biocompatible (Ding et al. 2019; Akram et al. 2022) 

Traditional antibiotics unfortunately have quite low thermal stability, excluding them as 

possible candidates for HME applications (Wylie et al. 2021). Antimicrobials suitable for such 
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processing would support their use in areas requiring controlled delivery of an antimicrobial 

effect, such as active packaging, biomedical devices and subdermal implants.  

1.12 Concluding Statements 

Global awareness of AMR has been significantly increasing since the release of the WHO 

report in 2017, which has seen major research into novel antibiotics, alternative therapies 

and alternative treatments. Bovine mastitis has been a key infectious disease in agriculture 

and food industries for many years, which has been found to hold many prominent effects 

throughout. While the rise in AMR and mastitis are not generally associated with one another, 

it can be argued that both of these occurrences can have definite interlinking effects. The 

lenient approach towards agricultural antibiotic usage is being progressively restrained, which 

may hold important down-stream effects upon AMR stemming from the unnecessary 

antibiotic exposure to wild type bacterial species. However while this may help in managing 

the rate of AMR, it will cause inconvenience to those who work in these sectors, which may 

cause huge losses  in production and capital. As previously mentioned, one of the most viable 

solutions to both problems is the discovery of effective alternatives of antibiotics for use 

against bovine mastitis. The most ideal candidates would hold effect against a range of 

bacterial species, including AMR strains, while having no effect upon livestock or the dairy 

products produced. While there are a number of possible and even unknown candidates for 

such, it would be most prudent to choose a small number of already known antimicrobials, 

with documented effects, and assess these upon the bacterial species most commonly 

associated with mastitis and AMR. Such compounds, which were already previously 

mentioned, include silver nitrate (AgNO3), nisin, chitosan and zinc oxide (ZnO). While their 

antimicrobial abilities have been documented in previous studies, they were not assessed on 

par with that of antibiotics testing methods. Furthermore, a major avenue of novel 

antimicrobial research involves assessing combinations of previously established treatments, 

which has not yet been carried out with these four compounds. Such studies could reveal 

many interesting mechanisms, areas and possibilities involving these compounds and the 

plethora of other, similar compounds still yet to be investigated. The main areas of research 

in which the four aforementioned bioactives are being investigates would benefit greatly 

from the currently proposed studies, and visa versa. Their established antimicrobial activity, 

previous inclusion in polymer matrices through food packaging research, as well as their GRAS 



Chapter 1 Introduction 

48 

status holds great capacity for their use in the current project with the aim to develop an 

alternative antimicrobial for a complex bacterial disease such as mastitis, incorporating 

polymer processing and synergistic analysis.
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Chapter 2 Aims & Hypothesis 

 Project Aim 

To design, develop and test (in vitro) a potential alternative bioactive-based treatment for 

targeting pathological bacteria involved in bovine mastitis, in order to limit or remove the 

reliance on front-line antibiotics where acquired microbial resistance is at global crisis point.  

 Project objectives  

a. To access the antimicrobial effect of four chosen bioactives, silver nitrate, zinc oxide, 

nisin and chitosan (individually and in combination) against major mastitis-associated 

bacterial pathogens, namely Escherichia coli, Staphylococcus aureus, P. aeruginosa and 

Staphylococcus epidermidis.  

b. To design and incorporate the bioactives compounds into appropriate polymer carriers 

using hot-melt extrusion, after which they will be reassessed to determine their activity 

post-process. 

c. To assess the anti-biofilm capabilities of the bioactives against chosen biofilm forming 

bacteria, related to bovine mastitis. 

d. The determine the in vitro cytotoxic and inflammatory effects of the bioactives against 

mammalian cells, representative of the area in which mastitis occurs. 

 

 Overall Hypothesis 

That food-safe, bioactive compounds can be used for the novel treatment of bacterial 

pathogens that exhibit antibiotic resistance through intrinsic mechanisms, evolutionary traits 

and biofilm formations, while having no adverse effect upon patient health. 

 Specific Hypothesis 

That the four selected bioactive compounds (silver nitrate, zinc oxide, nisin and chitosan) will 

eliminate four major bacterial pathogens attributed to causing mastitis, namely E. coli, S. 

aureus, P. aeruginosa and S. epidermidis .
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Chapter 3 Materials & Methods 

3.1 Bacterial Cell Culture 

Escherichia coli (NCTC 12241, aka ATCC 25922) was obtained from Public Health England 

(Culture Collections, Public Health England, SP4 0JG, UK). Pseudomonas aeruginosa (ATCC 

27853) and Staphylococcus aureus (ATCC 29213) from American Type Culture Collection (LGC 

Standards, Middlesex, United Kingdom). Staphylococcus epidermidis (ATCC 35984) was 

purchased from DSMZ (Braunschweig, Germany). Strains arrived as lyophilized cultures in 

glass ampoules, which were recovered as per ATCC protocol (Kaftanoglu 2015). Once a 

successful plate culture was established, individual colonies were used to inoculate 

Microbank™ vials (Pro-Lab Diagnostics, Merseyside, CH62 3QL, UK) as per their 

documentation (Pro-lab Diagnostics 2012). The vials were then stored at -80°C until use. Prior 

to use, the required bacterial strain was revived from frozen by streaking a bead taken from 

the desired microbank on tryptone soy agar (TSA) to prepare a subculture. Using sterilised 

forceps, a single bead was taken from the micro bank under aseptic conditions and placed on 

a TSA plate. The bank was immediately sealed and put back in -80˚C storage to avoid thawing 

of the remaining beads. Using sterile, disposable inoculating loops, the bead was streaked on 

a small section to one side of the plate. The forceps were again sterilised and used to remove 

the bead which was put to autoclave waste. The inoculated section of the plate was then 

streaked across the plate for isolation, to result in individual colonies. Figure 3.2 shows a basic 

example of the streaking pattern used. The plate was then incubated at 37˚C for 24 hours. 

The resulting subculture can then be used to inoculate secondary subcultures for use in 

inoculum preparation, in-order to minimise freeze/thawing of microbanks. The initial 

subculture plate was wrapped in parafilm and stored at 2 – 8°C for up to 2 weeks. 

3.2 Inoculum Preparation 

Inoculum preparation methods were adapted from previously published protocols (Wiegand, 

Hilpert, and Hancock 2008; Harrison et al. 2010) 

3.2.1 Colony Suspension 

Several bacterial colonies of similar morphology were taken from the prepared, secondary 

subculture plates and suspended growth broth. The suspension was vortexed vigorously 
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completely disperse bacterial cells through the broth. 1 mL of suspension was transferred to 

a cuvette and its turbidity measured by reading the absorbance at 625nM (Abs625) using a 

Jenway® 6300 Spectrophotometer (Jenway® Equipment, Staffordshire, ST15 OSA, UK) which 

was blanked using fresh broth. A reading between 0.08 – 0.13 Abs625 represents a 0.5 

McFarland standard, giving approximately a 1 x 108 cfu/mL suspension. The turbidity of the 

bacterial suspension was adjusted to that of a 0.5 MacFarland standard, either by suspending 

additional colonies if too low, or by diluting the suspension with additional broth. The 

resulting suspension is to be used within 30 mins of being prepared. 

3.2.2 Broth Growth 

Several bacterial colonies of similar morphology were taken from the prepared, secondary 

subculture and suspended in appropriate growth broth. The bacterial suspension was 

incubated in a rotary incubator at 37°C, 120 RPM. Bacterial growth was monitored by taking 

1 mL aliquots from the suspension and measuring the absorbance at 625 nM (Abs625). 

Absorbance was measured hourly until a reading ≥0.25 Abs625 was noted, which represents 

approximately 3 x 108 cfu/mL. This liquid culture can then be diluted to prepare appropriate 

inoculum.  

3.1. Isolation and characterisation of veterinary zoonotic strains 

Bacterial isolates including Escherichia coli, Methicillin-resistant Staphylococcus aureus 

(MRSA), Vancomycin Resistant Enterococci (VRE), Listeria monocytogenes and Acinetobacter 

baumannii were obtained from diagnostic testing of canine, equine and farm animals 

manifesting with conditions such as bacteraemia, renal infection, open wound infections, and 

mastitis. Collected samples of infection or disease in the form of urine, blood material, milk 

and swabs were provided by registered veterinary personnel in sterile containers (Cruinn 

Diagnostics, Dublin, Ireland). Liquid samples were immediately inoculated onto nutrient agar 

and incubated at 37°C for 24 hours. Swabs were inoculated in nutrient broth and incubated 

at 37°C for up to 24 hours under rotary conditions (125 RPM) before streaking onto nutrient 

agar plates.  

Individual colonies were re-streaked for isolation and pure isolated colonies inoculated into 

nutrient broth for further biochemical characterization. Colonies were identified based on 

their morphological characteristics, biochemical profile, and growth on selective agars, 
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specifically CHROMagar™ Acinetobacter (CHROMagar™, Paris, France), Harlequin™ E. 

coli/Coliform Medium, Harlequin™ Listeria Chromogenic Agar, Baird Parker agar (LabM, 

Cruinn Diagnostics Ltd., Dublin, Ireland) and BBL™ Enterococcosel™ Agar (Becton, Dickinson 

and Company, Dublin, Ireland). Identity was confirmed via polymerase chain reaction (PCR). 

Specifically, a single colony of each bacterial test isolate was subcultured in nutrient broth 

and incubated overnight at 37°C. Genomic DNA was directly extracted using the GenElute™ 

Bacterial Genomic kit (Sigma-Aldrich/Merck, Merck Life Science Limited, Co. Wicklow, Ireland) 

according to the manufacturer’s instructions. The bacterial primers ITS_8F (5’- 

AGAGTTTGATCCTGGCTCAG -3’) and ITS_U1492R (5’- GGTTACCTTGTTACGACTT -3’) (Sigma-

Aldrich/Merck) were used for amplification of 16s rRNA gene. PCR was performed in a total 

reaction volume of 20 µL, containing 17 µL red Taq 1.1x master mix (VWR, Dublin, Ireland) 1 

µL ITS_8F, 1 µL ITS_U1492R and 1 µL of pure genomic DNA eluate. DNA amplification was 

performed in a thermocycler (VWR, Dublin, Ireland) using the recommended parameters. 

Following DNA amplification, the PCR products were examined by electrophoresis on a 1% 

w/v agarose gel run at 120 volts for 50 min. Successful reactions were sent to Source 

Bioscience (Waterford, Ireland) for clean-up and gene sequencing of products. Strains were 

stored long term in 20% glycerol at -20℃ and short term in nutrient broth at 5℃. Identity of 

strains was confirmed via Gram stain and selective agars prior to each experimental set up. 

3.3 Antibiotic resistance profile of veterinary isolates  

Antibiotic resistance profiles were established using CHROMagar™ agars selective for 

Extended Spectrum Beta-Lactamase (ESBL), vancomycin-resistant enterococci (VRE) and 

Methicillin-resistant Staphylococcus aureus (MRSA)(CHROMagar™, Paris, France) and a range 

of antibiotic susceptibility disks (ThermoFisher Scientific, Ireland) as per European Committee 

for Antibiotic Susceptibility Testing (EUCAST) guidelines (European Committe on 

Antimicrobial Susceptibility Testing (EUCAST) 2021). Specifically, colonies of an overnight 

bacterial culture suspended in sterile saline at a density of 0.5 McFarland (ca. 1 x 108 cfu/mL) 

were overlaid on to Mueller-Hinton agar (MHA) (4 mm) in 90 mm circular petri plate as per 

the EUCAST disk diffusion method. An antibiotic inoculated disk was placed in the centre of 

the plate and incubated inverted for 18 hours at 37°C. Antibiotics used during profiling include 

Streptomycin, Vancomycin, Chloramphenicol, Erythromycin, Ampicillin, Amoxicillin / 
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Clavulanic acid, Cefpodoxime, Cefotaxime, Aztreonam, Doripenem, Meropenem, 

Ciprofloxacin, Levofloxacin, Colistin, Doxycycline.  

Zones of inhibition were measured and used to determine the bacterial species resistance 

profile.  The absence of a zone of inhibition denotes complete resistance (R) of the species 

against the tested antibiotic. Susceptible species were graded as being completely susceptible 

(S), or as having intermediate susceptibility (I), based on the ability of the test drug to produce 

a zone diameter according to EUCAST zone diameter guidelines. MRSA and VRE, which are 

listed as high importance, were assessed for resistance to vancomycin and quinolones 

amongst other therapeutics. Isolates that tested positive on CHROMagar™ ESBL and displayed 

resistance to the extended-spectrum cephalosporin group of antibiotics were selected for 

phenotype confirmation of ESBL production. ESBL detection and characterisation are 

recommended for public health and infection control purposes ((European Committe on 

Antimicrobial Susceptibility Testing (EUCAST) 2021)). This was carried out by placing 

cefpodoxime (10μg) and cefpodoxime/clavulanate (10μg/1μg) discs on an inoculated MHA 

plate, 30mm apart. Plates were then incubated overnight at 37°C. The test shows positive 

ESBL production if the inhibition zone diameter is 5 mm larger with clavulanate than without.    

3.4 Plate Drop-count 

In order to determine the bacterial concentration of a sample, the drop-count method was 

utilised as follows. Suspensions of the bacteria sample were prepared in sterile PBS at 

appropriate dilutions. Five drops of the bacterial suspension (10 µL) were dropped onto TSA 

plate and allowed to dry into the plate (approx. 1 hour). Figure 3.1 shows an example of a 

drop plate layout, with four separate sections each containing five 10 µL drops. Once the 

drops had dried, plates were inverted and incubated overnight. Following incubation, the 

number of individual colonies per drop were counted. Drops containing more than 40 colonies 

were regarded too numerous to count (TNTC) while those with less than 3 were regarded too 

few to count (TFTC). The total sum of colonies was determined and then the mean calculated. 

The cfu/mL was then determined using the following equation:  

𝑐𝑐𝑐𝑐𝑐𝑐/𝑚𝑚𝑚𝑚 = 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 ×  𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 × 100 

Where the Mean is the average number of colonies per drop, per dilution. 
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3.5 Bioactive Sample Preparation 

Silver Nitrate (AgNO3) (SKU: S8157, CAS: 7761-88-8), nisin, 2.5% (SKU: N5764, CAS: 1414-45-

5), Chitosan, low molecular weight (SKU: 448869, CAS: 9012-76-4), Zinc Oxide (ZnO), 

nanopowder: <100 nm particle size (SKU: 544906, CAS: 1314-13-2) were purchased from 

Sigma-Aldrich/Merck.  

AgNO3 was prepared by dissolving in a solution of 28% (v/v) Poly(ethylene glycol), average 

molecular weight 400 (PEG-400) and 26% (w/v) d-sorbitol (Boekema 2018). The sample was 

vortexed to ensure complete solubility. The solution was then filter sterilised using a 0.2 µm 

syringe filter. The solution was aliquoted into 1.5 mL centrifuge tubes and stored at 4°C in a 

covered container to prevent light exposure. AgNO3 preparation was carried out as quickly as 

possible to limit oxygen and light exposure. 

Nisin was dissolved in a solution of 400 mM sodium chloride (NaCl), pH 3.25. The solution was 

sterilised by autoclaving, after which it was briefly centrifuged to settle precipitate. The 

supernatant was then taken as the active nisin solution. Nisin solution was stored at 4˚C and 

was prepared fresh every 7 – 10 days. 

Chitosan was weighed and added to a container with 1% (v/v) acetic acid (AcOH). The 

container was sealed, and the solution then put to stir overnight at 50˚C to ensure complete 

solubilisation. The solution was then adjusted to pH 5.5 with 0.4 M sodium hydroxide (NaOH) 

in a dropwise manner. This preparation was then sterilised by autoclaving and allowed to cool 

to room temperature before use.  

ZnO was suspended in dH2O and then vortexed vigorously. The suspension was sterilised by 

autoclaving. Due to the nature of the suspension, it required vigorous agitation directly before 

use to ensure a uniform mixture.  

3.6 Bioactive-loaded Polymer Processing 

Each bioactive compound was incorporated into a polymer matrix by hot-melt extrusion 

(HME). The polymer carrier used was Kollidon® VA-64 (poly-vinyl-pyrrolidone/vinyl acetate, 

PVP/VA64), chosen as it has excellent stability throughout extrusion processing, good 

flowability, and can act as a solubilizer, dispersant, crystallization inhibitor and matrix former. 
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PVP/VA64 was purchased from BASF (BASF SE Headquarters, Ludwigshafen am Rhein, 

Germany). The bioactive and PVP/VA64 powders were weighed separately and combined in 

a container, preparing a stock of 100 g, with a minimum bioactive concentration of 1% (w/w). 

This is done as a concentration lower than 1% (w/w) is not suitable for HME, due to the nature 

of the extrusions blending process. The combined powders were thoroughly blended to 

ensure a uniform mixture. The bioactive/polymer mixtures, as well as a neat stock of 

PVP/VA64, were then dried in an air-flow oven for 24 hours at 60°C to remove all moisture 

which would alter the melting properties of the powders. The HME was carried out using a 

table-top twin-screw extruder, PRISM TSE-16-TC (Twin bore diameter: 16mm, screw 

diameter: 15.6 mm, channel depth: 3.3 mm, barrel length: 384 mm) (See Figure 3.5). A strand 

shaped die was used, to produce strands or filament like polymer products. The extruder was 

allowed to heat to 140˚C before use. The prepared PVP/VA64 stock was first fed through the 

extruder to coat the screws and barrel, and to ensure that the instrument was sufficiently 

clean before use. The sample mixtures were steadily fed manually into the hopper, which was 

gradually brought into the feed of the extruder, which was run at a screw speed of 100 RPM 

chosen to ensure uniform blending without being overly abrasive upon polymer or bioactives. 

The hopper was not allowed to run empty, but kept approximately 20% full, which allowed a 

free flow into the feed at the chosen screw speed, while not allowing the samples to sit too 

long as they may melt before entering the screw barrel. The samples were allowed to run and 

were examined exiting the die until an evident visual colour or physical change in the polymer 

was observed, indicating the presence of the bioactive. After an evident visual change in 

extruded polymer product was observed, it was allowed to run for short period after which 

processed samples were collected. When running multiple samples, the extruder was flushed 

thoroughly with stock PVP/VA64 between samples to remove residual material that may 

remain in the barrel from the previous sample. A clean screw and barrel was confirmed once 

the flushed stock polymer returned to its original colour/form.  

3.7 Bioactive-loaded Polymer Preparation 

The bioactive-loaded polymers were ground to fine powder using a mortar and pestle, after 

which they were put to solution. The bioactive-loaded polymers were dissolved in their 

corresponding bioactives solvent (section 3.4), apart from the AgNO3 loaded PVP/VA64 

polymer which was dissolved in dH2O. Prepared samples were then sterilised by autoclaving, 
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which also aided in their complete solubilisation. A sample of PVP/VA64 (both pre-HME and 

post-HME) was also prepared in dH2O as well as any other solvents that were used with the 

bioactives and assessed. 

3.8 Minimum Inhibitory Concentration Assay  

All steps were conducted under aseptic conditions or in closed systems. The antimicrobial 

properties of the bioactive solutions were assessed in terms of their minimum inhibitory 

concentration (MIC). The MIC refers to the lowest concentration of the solution required to 

inhibit bacterial growth, where growth is determined by an increase in broth turbidity and 

inhibition determined by no increase in turbidity, as determined by measuring absorbance. 

The MIC Assay procedure was adapted from a previously published protocol (Wiegand, 

Hilpert, and Hancock 2008). A secondary streak of the desired bacterial species was prepared 

24 hours prior to the assay on an appropriate agar plate (see section 3.1). All bioactive 

concentrations are expressed in µg/mL in-order to keep comparable and uniform reporting 

of MICs. 

3.8.1   Broth Microdilution Assay 

Broth microdilution assays were carried out in a flat bottom 96-well plates (untreated) against 

three chosen bacterial strains, E. coli, S. aureus and S. epidermidis. Before use, microplate lids 

were treated using a hydrophilic coating (20% (v/v) isopropyl alcohol (IPA), 0.5% (v/v) Triton-

X100)(Brewster 2003). The lid was exposed to this solution for 15 – 30 seconds. It was then 

drained and left to stand in an upright position until dry. 60 μL of Mueller-Hinton broth (MHB) 

was aliquoted to each well. 60 μL of antimicrobial solution to be tested was added to the wells 

of column 1 and serially diluted (1:2) along the plate to column 10. Each treatment was carried 

out with minimum of 2 technical replications (i.e., at least 2 wells in each column) allowing 

for up 4 different treatments to be assayed in a single 96-well plate. Where necessary, a 

treatment vehicle (Tv) was also included to assess any effects that the solutions maybe have 

(excluding the bioactive itself). The Tv concentrations were prepared in-order to mirror that 

of the treatment solutions.  

A bacterial inoculum was prepared by colony suspension, as previously described (See 

Chapter 3.2.1). The inoculum was adjusted to a bacterial concentration of 1 x 106 cfu/mL. 60 

μL of this inoculum dilution was added to each treatment well, giving a final in-well 
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concentration of 5 x 105 cfu/mL. 60 μL MH broth was aliquoted to the wells in column 11 

along with 60 μL of the inoculum solution, acting as the negative treatment control, which is 

also referred to as a growth control (GC). 120 μL MH broth was aliquoted to the wells of 

column 11 to act as the positive treatment control, a blank control and also as the sterility 

control (SC). Final in well volume for all wells was 120 μL, with inoculated wells having a cell 

density of 5 x 105 cfu/mL (see Figure 3.3 for general microdilution layout). Following 

inoculation, a 10 μL sample was taken from the GC and diluted in 990 μL PBS (Total 1:100 

dilution), from which a 100 μL aliquot was taken and further diluted in 900 μL PBS (Total 

1:1000 dilution). These dilutions were used in-order to determine the actual in-well bacterial 

cell density of the plate, by utilising the drop-plate count method (see Chapter 3.3). 

Absorbance of the plate was then measured by using a BioTek® Synergy HT microplate reader 

with Gen5 Microplate Reader Software (Version 2.01.14) (BioTek® Instruments GmbH, Bad 

Friedrichshall, Germany). The plate was read with an endpoint absorbance read at 625 nM 

and results were recorded as time-point 0 (t = 0). This allowed measurement of any turbidity 

caused by treatments and will be used for later calculations. The plate was placed in a 

container to aid evaporation prevention. Container was placed on a rotary incubator at 120 

RPM, 37˚C for 18 hours.  

Following incubation, the plates were removed, and their wells were observed for growth as 

determined by visible turbidity.  In order to quantify this turbidity (i.e., growth), the plate 

absorbance was read (variable shake, 1 minute. endpoint absorbance read at 625 nm). Results 

were recorded as timepoint 18 (t = 18). An additional growth check was carried out by use of 

the extra-cellular metabolic dye, resazurin (commonly sold under the name alamarBlue™). 

Resazurin was added to each well, giving a final concentration of 10 µg/mL. The fluorescence 

was read using a Synergy HT microplate reader (Excitation: 528/20, Emission: 590/35) 

immediately to give a reading at t = 0. Plates were then incubated at 37°C, and fluorescence 

was read after 1 hour. Wells were also observed for colour change (blue to pink) which 

denoted bacterial metabolic activity. The well absorbance and fluorescence values were 

averaged and the % Inhibition for each treatment column was determined, relative to the 

averaged GC values. The t = 0 values were used as a blank and so removed from all relative 

well values. The MIC was determined as the lowest concentration of a treatment to cause 95 

– 100% inhibition (allowing for minor discrepancies). Absorbance values were used as the 
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principal data for determining MIC, while the fluorescence values were utilised as 

confirmatory aids.  

3.9 Biofilm Inhibition and Reduction Assays 

Anti-biofilm potential of each bioactive and bioactive-loaded polymer was carried out using 

two chosen bacterial strains, P. aeruginosa and S. aureus, per methods adapted from 

previously published protocols (O’Toole 2011; Harrison et al. 2010; Innovotech 2015; Bueno 

2011). The bioactive compounds were assessed in terms of their ability to inhibit bacterial 

attachment (attachment inhibition) and biofilm development (biofilm inhibition) and for their 

ability to eliminate an already developed biofilm (biofilm reduction). Biofilm assays were 

carried out in Thermo Scientific™ Nunc™ 96-well plates using Thermo Scientific™ Nunc™ 

Immuno TSP peg lids. Plate wells and lid pegs were coated with a bovine plasma solution 

before use. Bovine plasma (citrated and lyophilized) (Product code: P4639) was purchased 

from Merck. Thermo Scientific™ Nunc™ flat-bottom plates (non-treated) (Product code: 

10000571) and Thermo Scientific™ Nunc™ Immuno TSP lids (Product code: 10429962) were 

purchased from Thermo Fisher Scientific (Fisher Scientific, Dublin, Ireland). The bovine plasma 

was reconstituted in sterile PBS to the marked volume, giving a 100% solution. The solution 

was diluted to 1% solution in PBS. 120 μL of 1% bovine plasma was aliquoted to each well and 

the TSP lid was placed on the plate, submerging the pegs in the 1% bovine plasma solution in 

the wells. The plate was then incubated at 4°C overnight. Resulting plates and peg lids were 

used the following biofilm assay protocols. The bovine plasma solution was not aspirated 

from wells too soon in order to avoid drying of the well walls or lid pegs. The following assays 

were carried out in matching approaches, apart from the stage at which the bioactive 

treatments are introduced. 

3.9.1 Attachment Inhibition  

100 μL of each treatment solution was added to corresponding wells of column 1 in the plate. 

50 μL of BHI broth was added to the remaining wells, with 100 μL added to column 12 to act 

as the positive/sterility control (SC) having only BHI broth. 50 μL of each treatment was serially 

diluted across the plate from column 1 – 10. Bacterial inoculum was prepared as per the broth 

growth method (section 3.2.2). The inoculum was adjusted and 50 μL was added to each well 

in columns 1 – 11, to result with an in-well bacterial cell density of 1 x 106 cells/mL. Column 
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11 was to act as the negative/growth control (GC), having just bacteria and no treatment. The 

pegs were inserted into the wells and the plate was incubated at 37°C for 1 hour.  

Following attachment, well contents were aspirated, and wells and pegs were washed twice 

with 120 μL PBS to remove loosely attached bacteria. 100 μL fresh BHI broth was added to 

each well and the pegs were placed back in the wells, and the plate was incubated under 

static conditions at 37°C overnight for 24 hours to allow biofilm growth. Following overnight 

incubation, the peg lid was removed, and the well contents removed. The wells and pegs were 

washed twice with PBS. 120 μL resazurin solution (10 µg/mL) was added to each well of the 

biofilm plate, and to each well of a new, sterile 96-well plate. The biofilm plate was closed 

with a standard 96-well plate lid, and the lid pegs were placed into the wells of the new plate. 

The fluorescence of both plates was measured using a Synergy HT microplate reader 

(Excitation: 528/20, Emission: 590/35) for time-point 0 (t = 0) and the plates were covered 

and incubated at 37°C, 120 RPM. Fluorescence was then measured each hour until a 

noticeable fluorescence signal was measured in every well, or up to a max incubatory period 

of 5 hours. Plates and pegs were then carried on for crystal violet (CV) staining. From this 

point, there was no need to keep conditions sterile and aseptic. The plate was emptied, and 

the wells and pegs were washed with dH2O. The biofilms were heat-fixed by putting the 

biofilm plate and peg lid to a 60°C oven overnight. Following heat-fixing, 120 μL for 0.1% CV 

solution was added to each well of the biofilm plate and the pegs were placed into the wells. 

The plate was left to incubate at room temperature (RT) for 10 – 15 mins. The CV was disposed 

of, and the wells and pegs were washed in dH2O 2 – 3 times or until no more CV was being 

evidently washed off. At this point, formed biofilms were evident by purple staining on the 

pegs or around the well edges. They were then left to air dry in a fume hood. The CV was then 

solubilised using 30% acetic acid (AcOH), by adding 120 μL to each well of the biofilm plate, 

and to each well of a separate 96-well plate for the peg lid. Both plates were incubated under 

rotation for at least 30 mins to allow complete solubilisation. Plates and pegs were observed 

for complete solubilisation of the CV (as evident from any remaining purple rings on the pegs 

or on the edges of the wells). If CV was not completely solubilised, they were incubated for a 

further 30 mins. Absorbance of each plate was read (590 nM). Resazurin conversion readings 

were used quantify bacterial numbers within the biofilm of each well/peg by determining the 

% reduction of cell numbers by comparing the fluorescence readings against those from the 
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GC (0% reduction). The CV absorbance was used to quantify the physical biofilm formed on 

the pegs/wells by comparing the absorbance of the treatments to the of the GC (100% 

growth) and SC (0% growth). These readings can then be used to determine attachment 

inhibition by reduced cell counts or biofilm formation. 

3.9.2 Biofilm Inhibition  

Bacterial inoculum preparation, initial attachment and biofilm growth was carried out as per 

section 3.9.1, with the following modification: following the aspiration and wash steps carried 

out after initial attachment, 200 μL of each treatment solution was added to corresponding 

wells of column 1 in the plate. 100 μL of BHI broth was added to the remaining wells. 100 μL 

of each treatment was serially diluted across the plate from column 1 – 10. Wells in columns 

11 and 12 were left without treatments. The pegs were re-inserted into the plate, and the 

plate was incubated under static conditions at 37°C overnight for 24 hours to allow biofilm 

growth in conjunctions with treatment exposure. Following incubation and biofilm growth, 

the peg lids and plate wells were washed and analysed by use of resazurin solution, and then 

subsequently using CV as per section 3.9.1. Resazurin conversion readings were used to 

quantify bacterial cell numbers within formed biofilms on each well/peg and the CV 

absorbance was used to quantify the physical biofilm formed on the pegs/wells as previously 

done. These readings were then expressed in terms of percentage biofilm growth inhibition. 

3.9.3 Biofilm Reduction  

Bacterial inoculum preparation, initial attachment and biofilm growth was carried out as per 

section 3.9.1 and 3.9.2, with the following modification: following overnight incubation, the 

peg lid was removed, the wells contents aspirated, and the wells and pegs were washed with 

PBS. 200 μL of each treatment solution was then added to corresponding wells of column 1 

of a separate 96-well plate. 100 μL of BHI broth was added to the remaining wells. 100 μL of 

each treatment was serially diluted across the plate from column 1 – 10. Wells of columns 11 

and 12 were left without treatments. Contents of this plate was then transferred to the 

biofilm growth plate. The pegs were re-inserted into the plate, and the plate was then 

incubated under static conditions at 37°C for 24 hours overnight. Following incubation, the 

peg lids and plate wells were washed and analysed by use of resazurin solution, and then CV 
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as previously described. Results were used to determine final % reduction of internal bacterial 

numbers (resazurin) or reduction of the physical biofilm (CV). 

3.10  Combination Assays 

In order to determine any interactions that may occur between the bioactive compounds 

while in treatment, a number of drug-combination assays were carried out. Combination 

assays were carried out in a similar approach as to that of the broth microdilution assays, 

using untreated, flat bottom 96-well plates, with a number of alterations depending on the 

final number of treatments to be assessed. The chosen bacterial species were E. coli, S. aureus 

and S. epidermidis. 

3.10.1 2-Drug Combination Assay 

2-Drug combination assays were prepared in an 8x8 checkerboard layout, which covered the 

wells in columns 1 – 8, rows A – H. This layout allowed for a total of 64 combinations on one 

plate, 8 concentrations of Drug A versus 8 concentrations of Drug B. Dilutions of drug A and 

B were prepared in Mueller-Hinton broth (MHB) to a concentration four times higher (4X) 

than the highest desired in-well concentration. This final in-well concentration of each drug 

should be calculated after determining the MIC value and should be equal to twice (2X) that 

of the MIC. Normal broth microdilution assay will also be carried out (as per 3.7.1) as a control 

to ensure the individual treatments and bacteria to be tested are performing nominally. 

A sterile, flat bottom (F-bottom) 96-well plate (untreated) was labelled Plate 1 (treatment 

plate). Lids were treated with a hydrophilic coating (20% (v/v) IPA, 0.5% (v/v) Triton-X100) 

(Brewster 2003). The lid was exposed to the solution for 10 – 15 seconds after which it was 

drained and left standing in an upright position until dry.  

60 μL of the prepared drug A dilution was aliquoted to each well in column 1. 30 μL of MHB 

was aliquoted to the remaining wells of the checkerboard within Plate 1 (columns 2 – 8). 30 

μL was taken from column 1 and serial diluted (1:2) across the plate, from column 1 – 7, 

leaving column 8 with only MHB.  

A separate, sterile round bottom (U-bottom) 96-well plate (untreated) was labelled plate 2 

(dilutions plate). 60 μL of MHB was aliquoted to each well in the first 7 rows of the 

checkerboard on plate 2 (Row A – G). 120 μL of drug B was aliquoted to the wells in row H. 30 
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μL was taken from wells in row H and serial diluted (1:2) up the plate, from row H - B, leaving 

row A with only MHB.  

The prepared dilutions of drug B were then transferred to plate 1 by transferring 30 μL from 

each well to the corresponding wells of plate 1, starting from row A (i.e. starting at the lowest 

concentration) (Figure 3.5). This transfer results in a 1:2 dilution of drug A and drug B. The 

bacterial inoculum was then prepared via the colony suspension method (see chapter 3.2.1). 

60 μL of MHB was added to each well in column 9 for use as a negative treatment 

control/growth control (GC), and 120 μL to wells in column 10 to act as positive treatment 

control/sterility control (SC). 60 μL of prepared inoculum was added to all wells of the 

checkerboard in plate 1 (i.e., all wells within column 1 – 8, row A – H) resulting in an additional 

1:2 dilution of drug A and drug B, for a total dilution of 1:4. 60 μL of the inoculum was also 

added to wells of column 10, the GC. See Figure 3.6 for a final plate layout. Final in-well 

bacterial cell density equals 5 x 105 cfu/mL, with a final volume of 120 µL. Following 

inoculation, a 10 μL sample was taken from a random well of the GC and diluted 1:100 and 

1:1000, and then plated following the drop-count technique (see Chapter 3.3) in order to 

determine the final in-well cell density. 

Absorbance of the plate was read using a Synergy HT microplate reader (endpoint rea:625nm, 

with 5 second variable shake) to give an initial reading for timepoint 0 (t = 0). The plate was 

placed in a container to prevent evaporation. Container was placed on a rotary incubator at 

120 RPM, 37 ˚C for 18 hours. Following incubation, absorbance of plate was read (t = 18). 

Resazurin was then added to each well giving a final concentration of 50 µg/mL. Fluorescence 

was read (Excitation: 528/20, Emission: 590/35) and plates were incubated for an additional 

1 hour, after which the fluorescence was read again. Comparison of absorbances was used to 

determine bacterial growth inhibition and was expressed in terms of % Inhibition. The 

fluorescent readings were used as a secondary means of identifying inhibition. 

3.10.2 3-Drug Combination Assay 

3-Drug combination assays were carried out in a 6x6 checkerboard layout. The size of the 

checkerboards was reduced in-order to facilitate the number of drug combinations without 

requiring the use of excessive amounts of plates and reagents, while also having enough test 

combinations to properly assess a range of concentrations and combinations. To equally 
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assess the combinational effect of a third treatment, drug C, six such checkerboards were 

prepared combining drug A and drug B, with each individual checkerboard having a single 

concentration of drug C being applied. This setup allows for 6 concentrations of drug A, drug 

B and drug C to be assessed in combination (6x6x6) for a total of 216 combinations. The 

experiment was split across three 96-well plates, allowing for two 6x6 checkerboards per 

plate. A broth microdilution assay was also carried out (as per 3.7.1) as a control to ensure 

the individual treatments and bacteria to be tested are performing nominally. The procedure 

for preparing a 6x6x6 setup was as follows. 

A broth microdilution assay was also carried out using drug A, B and C (as per 3.7.1) in tandem 

with the 3-Drug combination assay, as a control to ensure that the individual treatments and 

bacteria being tested are performing nominally. Working stock dilutions of drug A and drug B 

were prepared in MHB to a concentration five times (5X) greater than the highest desired in-

well concentration. Three flat bottom (F-bottom) 96-well plates (untreated) were labelled 

plate 1, 2 and 3 (treatment plates). The lids were treated using a hydrophilic coating (as per 

3.9.1) and allowed to dry. Two 6x6 checkerboards (CB) were designated on each plate, one 

within columns 1 – 6, rows A – F and the other within columns 7 – 12, rows A – F, and assigned 

an identity number (Plate 1: CB1, CB2. Plate 2: CB3, CB4. Plate 3: CB5, CB6). 60 μL of drug A 

dilution was added to each well in the first column of each CB, 30 μL MHB was added to the 

remaining wells. 30 μL of drug A was taken from the first column of the CB and serial diluted 

along the CB, excluding the last column, leaving those wells with only MHB. This was repeated 

in all six CBs.  

In a separate U-bottom 96-well plate, a serial dilution of drug B was carried out in two CBs. 

300 μL of drug B was added to the wells of row F. 150 μL of MHB was added to the remaining 

wells. Drug B was serial diluted from row F – row B. Row A was left with just MHB. 30 μL of 

each dilution was transferred to the corresponding wells in each CB of each treatment plate, 

starting at the lowest concentration, resulting in a 1:2 in-well dilution of drug A and B. Five 

stock dilutions of drug C were prepared in broth to a concentration 2.5X greater than the 

desired in-well concentrations. 60 μL of drug C was added to each corresponding CB in each 

treatment plate, while only adding MHB to the wells of CB6, resulting in a 1:2 in-well dilution 

of drug A, drug B, and drug C. 
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The bacterial inoculum was then prepared via the colony suspension method (see chapter 

3.2.1). 120 μL of MHB was added to each well in row G for use as a negative treatment 

control/growth control (GC), and 150 μL to wells in row H to act as positive treatment 

control/sterility control (SC). 30 μL of prepared inoculum was added to all wells of each CB in 

each plate resulting in an additional 4:5 dilution of drug A and drug B, for a total dilution of 

1:5. 30 μL of the inoculum was also added to wells of row F, the GC. See Figure 3.7 for final 

plate layout. Final in-well bacterial cell density equals 5 x 105 cfu/mL, with a final volume of 

150 µL. Following inoculation, a 10 μL sample was taken from a random well of the GC and 

diluted 1:100 and 1:1000, and then plated following the drop-count technique (see section 

3.3) in order to determine the final in-well cell density. 

Absorbance of each plate was read using a Synergy HT microplate reader (endpoint 

absorbance read:625nm, with 5 second variable shake) to give an initial reading for timepoint 

0 (t = 0). The plates were placed in a container to prevent evaporation. Container was placed 

on a rotary incubator at 120 RPM, 37 ˚C for 18 hours. Following incubation, absorbance of 

plate was read (t = 18). Resazurin was then added to each well giving a final concentration of 

50 µg/mL. Fluorescence was read (Excitation: 528/20, Emission: 590/35) and plates were 

incubated for an additional 1 hour, after which the fluorescence was read again. Comparison 

of absorbances was used to determine bacterial growth inhibition and was expressed in terms 

of % Inhibition. The fluorescent readings were used as a secondary means of identifying 

inhibition. 

3.10.3 4-Drug Combination Assay 

4-Drug combination assays were carried out in a 4x4 checkerboard layout, expanding upon 

the 3-Drug layout and reasoning. A 4x4 sized checkerboard holds a number of disadvantages 

over a larger 6x6 or 8x8 checkerboard, primarily the fact that it cannot accommodate enough 

combinations to give a full model of the possible combinational interactions. However, if 

performed following a 2-Drug or 3-Drug assay, key concentrations noted from these assays 

can be selected and utilised within the 4-Drug assay for further investigation. As such, the 

following 4-Drug assay layout should be used as a follow-on study rather than an initial 

combinational study, due to such limitations. Likewise, with the chosen 3-Drug assay layout, 

the 4-Drug assay layout allowed for a reduced experimental size and faster setup. The layout 

was designed in such a way that four 4x4 checkerboards (CBs) are set up within four 96-well 
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plates. Each CB will have drug A combined with drug B. Each of these four CBs will then have 

a different concentration of drug C added. To all CBs within each plate, a difference 

concentration of drug D will be added. The resulting system will yield a 4x4x4x4 combination 

(totalling in 256 combinations).  

A broth microdilution assay was also carried out using drug A, B, C and D (as per 3.7.1) in 

tandem with the 4-Drug combination assay, as a control to ensure that the individual 

treatments and bacteria being tested are performing nominally. Three dilutions of each test 

treatment, drug A, drug B, drug C and drug D were prepared in MHB at a concentration 5X 

greater than the final desired in-well concentration. This was done in order to account for all 

dilutions steps from addition of the treatments and inoculum. Four flat bottom (F-bottom) 

96-well plates (untreated) were labelled plates 1 – 4 (treatment plates). The lids were treated 

using a hydrophilic coating (as per 3.9.1) and allowed to dry. Four 4x4 CBs were designated 

on each plate, CB1 (columns 1 – 4, rows A – D), CB2 (columns 5 – 8, rows A – D), CB3 (columns 

1 – 4, rows E – H) and CB4 (columns 5 – 8, rows E - H). 30 μL of each drug A dilution was added 

to each well in the corresponding column of each CB, 30 μL MHB was added to the remaining 

wells. 30 μL of drug B was added to each well in the corresponding column of each CB, 30 μL 

MHB was added to the remaining wells. 30 μL of the drug C dilutions were added to the wells 

of each corresponding CB on each plate, with 30 μL of MHB added to the wells of each CB4. 

30 μL of the drug D dilutions were added to all treatment wells on their corresponding plates, 

with 30 μL MHB added to the treatment wells of plate 4.  

The bacterial inoculum was then prepared via the colony suspension method (see chapter 

3.2.1). 122 μL of MHB was added to each well in column 9 for use as a negative treatment 

control/growth control (GC), and 150 μL to wells in column 10 to act as positive treatment 

control/sterility control (SC). 30 μL of prepared inoculum was added to all wells of each 

treatment well in each plate, and 30 μL was also added to wells of column 9, the GC. See 

Figure 3.8 for final plate layout. Final in-well bacterial cell density equals 5 x 105 cfu/mL, with 

a final volume of 150 µL. Following inoculation, a 10 μL sample was taken from a random well 

of the GC and diluted 1:100 and 1:1000, and then plated following the drop-count technique 

(see section 3.3) in order to determine the final in-well cell density. 

Absorbance of each plate was read using a Synergy HT microplate reader (endpoint 

read:625nm, with 5 second variable shake) to give an initial reading for timepoint 0 (t = 0). 



Chapter 3 Materials & Methods 

66 

The plates were placed in a container to prevent evaporation. Container was placed on a 

rotary incubator at 120 RPM, 37 ˚C for 18 hours. Following incubation, absorbance of plate 

was read (t = 18). Resazurin was then added to each well giving a final concentration of 50 

µg/mL. Fluorescence was read (Excitation: 528/20, Emission: 590/35) and plates were 

incubated for an additional 1 hour, after which the fluorescence was read again. Comparison 

of absorbances was used to determine bacterial growth inhibition and was expressed in terms 

of % Inhibition. The fluorescent readings were used as a secondary means of identifying 

inhibition. 

3.10.4 Analysis of Results for Determination of Synergy/Antagonism 

Results from drug combination assays were analysed to determine drug interactions in terms 

of synergy or antagonism, by use of the synergy python package (D. J. Wooten and Albert 

2021). Input data for synergy was prepared in Excel using the concentration of each drug ( 

µg/mL), and the % growth. Input data contained an individual column for the concentration 

of each drug ("drug1.conc", "drug2.conc", "drug3.conc" and "drug4.conc"). For analysis using 

the Bliss model, the reported response was expressed in terms of % growth. The response 

was input under the column "effect" and was expressed as a decimal fraction of 1 (i.e., 100% 

growth = 1.0, 50% = 0.5, 0% = 0.0). Data was then exported as an .csv file. The synergy package 

was opened and run using PyCharm (version 2020.2), a python integrated development 

environment (IDE). Following the synergy documentation, input data was imported and 

analysed. The Bliss model was used due to its simplicity, which was advantageous for 

analysing the more complex inputs of the 3-drug and 4-drug assays.  

3.11 Establishing BME Cell Stock 

Bovine mammary epithelial (BME) cells (Cat. No. ME-BN-501) and bovine mammary epithelial 

proliferation media (BMEM) (Cat. No. BNM-02) were purchased from AvantiCell Science 

Limited (AvantiCell Science Limited, Scotland). All flasks were surfaced treated with 0.2% 

gelatin solution for 1 hour before use to aid cell attachment. BME cells were acquired as a 

frozen vial and immediately put to liquid nitrogen storage upon receipt. To establish an 

adequate cell stock, the cells were removed from storage and grown as follows; cells were 

taken from liquid nitrogen (LN2), quickly thawed, and added to 15mL of warmed (37°C) bovine 

mammary epithelial proliferation media (BMEM). The cell suspension was added to a T-75 
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flask, placed on a flat surface for 5 minutes to allow cell attachment, and then incubated 

(37°C, 5% CO2). Cell growth was checked every 24 hours. Once cells had grown to ~80% 

confluency, they were then split into two T-175 tissue culture flasks and allowed grow again. 

Once both flasks reached ~80% confluency they were split, suspended in freezing media (90% 

foetal bovine serum, 10% dimethyl sulfoxide (DMSO)) and divided into separate cryogenic 

storage vials at 1 x 106 cells. The tubes were put into a Mr. Frosty™ freezing container and 

stored at - 80°C for 24 hours. They were then transferred to LN2 for long term storage. 

3.12 Cell Viability Assay 

Effect of bioactives upon BME cells was determined by use of a cell viability assay. All steps 

carrier out in sterile conditions were appropriate. Prior to experiment, all flasks and plates 

were surfaced treated with 0.2% gelatin solution for at least 1 hour to aid in cell attachment. 

A vial of BME cells was taken from previously prepared stock in LN2 storage and grown in a T-

75 flask to ~80% confluency. Cells were passaged again before use. Cells were split and used 

to seed a 96-well microplate at 5 x 103 cells/well. Cells were allowed to fully attach and reach 

~80% confluency before use. Media was aspirated from all wells and 100 μL of fresh media 

added. 100 μL of bioactive solution was added wells of column 1. 100 μL was taken and serially 

diluted across the plate (column 1 – column 10). Columns 11 and 12 were left without 

treatment (negative and positive control respectively). Treatments were carried out in 

duplicates. Treatment vehicles (Tv) of the bioactives were also added to assess any additional 

effects that may be caused by the solutions used to prepare the treatments. Plates were 

incubated for 18 hours (5% CO2). Following incubation, media was aspirated from all wells. A 

solution of 0.5% Methylthiazolyldiphenyl-tetrazolium bromide (MTT) was prepared in BMEM 

and 100 μL added to wells of column 1 – column 11. 100 μL stock BMEM was added to column 

12. Plate was incubated for 3 – 4 hours, until MTT was metabolized by the cells, which was 

indicated by a dark purple colour observable in cells of the negative control, indicating 

presence of formazan crystals. Media was aspirated from wells and 100 μL DMSO was added 

to each well to solubilise the cells and formazan crystals. Plate was placed on a rotary 

incubator (37˚C) for 30 minutes or until all crystals were solubilised. Plate absorbance was 

read (endpoint read: 540 nm). Absorbance readings were used to determine percentage cell 

viability by comparing absorbances of treatment wells against absorbances of the negative 

control. Cytotoxicity of bioactives was assessed by determining the lowest concentrations 
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which caused ≥70% cell death (IC70) as per international standards guideline document, ISO 

10993-1:2018 (International Organization for Standardization 2018). 

Cell images were taken using Olympus CKX41 inverted light-microscope with a IS300, 3.0 MP 

camera attachment. (Olympus Life Science, Hamburg, Germany), using TSView Imaging 

Software (Version 7.3.1.7).  

3.13 Cellular Immune Response Assay 

The immune response of BME cells to each bioactive compound was determined by 

measuring gene activity using reverse transcriptase, quantitative polymerase chain reaction 

(RT-qPCR.). 

3.13.1 BME Cell Treatment 

All steps carried out in sterile conditions. All flasks and plates were surface treated using 0.2% 

gelatin solution to aid in cell attachment. BME cells were taken from LN2 stock, grown, and 

passaged twice before use. A 24-well tissue culture plate was seeded with 500 μL of BME cells 

at 5x104 cells/mL (2.5x104 cells/well). Cells were mixed gently by pipetting to prevent 

accumulation in the centre of the wells. The plate was then rocked gently back and forth, and 

then placed on a solid flat surface for 5 mins to allow dispersed attachment. Cells were 

constantly monitored under microscope to ensure an even dispersion. Cells were then 

incubated (37˚C, 5% CO2) until ~80% cell confluency was observed in wells.  

Lipopolysaccharide (LPS) from Escherichia coli O111:B4 (Merck, product number: L2630) was 

reconstituted in UltraPure™ DNase/RNase free, distilled water (uH2O)(Thermo Fisher 

Scientific, product code:11538646) to a concentration of 4 mg/mL. A stock dilution of LPS was 

prepared in media to a concentration of 10 µg/mL and was further diluted in media as needed. 

Media was aspirated from wells and the cells were then pre-treated for 1 hour with 500 μL of 

50 ng/mL LPS. 

Stock solutions of each bioactive treatment were prepared to a concentration so as to give a 

final in-well concentration equal to the highest concentration that does not cause any 

noticeable effects upon the cell viability (as determined previously). Stock solutions of the 

polymer PVP/VA64 were also prepared. All stock solutions were prepared to double the 

concentration (2X), as they will be added as a co-treatment with LPS. Following 1-hour LPS 
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pre-treatment, media was aspirated and 250μL of each treatment dilution was added to their 

corresponding wells, along with 250μL of 100ng/mL LPS to give a final in-well concentration 

of 50 ng/mL LPS. Cells were the incubated for 24 hours (37˚C, 5% CO2), after which they were 

taken for RNA extraction and isolation. 

3.13.2 RNA Extraction & Isolation,  

All steps carried out in appropriate area for RNA preparations, with consistent cleaning of 

area and items using RNase AWAY surface decontaminator (Thermo Fisher Scientific). All 

samples, materials (plates, tubes) and reagents were kept on ice were possible. Media was 

aspirated from all wells of plate and cells were gently washed with ultrapure, RNase-free 

water (uH2O) twice. While working in a fume hood, 500 μL of TRIzol was added to each well 

to solubilize the cells and extract nuclear material. Cells were completely solubilized by gently 

mixing and were allowed to incubate at room temperature (RT) for 5 minutes. Contents of 

each well were transferred to individual 1.5 mL centrifuge tubes. 0.1 mL chloroform was 

added to each tube. Tubes were mixed vigorously for 15 seconds using a vortex and then 

allowed to incubate for 2 – 3 mins at RT.  Using a refrigerated centrifuge, tubes were spun at 

12,000xg, 4°C for 15 mins, the resulting sample was divided into 3 layers (if no clear divide 

was formed, tubes were centrifuged for an additional 5 – 10 mins). The upper, clear aqueous 

phase containing the extracted RNA was carefully aspirated and transferred to a new 1.5 mL 

centrifuge tube.  

RNA was precipitated by adding 250 μL IPA to each tube and allowing them to incubate for 

10 mins at RT. Tubes were centrifuged for 10 mins at 12,000 xg, 4°C forming an invisible RNA 

pellet at the base of the tube. Supernatant was discarded and the pellet resuspended in 500 

μL 75% ethanol. Tubes were vortexed briefly and centrifuged at 7500 xg, 4°C for 5 mins. 

Supernatant was discarded as much as possible. Tubes were left out to allow pellets to air 

dry, taking care not to let the pellet dry completely. Pellet was resuspended in uH2O. RNA 

yield and purity was determined by use of a Picodrop™ CUBE (Pico100) microliter UV/Vis 

spectrophotometer and the accompanying Picodrop software. The software was set to 

measure RNA and was blanked using uH2O. A 2 μL aliquot of each sample was read. The 

software automatically calculates RNA yield and purity. Purity was determined by the 

260/280nm absorbance ratio method which was automatically calculated by the Picodrop 

software, giving purity in ng/mL. 
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3.13.3 cDNA Template Synthesis 

All steps carried out in appropriate area for RNA preparations, with consistent cleaning of 

area and items using RNase AWAY. All steps were performed on ice were possible. Using RNA 

yields calculated from previous step, samples were prepared for cDNA synthesis. Appropriate 

dilutions were determined for each experimental replicate in order to prepare 12μL of each 

RNA sample containing the same amount of RNA in each (calculated in relation to the lowest 

yielding sample). A reverse transcriptase (RT) master mix (MM) was prepared from a 

Transcriptor First Strand cDNA Synthesis Kit (Roche). At least 10μL of MM is required per 

reaction, with each reaction containing RT buffer, dNTP mix (100mM), RT random primers, 

RT, RNase inhibitor and uH2O, prepared as per manufacturers guidelines. A stock MM was 

prepared with excess for all reactions to be carried out. 10μL of each RNA sample was 

transferred to a separate tube of a thermal cycler 8-tube strip. 10μL of RT MM was added to 

the bottom of each tube. The tube strip was capped and briefly centrifuged to collect all 

contents at the bottom of each tube. The tubes were placed in a Applied Biosystems™ 

MiniAmp™ thermal cycler and with the following conditions. Reaction volume: 20μL. Step 1: 

25°C for 10 mins. Step2: 37°C for 120 mins. Step 3: 85°C for 5 mins. Step 4: 4°C indefinitely. 

After run was completed, tubes were removed from the thermal cycler and were either used 

immediately for PCR or stored at -14°C. 

3.13.4 qRT-PCR  

All steps carried out in appropriate area for RNA preparations, with consistent cleaning of 

area and items using RNase AWAY. All samples, materials (plates, tubes) and reagents were 

kept on ice were possible. Primers were reconstituted with uH2O, as per their individual 

documentation, to 100 µM. 10 µM stocks of each primer were prepared, to avoid recurrent 

freeze/thawing of the original primer stocks. 1:10 dilutions of each cDNA template were 

prepared, with excess being prepped for all reactions to be carried out (number of genes x 

number of replicates). A PCR MM was prepared using KiCqStart Sybr Green master mix 

(Sigma-Aldrich/Merck) as per the kit protocol, containing KiCqStart Sybr Green, forward 

primers, reverse primers and uH2O. 4 μL of the prepared cDNA templates were added to 

individual wells of a LightCycler® 96-well plate in duplicate. 4 μL of uH2O was also added to 

separate wells (in duplicate) to act as the non-template control (NTC). 16 μL of the PCR MM 

was then added to each corresponding well (depending on the gene/primer). Plate was sealed 
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using the accompanying sealing foils. Plates were centrifuged for 5 mins to ensure all reaction 

contents were collected at the base of each well. Plate was then loaded into a Roche 

LightCycler® 96 System and run with the following conditions. Preincubation: 95°C for 300 

seconds. 2-Step Amplification (60 cycles): 95°C for 5 seconds. 58°C for 15 seconds. 72°C for 

10 seconds (single acquisition). Results were analysed using Roche LightCycler® 96 software 

(version 1.1.0.1320). Relative Quantification was determined by analysing the target gene of 

interest against the reference gene, β-actin.  

3.14 Statistical Analysis 

Results were analysed and statistical significance calculated by use of GraphPad Prism 8.0.1 

for Windows (GraphPad Software, San Diego, California, USA. www.graphpad.com). Results 

from MIC testing of bioactives and their polymer processed forms for each bacterial strain 

were analysed for significance. Significant changes in MIC before and after polymer extrusion 

were determined by use of a two-way ANOVA with Sidak multiple comparisons test and 

expressed in terms of a P value, following the APA style.  

For toxicology results, significance between treatment and treatment vehicle (Tv) effects 

versus bovine mammary cells was determined by use of a two-way ANOVA model with Sidak 

multiple comparisons test and expressed in terms of a P value, following the APA. For the 

analysis of zinc oxide (in which there was no treatment vehicle), significance was determined 

by use of a Wilcoxon signed-rank test (non-parametric statistical hypothesis test) with the 

hypothetical value = 100. This was chosen to represent the hypothesis that the compound 

would have no effect upon the cells, thus resulting in 100% cell viability.  
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3.15 Figures 

Figure 3.1 Layout of Drop-count plates.  
Plates were divided into quarters to allow for 4 separate counts. Each circle represents a 10 
µL drop of the diluted sample, with five drops per section.  
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Figure 3.2 Streak Plate Pattern.  
Streaking pattern used to isolate colonies of bacterial species. Solid line represents initial 
streak made using microbead. Dotted lines represent streak taken from initial streak in 
order to isolate colonies of the bacteria. 
 

 
Figure 3.3 Broth Microdilution Assay Layout.  
Example layout used in a 96-well microplate during a broth macrodilution assay. Example 
shows only a single drug assay. X represents drug concentration. GC: Growth Control 
(negative control), SC: Sterility Control (positive control). 
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Figure 3.3 Twin-Screw Extruder Schematic.  
Common layout of a twin-screw extruder alike to that of the PRISM TSE 16 TC. Control Panel 
is used to set barrel temperature, feed speed, screw speed and also monitor torque 
pressure being exhibited (Expressed in %). Prepare sample is feed into the barrel via the 
hopper where it is taken along the barrel by the twin-screw system. During the extrusion, 
the samples are sheared and mixed, and forced through a die at the end of the barrel. The 
shape of the die can determine the final extruded product shape (e.g., tape or string). 
Heating elements keep the barrel at a fixed temperature during processing. Figure adapted 
from (Mehuys 2004) 
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Figure 3.4 Drug Combination Set Up.  
Layout of 2-drug combination treatment plate and dilution plate before transfer step. A 
refers to concentration of Drug A, B refers to the concentration of Drug B, showing the 
dilution factor of each following the serial dilution.  GC: Growth Control, SC: Sterility Control.  

1 2 3 4 5 6 7 8 9 10 11 12
A 4A 2A A A/2 A/4 A/8 A/16 0
B 2A 2A A A/2 A/4 A/8 A/16 0
C 2A 2A A A/2 A/4 A/8 A/16 0
D 2A 2A A A/2 A/4 A/8 A/16 0
E 2A 2A A A/2 A/4 A/8 A/16 0
F 2A 2A A A/2 A/4 A/8 A/16 0
G 2A 2A A A/2 A/4 A/8 A/16 0
H 2A 2A A A/2 A/4 A/8 A/16 0

1 2 3 4 5 6 7 8 9 10 11 12
A 0 0 0 0 0 0 0 0
B B/16 B/16 B/16 B/16 B/16 B/16 B/16 B/16
C B/8 B/8 B/8 B/8 B/8 B/8 B/8 B/8
D B/4 B/4 B/4 B/4 B/4 B/4 B/4 B/4
E B/2 B/2 B/2 B/2 B/2 B/2 B/2 B/2
F B B B B B B B B
G 2B 2B 2B 2B 2B 2B 2B 2B
H 4B 4B 4B 4B 4B 4B 4B 4B

GC SC

Drug B

Treatment Plate

Dilution Plate

Se
ria

l D
ilu

te
d 

1:
2

Drug A Serial Diluted 1:2

Transfer
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Figure 3.5 Drug Combination Assay Final Layout.  
Final layout of 96-well plate for a 2-Drug combination assay. A refers to concentration of 
Drug A, B refers to the concentration of Drug B, showing the dilution factor of each 
following the serial dilution, transfer step and addition of inoculum. The 8x8 checkboard is 
labelled with dashed lines.  GC: Growth Control, SC: Sterility Control.  

1 2 3 4 5 6 7 8 9 10 11 12
A A/2 A/4 A/8 A/16 A/32 A/64 0
0 0 0 0 0 0 0 0
A A/2 A/4 A/8 A/16 A/32 A/64 0

B/64 B/64 B/64 B/64 B/64 B/64 B/64 B/64
A A/2 A/4 A/8 A/16 A/32 A/64 0

B/32 B/32 B/32 B/32 B/32 B/32 B/32 B/32
A A/2 A/4 A/8 A/16 A/32 A/64 0

B/16 B/16 B/16 B/16 B/16 B/16 B/16 B/16
A A/2 A/4 A/8 A/16 A/32 A/64 0

B/8 B/8 B/8 B/8 B/8 B/8 B/8 B/8
A A/2 A/4 A/8 A/16 A/32 A/64 0

B/4 B/4 B/4 B/4 B/4 B/4 B/4 B/4
A A/2 A/4 A/8 A/16 A/32 A/64 0

B/2 B/2 B/2 B/2 B/2 B/2 B/2 B/2
A A/2 A/4 A/8 A/16 A/32 A/64 0
B B B B B B B B

8x8 Checkerboard

Drug A

Drug B

Serial Diluted 1:2
Se

ria
l D

ilu
te

d 
1:

2

SC

SC

SC

SC

SC

SC

SC

SC

G

H

GC

GC

GC

GC

GC

GC

GC

GC

A
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Figure 3.6 Drug Combination Assay Final Layout.  
Final 96-well plate layout for a 3-Drug combination assay. A refers to concentration of Drug 
A, B refers to the concentration of Drug B, C refers to the concentration of Drug D, showing 

1 2 3 4 5 6 7 8 9 10 11 12
A A/2 A/4 A/8 A/16 0 A A/2 A/4 A/8 A/16 0
0 0 0 0 0 0 0 0 0 0 0 0
C C C C C C C/2 C/2 C/2 C/2 C/2 C/2
A A/2 A/4 A/8 A/16 0 A A/2 A/4 A/8 A/16 0

B/16 B/16 B/16 B/16 B/16 B/16 B/16 B/16 B/16 B/16 B/16 B/16
C C C C C C C/2 C/2 C/2 C/2 C/2 C/2
A A/2 A/4 A/8 A/16 0 A A/2 A/4 A/8 A/16 0

B/8 B/8 B/8 B/8 B/8 B/8 B/8 B/8 B/8 B/8 B/8 B/8
C C C C C C C/2 C/2 C/2 C/2 C/2 C/2
A A/2 A/4 A/8 A/16 0 A A/2 A/4 A/8 A/16 0

B/4 B/4 B/4 B/4 B/4 B/4 B/4 B/4 B/4 B/4 B/4 B/4
C C C C C C C/2 C/2 C/2 C/2 C/2 C/2
A A/2 A/4 A/8 A/16 0 A A/2 A/4 A/8 A/16 0

B/2 B/2 B/2 B/2 B/2 B/2 B/2 B/2 B/2 B/2 B/2 B/2
C C C C C C C/2 C/2 C/2 C/2 C/2 C/2
A A/2 A/4 A/8 A/16 0 A A/2 A/4 A/8 A/16 0
B B B B B B B B B B B B
C C C C C C C/2 C/2 C/2 C/2 C/2 C/2

1 2 3 4 5 6 7 8 9 10 11 12
A A/2 A/4 A/8 A/16 0 A A/2 A/4 A/8 A/16 0
0 0 0 0 0 0 0 0 0 0 0 0

C/4 C/4 C/4 C/4 C/4 C/4 C/8 C/8 C/8 C/8 C/8 C/8
A A/2 A/4 A/8 A/16 0 A A/2 A/4 A/8 A/16 0

B/16 B/16 B/16 B/16 B/16 B/16 B/16 B/16 B/16 B/16 B/16 B/16
C/4 C/4 C/4 C/4 C/4 C/4 C/8 C/8 C/8 C/8 C/8 C/8
A A/2 A/4 A/8 A/16 0 A A/2 A/4 A/8 A/16 0

B/8 B/8 B/8 B/8 B/8 B/8 B/8 B/8 B/8 B/8 B/8 B/8
C/4 C/4 C/4 C/4 C/4 C/4 C/8 C/8 C/8 C/8 C/8 C/8
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the dilution factor of each following the serial dilution, transfer steps and addition of 
inoculum.  GC: Growth Control, SC: Sterility Control.  
 

Figure 3.7 Drug Combination Assay Final Layout.  
Final 96-well plate layout for one of four plates prepared for a 4-Drug combination assay 
showing the drug concentration of each of the four test compounds within each well. A 
refers to concentration of Drug A, B refers to the concentration of Drug B, C refers to the 
concentration of Drug C, D refers to the concentration of Drug D. Each column contains 
different concentration of drug A, each row has a different concentration of drug B, each 
4x4 checkerboard contains different concentration of drug C, and each plate contains a 
different concentration of drug D, with the example plate shown having concentration 1 
(D1). GC: Growth Control, SC: Sterility Control.  
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Chapter 4 Antimicrobial Determination of Bioactives 

 

3.1. Introduction 

The use of antibiotics in medicine has taken a hesitant approach in recent years due to their 

misuse being observed in various sectors, particularly agriculture, which has had a significant 

influence on increasing levels of bacteria with antimicrobial resistance (AMR). The monitoring 

and documenting of AMR is a vital phase in controlling its emergence and instigating future 

actions. Simply differentiating which drugs to which bacteria are susceptible , and to which 

they are resistant , is essential to clinicians, where susceptibility results guide treatment 

options. The emergence of S. aureus strains displaying intermediate susceptibility (VISA) or 

full resistance (VRSA) to vancomycin, is currently a significant threat to public health and 

safety where they are associated with hard-to-treat nosocomial infections globally. The 

evidence of varying levels of resistance in these veterinary isolates contributes to the 

association between the veterinary use of antibiotics and emergence/proliferation of 

antibiotic resistance. In conjunction with monitoring resistance profiles, discovery of a 

bacterial strain’s sensitivity to antibiotics or antibiotic alternatives is another major phase in 

monitoring and controlling the threat of AMR.  

Mastitis is an inflammatory disease that develops primarily as response to bacterial invasion 

of the mammary gland and subsequent infection of the epithelial tissue. Current veterinary 

treatment of bovine mastitis relies heavily on the use of antibiotics to eliminate the infection 

(Barlow 2011; Melchior 2011; More, Clegg, and McCoy 2017; Royster and Wagner 2015). Due 

to regulations within the food and animal industries, the use of antibiotics requires that 

animals are withdrawn from milking for a period of up to four weeks in-order to allow all 

residual antibiotics to pass from the animal (Seegers, Fourichon, and Beaudeau 2003). While 

the misuse of antibiotics is hugely prevalent on farmlands, it is difficult to regulate (Poizat et 

al. 2017). Allowing antibiotic residues to enter our food supply has a major influence on the 

rise of AMR harbouring bacteria species, that are directly linked to both humans and animals 

alike (Economou and Gousia 2015; Manyi-Loh et al. 2018). While the significance of this issue 

is being addressed by the implementation of stricter regulations and guidelines in agricultural 
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settings, the use of antibiotics themselves need be addressed as well (Andrew J. Bradley and 

Green 2004; Gomes and Henriques 2016a; Breyne et al. 2017). 

Currently, there are limited options suitable as antibiotic alternatives for the treatment of 

livestock, discussed previously in Chapter 1.11. As a result, there is a need for the 

development of alternative therapies that not only have excellent antibacterial qualities, but 

also enable for the animal to be returned to production lines more quickly without risk of 

introducing residual medications into the food chain. In the following study, we present four 

antimicrobial bioactives compounds, silver nitrate (AgNO3), zinc oxide (ZnO), chitosan and 

nisin, as potential antibiotic alternatives for use in agricultural settings and against AMR 

bacteria.  

AgNO3 is a commonly studied silver salt derivative which has seen raised interest in recent 

times as an antimicrobial (Russell and Hugo 1994; Atiyeh et al. 2007; Prabhu and Poulose 

2012; Gao et al. 2018; Balazs et al. 2004). While the use of silver derivatives does hold 

environmental concerns, especially in aquatic ecosystems, studies have found that they may 

only have effect upon soil-based bacteria and a rather minor or short lived effect upon aquatic 

life with exposure to high doses (Clark et al. 2019; Schlich et al. 2018). Furthermore, the use 

of silver nanoparticles were found to have much greater detrimental effect in comparison to 

AgNO3 at similar levels of silver exposure (Rahmatpour et al. 2017).  

ZnO is a commonly used ingredient in cosmetics and other areas that is categorised as 

generally recognised as safe (GRAS) by the FDA, and has recently elicited interest in its 

antimicrobial abilities (U.S. Food & Drug Administraion 2019; Beyth et al. 2015). ZnO has been 

shown to utilise three major mechanisms to confer its antimicrobial abilities; 1) the release of 

antimicrobial ions (Zn2+), 2) destabilisation of the outer membrane via electrostatic 

interactions, 3)  the production of reactive oxygen species (ROS) (Pasquet, Chevalier, Pelletier, 

et al. 2014).  Studies have shown that ZnO in the form of nanoparticles (ZnO-NPs) exhibit a 

considerably greater antimicrobial effect, which can be accredited to the higher surface area 

yielded by the substantially smaller particles, and the fact that they allow for higher 

concentrations in a smaller area (Padmavathy and Vijayaraghavan 2008). Zinc oxide (ZnO) and 

silver nitrate (AgNO3) also have previous use in cosmetics and external wound treatments due 

to their antibacterial properties (Atiyeh et al. 2007; Archana et al. 2015; Gao et al. 2018).  
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Chitosan is a linear polysaccharide-based polymer, produced from the deacetylation of chitin, 

a major component in shells of crustaceans (Kyoon et al. 2002). Chitosan is a well-studied 

compound used in the biomedical and food packaging sectors. While recent studies involve 

its use as a carrier for other antimicrobial products, chitosan itself has been reported to 

exhibit its own antibacterial properties through interactions with bacterial cell wall lipids, 

causing destabilization (Qin et al. 2006). Nisin is a polycyclic antimicrobial peptide, produced 

by lactic acid bacteria such as Lactococcus lactis, and classified as a bacteriocin (McAuliffe, O., 

Ross, R. P., Hill 2001; Cleveland et al. 2001; Jozala, Celia, and Novaes 2015). Unlike traditional 

antibiotics, which are secondary metabolites, bacteriocins are ribosomally synthesized 

peptides, sensitive to degradation by proteases and generally harmless to the non-

prokaryotic organisms (Yang et al. 2014). The primary mechanism of nisin is its ability to target 

and bind the lipid-II, intramembrane-bound molecule of bacteria, inhibiting cell wall 

formation and leading to the destabilisation and destruction of the cell  (Hasper et al. 2006; 

Willey and van der Donk 2007).Both nisin and chitosan are designated by the FDA as GRAS 

compounds, and have previously been investigated for use in active food packaging due to 

their established antimicrobial abilities, while having no toxic effects upon mammalian cells 

(Bastarrachea et al. 2015; Moon et al. 2007; Cardozo et al. 2014; Asli et al. 2017; J. Wu, Hu, 

and Cao 2007).   

The four bioactives will to be evaluated following standard antimicrobial protocols used to 

assess antibiotic efficacy (M. P. Weinstein 2012; Zgoda and Porter 2001).  they will be assessed 

to determine their minimum inhibitory concentration (MIC) against four commercially 

available bacteria strains, Escherichia coli, Staphylococcus aureus, Pseudomonas aeruginosa 

and Staphylococcus epidermidis. These four strains are regarded as standard strains for use 

antimicrobial testing and they are also major pathogens associated with various diseases, 

including bovine mastitis. Each strain represents a different pathological aspect of mastitic 

bacterial (E. coli being an environmental pathogen, S. aureus a contagious pathogen, S. 

epidermidis opportunistic and P. aeruginosa biofilm forming) (A. J. Bradley 2002; Jones and 

Bailey 2009; Park et al. 2014). S. epidermidis also falls into a bacterial group known as 

coagulase-negative staphylococci (CNS) bacteria, which have been identified as the leading 

pathogen of many modern cases of sub-clinical mastitis (SCM) (Vanderhaeghen et al. 2015).  

Additionally, to investigate the bioactives efficacy against wild-type and AMR bacterial strains, 
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a number of veterinary isolates will also be included in the bioactives assessment. The 

veterinary strains will be collected from local farm animals, isolated, identified and then 

assessed.  

While treatment efficacy is undeniably an important factor in the development of novel 

therapies, another vital consideration is that of a delivery system with which to administer 

the treatment effectively (Nicholas, Michelle, and Kathryn 2014; Gruet et al. 2001; Alany et 

al. 2013). Many drugs and active ingredients have very poor solubility, making it difficult to 

use them as effect treatments (Vipul et al. 2013; Nouraei 2018; Malcolm et al. 2003). Another 

issue faced is that of non-specific interactions that may cause adverse side-effects, or even a 

lack of efficacy due to the inability to successfully deliver the drug to the intended target site 

(Salahpour Anarjan 2019). A common approach in the pharmaceutical industry for developing 

such delivery systems involves the incorporation of the active pharmaceutical ingredient (API) 

within a polymer matrix . Hot-melt extrusion (HME) is a commonly used, and widely 

recognised method for the production of such drug-polymer combinations (Sarode et al. 

2013; Simões, Pinto, and Simões 2019). Although HME is a very convenient and easily applied 

method for drug development, it does necessitate that the active compound holds the 

capacity to withstand thermal and physical processing, maintaining bioactivity post-process 

(Simões, Pinto, and Simões 2019). Traditional antibiotics have low thermal stability, thus 

excluding them as possible candidates for HME applications (Wylie et al. 2021). HME has seen 

growing use in the area of pharmaceuticals as it allows the production of biologically active 

polymers with various formulations, dosage forms, and can enhance the physical properties 

of the bioactive component (such as increased water solubility, improved stability and shelf-

life) (Patil, Tiwari, and Repka 2016). In order to determine each bioactives processing 

potential and suitability, they will also be assessed by incorporating them into a polymer 

matrix by HME and then re-assessing their antibacterial capabilities. By comparing their MIC 

both before and after HME, it will be possible to determine any loss of bioactivity. Kollidon® 

VA-64 (PVP/VA64) will be assessed as the polymer base. PVP/VA64 is a co-polymer consisting 

of Vinylpyrrolidone-vinyl acetate, commonly used as soluble binder for granulation and as 

dry-binder in direct compression technology (H. He, Yang, and Tang 2010). PVP/VA64 was 

chosen due to its low melting temperature, allowing lower processing temperatures which 

would ensure minimal heat damage to the bioactives. It is also readily soluble in water and as 
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well as this, extruded PVP/VA64 has a very solid, yet brittle, composition allowing it to be 

ground to a powder for easier solution preparation of the prepared bioactive-loaded 

polymers. 

4.1 Aims & Hypothesis 

The aim of this study is to assess the antimicrobial ability of four bioactive compounds which 

will be tested against four standard bacterial species and five isolated wild-type bacterial 

species associated with recurring cases of mastitis, and to then assess their abilities following 

incorporations into a polymer, in order determine their suitability as antibiotic alternatives.  

It is hypothesised that the four bioactives will inhibit growth of the test bacterial species, and 

hold activity following polymer incorporation, validating their part in future research as an 

antimicrobial bioactive-loaded polymer. 

4.2 Results 

4.2.1 Resistance profile of veterinary isolates 

Resistance profiles were established in accordance with the WHO priority pathogen list for 

veterinary isolates MRSA, VRE, L. monocytogenes, with critically important E. coli (isolate), 

and A. baumannii also being assessed for resistance to 3rd generation cephalosporins and 

carbapenems, amongst other drug classes (Table 4.1). A. baumannii and E. coli (isolate) both 

exhibited resistance to vancomycin and ampicillin, with ESBL activity, which was confirmed, 

with the bacteria exhibiting zones of 15 mm and 20 mm vs Cefpodoxime discs, and 23 mm 

and 28 mm vs Cefpodoxime + clavulanic acid discs, respectively. E. coli also demonstrated 

resistance to amoxicillin/clavulanic acid. E. coli (isolate) and A. baumannii displayed 

intermediate susceptibility to an array of antibiotics including streptomycin (10mm, 15mm), 

erythromycin (9mm, 9mm), and chloramphenicol (21mm, 9mm) respectively. MRSA give clear 

indication of resistance to streptomycin and 3rd generation cephalosporins, with 

intermediate susceptibility to vancomycin (16mm), tetracycline (11mm), and erythromycin 

(22mm). The high priority pathogen VRE demonstrates clear resistance to streptomycin, 

cephalosporins and quinolones, with low susceptibility to the macrolide erythromycin (7mm) 

and full susceptibility to tetracyclines (doxycycline, 30mm).  L. monocytogenes displays 

resistance to ampicillin, erythromycin, and cephalosporins. The MIC of an array of antibiotics 
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was determined against each veterinary isolate of MRSA, VRE, E. coli (isolate) and A. 

baumannii (  



Chapter 4 Antimicrobial Determination of Bioactives 

85 

Table 4.2).  

4.2.2 Minimum Inhibitory Concentration Assays 

The mean minimum inhibitory concentration (MIC) of each bioactive, before and after HME, 

are presented in Table 4.3 (MIC versus collection cultures) and Table 4.4 (MIC versus 

Veterinary isolates). 

o Silver Nitrate (AgNO3) 

AgNO3 held a notable inhibitory effect against each tested strain, both before and after 

polymer processing by HME, while its treatment vehicle (Tv) of 28% (v/v) PEG-400, 26% (w/v) 

d-sorbitol held no effect at any concentration. AgNO3 MIC values ranged between 4.88 – 

36.46 µg/mL while values of the AgNO3 polymer (AgNO3-PVPVA) ranged between 6.51 – 

104.17 µg/mL. Figure 4.1 presents the mean MIC (µg/mL) of AgNO3 and AgNO3-PVPVA for 

each bacterial strain as a bar graph for ease of comparison. MIC values post HME increased 

overall, representing a loss of antibacterial effect due to the polymer incorporation, however 

only the increase in MIC versus S. aureus was considered significant (P<0.01). While there was 

no change in MIC values versus L. monocytogenes and A. baumannii, there were reductions 

in MIC values versus E. coli and S. epidermidis, indicating increases in efficacy, however they 

were not considered significant (P>0.05).  

o Chitosan 

Chitosan effectively inhibited the growth of all tested bacterial strains before and after HME 

with PVPVA64. Chitosan MIC values ranged between 156.25 – 1250 µg/mL, with Chitosan-

PVPVA MIC values ranging between 156.25 – 1666.67 µg/mL. The Chitosan Tv held noticeable 

effect at the higher concentration of 0.25% acetic acid (AcOH), which is equivalent to a 

chitosan concentration of 2500 µg/mL. VRE was found to be more resistant to chitosan's 

inhibitory effects in comparison to other tested species, both before and after HME. Mean 

MIC values of chitosan before and after HME with PVPVA are presented in Figure 4.2 for 

comparison. Chitosan-PVPVA exhibited the greatest loss of activity (as determined by 

increase in MIC values) versus A. baumannii (1.6-fold increase) and P. aeruginosa (1.5-fold 

increase), however these increases were not found to be significant (P>0.05). While MIC 

values versus S. aureus, L. monocytogenes and the E. coli (isolate) were lowered 1.33-fold 

(416.67 → 312.5 µg/mL), 1.5-fold (234.38 → 156.25 µg/mL) and 1.5-fold (234.38 → 156.2 
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µg/mL) respectively, showing an increase in efficacy, these were not considered significant 

(P>0.05).  

o Zinc Oxide (ZnO) 

ZnO effectively inhibited the growth of E. coli, S. aureus and S. epidermidis, with MIC values 

of 312.50 µg/mL, 156.25 µg/mL and 104.17 µg/mL respectively. P. aeruginosa reported an 

above average MIC of 1250 µg/mL (Table 4.3). Established MIC values against veterinary 

isolate strains were found to be higher than those against the standard culture strains (Table 

4.4). A. baumannii and E. coli (isolate) reported mean MIC values of 364.58 µg/mL and 520.83 

µg/mL respectively.  L. monocytogenes reported a higher mean MIC of 937.50 µg/mL. MRSA 

required higher concentrations to inhibit growth, reporting a MIC of 2291.67 µg/mL. VRE 

reported the highest mean MIC of 3125.00 µg/mL.    

Results indicate ZnO to have its antimicrobial abilities hindered against most bacterial species 

by the HME process, as MIC values were observed to increase against E. coli (520.83 µg/mL), 

S. aureus (520.83 µg/mL), S. epidermidis (156.25 µg/mL), E. coli (isolate) (1145.83 µg/mL), L. 

monocytogene (3333.33 µg/mL), VRE (11250.00 µg/mL) and MRSA (3020.83 µg/mL). 

However, efficacy was noted to increase against P. aeruginosa (1041.67 µg/mL) and A. 

baumannii (208.17 µg/mL). 

o Nisin 

Nisin effectively and consistently inhibited the growth of the tested Gram-positive bacteria, 

S. aureus, S. epidermidis, MRSA, VRE and L. monocytogenes, with pre-HME MIC's ranging 

between 3.91 – 15.6 µg/mL and post-HME MIC's ranging between 1.95 – 15.63 µg/mL. The 

HME process had a notable impact on the effect of nisin, indicated by significant changes in 

MIC values (Figure 4.4). Nisin was less effective versus S. aureus following HME, reporting a 

mean MIC of 15.63 µg/mL which represents a 4-fold increase of nisin required to inhibit 

growth (P<0.001). In contrast, nisin was found to be more effective versus MRSA, VRE and L. 

monocytogenes after HME, reporting 4-fold, 8-fold and 6.4-fold decreases in MIC values 

respectively (P<0.01). While there was a slight increase in nisin MIC versus S. epidermidis 

following HME, it was not considered significant (P>0.05). No MICs were recorded versus E. 

coli, P. aeruginosa, E. coli (isolate) or A. baumannii before or after HME, with concentrations 

up to 30mg/mL being tested.  



Chapter 4 Antimicrobial Determination of Bioactives 

87 

4.3 Discussion 

In the present study, four bioactive compounds, silver nitrate (AgNO3), chitosan, zinc oxide 

(ZnO) and nisin were presented and assessed for their antibacterial abilities under conditions 

equal to that of antibiotic testing. While AgNO3 is reported as being water soluble at 

concentrations up to 1M at 20˚C, it was found that while in solution with dH2O, AgNO3 would 

precipitate out as a heavy, white precipitate when added to bacterial growth broth. Exposure 

to air and light caused the precipitate to discolour to a dark brown, indicating oxidation of 

AgNO3. Assessment of various solvents (such as phosphate buffered saline (PBS), 0.1M 

Sodium Hydroxide (NaOH), 0.1M Hydrochloric acid (HCL)) suggested that it was the salt 

content of the growth broth causing precipitation. Dissolving the AgNO3 in a solution of 28% 

(v/v) PEG-400 and 26% (w/v) d-sorbitol was successful in avoiding these issues. Use of this 

AgNO3 preparation showed stable solubility with the carrier exhibiting no effects against 

bacterial strains. Previous studies evaluating and comparing AgNO3 and silver nanoparticles 

(AgNPs) reported AgNO3 mean MIC values of 85.5 µg/mL against E. coli and 55.5 µg/mL 

against S. aureus, which closely resemble MIC values determined in the present study (Salman 

2017; Lima et al. 2019). Another study investigating the antibacterial and cytotoxic properties 

of AgNO3, reported MIC values of 6 µg/mL versus E. coli and S. aureus, which are notably 

lower than MIC values reported here (20.83 and 36.46 µg/mL respectively) (Mulley, Jenkins, 

and Waterfield 2014). A seperate study of AgNO3 and AgNPs versus P. aeruginosa reported a 

MIC of 10 µg/mL, which closely resembles the MIC reported here (4.88 µg/mL)(Königs, 

Flemming, and Wingender 2015). The present study has found that AgNO3 not only holds 

antibacterial ability following HME, but also exhibited an increase in efficacy versus E. coli 

(which saw a 2-fold decrease in the MIC) and S. epidermidis (1.5-fold decrease). However, 

there were also decreases in efficacy observed versus S. aureus (2.86-fold increase in MIC), P. 

aeruginosa (1.33-fold increase), MRSA (1.5-fold increase), VRE (1.5-fold increase) and E. coli 

(isolate) (2-fold increase), although only the decreased efficacy versus S. aureus was 

considered significant (P<0.001). To best knowledge, the present study represents the only 

such study that examines polymer extruded AgNO3, which makes it difficult to determine the 

reasoning behind the altered antibacterial efficacy. Further studies are required to analyse 

AgNO3 and its polymer form in order to assess its alternate composition and structure. 
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However, in terms of its antibacterial ability, both before and after HME, AgNO3 has shown 

satisfactory inhibition, with a broad-spectrum of effect. 

Chitosan has been under continuous study for its applications as a polymer and also as an 

antimicrobial bioactive. Previous studies have determined chitosan to be most soluble in 

organic acids and that it also exhibits an antimicrobial effect only within an acidic pH (Kyoon 

et al. 2002; Romanazzi et al. 2009). 1%(v/v) acetic acid (AcOH) was found to be the most 

effective solvent, as it completely dissolved the chitosan at all desired ranges for testing. A pH 

between 5.0 – 5.5 was determined to be most appropriate, allowing solubility of the chitosan 

while also being within a tolerable acidic range for the bacterial test species, reducing 

interference with antimicrobial results. Reported antimicrobial abilities of chitosan vary 

significantly, with studies showing MIC values higher than those presented here (ranging 

between 625 – 1250 µg/mL), while other studies reported slightly lower MIC value of 100 

µg/mL versus E. coli and S. aureus (Zaghloul 2015; Aliasghari et al. 2016; Shanmugam, 

Kathiresan, and Nayak 2016). The lower MIC reported by Shanmugam et. al is quite significant 

in comparison to the values presented here (156.25 µg/mL vs E. coli, 416.67 µg/mL versus S. 

aureus). While the present study utilised commercial chitosan, as did the other cited studies, 

the group of Shanmugam et. al extracted and produced their own chitosan, which could 

explain the difference in abilities. Modifications of chitosan have also been shown to increase 

its antibacterial potential, however in comparison to values reported in the present study, the 

modifications do not hold much significance, particularly with the additional preparation 

steps required  (M. A. Hassan et al. 2018). HME processing had only a minor impact upon 

chitosan's antibacterial abilities, and while there were increases in MIC values versus P. 

aeruginosa, VRE and A. baumannii, the changes in efficacy were not considered significant. 

Overall, the MIC values reported here are consistently lower than those from other studies 

demonstrating effect bacterial inhibition, and as well as this, the HME process had no 

significant effects on chitosan’s efficacy. 

While ZnO is reported to be soluble in strong solvents (such as formic acid, sulphuric acid), it 

was prepared as a suspension as dissolving it in such solvents would interfere with 

antimicrobial testing due to their strength which would themselves hold toxic effect upon 

bacterial cells and skew results. Furthermore, one of the primary mechanisms of ZnO is its 

structure, which interacts with bacterial membranes, forms reactive oxygen species and also 
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peroxides (Xie et al. 2011). A number of studies have examined ZnO-polymers in terms of 

bacterial number reduction (by determining reduction of colony forming units, CFUs); 

however, the present study assesses microbial growth inhibition and MIC determination. 

Regardless, the results presented can be compared to show clear indication that ZnO can be 

effectively incorporated into a polymer medium and while there is clear loss of effect, the 

polymer processed materials retain most of ZnO's activity. A separate study involving ZnO 

extrusion with the polymer polylactic acid (PLA), noted hindered diffusion of ZnO from the 

extruded polymer, which could explain the reduced efficacy observed in the current study, as 

this would greatly interfere with its antimicrobial activity (Pantani et al. 2013).  

Following incorporation into a PVP/VA64 polymer, most MIC values saw an increase. The ZnO 

suspension held varying degrees of efficacy, while effectively inhibiting growth of the four 

ATCC strains, it showed low efficacy against P. aeruginosa and, to some extent, E. coli. It was 

seen most effective against S. aureus and S. epidermidis. This can be accounted for by the 

bacteria's intrinsic resistance and pathological strengths. Gram-negative bacterium, such as 

P. aeruginosa, have multiple, thin layers of membrane combined with an inner peptidoglycan 

cell wall-layer, which present formidable barrier for therapeutics. Gram-positive bacteria, 

such as S. aureus and S. epidermidis, comprise of a single, outer cell membrane under a thick 

peptidoglycan layer that has actually been shown to enable therapeutics by aiding their 

absorption into the cell. Furthermore, S. epidermidis is a well-known opportunistic, biofilm 

forming bacteria recognised as an etiological agent in complex device-mediated infection in 

healthcare and in veterinary practice. It generally exhibits low resistance to antimicrobials 

while in planktonic forms, requiring biofilm formation to become more resistant, thus 

justifying its lower MIC compared to E. coli and even S. aureus. The resistance of VRE to ZnO 

may be accounted for by its alternative peptidoglycan synthesis, which alters the bonding 

potential of its outer peptidoglycan layer, preventing ZnO from interacting and penetrating 

the bacteria cell (Ahmed and Baptiste 2018). 

The most suitable nisin solvent was determined by considering two major parameters, salt 

content and pH. The chosen 400mM NaCl concentration was previously reported to confer 

the highest solubility of nisin (Abts et al. 2011). The acidity of the solution was adjusted to a 

range of pH 3.2 – 3.3, as previous studies have shown nisin to be most stable at this range, 

while also conferring its highest antibacterial activity (Rollema Hs et al. 1995; Yamazaki et al. 
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2000). The solution was sterilised by autoclaving, as the nitrocellulose composition of a 0.2μm 

filter would cause non-specific binding of the nisin peptide, lowering the final nisin 

concentration of the solution. The stability conferred by the altered pH was vital for this step 

to ensure there was no degradation of the peptide from autoclaving. Due to the production 

process of commercially purchased nisin, the chemical composition contains a number of by-

products. The potency of nisin in commercial stocks is expressed in terms of international 

units (IU). As such, the actual concentration of nisin is calculated as follows: 

1g Commercial Nisin Powder = 1 × 106 IU = 25mg Nisin 

[1IU = 0.025μg Nisin] 

Nisin had no effect against E. coli, P. aeruginosa or A. baumannii as these bacterial strains are 

Gram negative. Nisin cannot carry out its antibacterial mechanisms versus Gram negative 

bacteria due to the presence of the outer membrane, which acts as a physical barrier 

preventing nisin from reaching the inner membrane and interacting with its target, the 

intramembrane molecule lipid II (Brötz et al. 1998; AlKhatib et al. 2014; Wiedemann et al. 

2001). Nisin has been a topic of considerable research in terms of its antibacterial abilities, 

however these studies all vary in their results. A 2018 study of nisin Z, a variant of nisin, 

reported MIC values against S. aureus (10μg/ml) and S. epidermidis (9.17μg/ml) which were 

marginally higher than the MICs reported here (3.91μg/ml versus both strains) (Lewies, 

Plessis, and Wentzel 2018). The variants nisin A and nisin Z, differ by a single amino acid and 

are reported to only hold differing solubility characteristics. A more recent study at Kagoshima 

University reported MIC values (3.2 – 6.4 µg/mL versus S. aureus) comparable to the value 

reported in the present study (3.91 µg/mL), while following similar preparation steps 

(Kawada-Matsuo et al. 2019). Another study reported MIC values of 1mg/mL against 

Enterococcus species, which is significantly higher than concentrations reported presently 

(15.6 µg/mL versus VRE) (Tong et al. 2014). Variation of MIC values may be a consequence of 

the different preparation protocols. Some literature reports using a dilute acid in-order to 

dissolve the nisin after which the solution is sterilised by autoclaving or filtration. Other 

studies have reported the need of a specific salt content in-order to stabilise nisin in solution, 

without which would increase its susceptibility to the damaging effects of the autoclaving 

process (Rollema Hs et al. 1995; Yamazaki et al. 2000).  
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Many studies involving nisin are concerned with its incorporation into materials for use in 

food packaging, and as an anti-spoilage material (Imran et al. 2014; T. Jin and Zhang 2008; 

Yamazaki et al. 2000). Other areas include its use as an active component or as a coating on 

processed polymer films (Cutter, Willett, and GRSiragusa 2001; Hanušová et al. 2010). Various 

polymers have been investigated as a potential carrier for nisin, such as polylactic acid (PLA), 

nitrocellulose (NC), methylcellulose (MC), polyethylene oxide (PEO), and even chitosan (Cha 

et al. 2003; Han et al. 2017; Tony Jin et al. 2009). Many of these studies have reported 

increased antimicrobial activity following polymer incorporation.  

However, many of the methods utilised are time-consuming, requiring mixing of the 

components in a liquid form and then drying before processing. The incorporation of nisin 

into a polymer by extrusion has also been documented, although is reported that the heat 

and shear forces of the process have negative effects upon the antimicrobial abilities of nisin 

(Gharsallaoui et al. 2016). The present study represents the first known to extrude nisin using 

the PVPVA64 co-polymer. Results indicate successful incorporation of nisin into the polymer 

while also retaining activity and even showing increased efficacy against MRSA, VRE and L. 

monocytogene. While nisin was seen to lose potency following incorporation versus S. aureus 

and S. epidermidis, it still holds an impressive effect in growth inhibition. Additionally, several 

advantages over previous studies can be noted in that the preparation was combined using 

dry stocks, the product was processed in a much shorter timespan with a prolonged shelf. 

Many of the additional components of the commercial nisin powder are intentionally left 

within its composition in-order to increase the compounds shelf life. However once in 

solution, it was observed to lose potency after 7 – 10 days. The Nisin-PVP/VA64 polymers 

were observed to hold same level of potency for up to 30 days following solution preparation. 

This could be accredited to the polymer supporting the nisin’s polycyclic structure stability 

(Jung 1991; Gut, Blanke, and Van Der Donk 2011; Fang et al. 2017). Results from this study 

demonstrates nisin's ability to inhibit bacterial growth in a similar capacity as before (in 

relation to S. aureus) or, in some cases, to even higher degree in relation to Enterococcus 

species tested. 

Overall, results of the MIC broth assays gave positive indication to the microbial inhibitory 

properties of AgNO3, chitosan, ZnO and nisin, versus commercially sourced and wild-type 

bacteria, including antibiotic resistant strains. In terms of effective treatment dose, AgNO3 
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and nisin held the greatest efficiency to lowest concentration. Chitosan had equally consistent 

results across bacterial strains and, along with AgNO3, was the least negatively affected 

following HME with PVP/VA64. While ZnO demonstrated promising inhibitory effects pre-

HME, it exhibited the most significant loss of activity post-HME. While it is unlikely that the 

heat from the polymer process caused this loss of potency (as ZnO has a melting temperature 

of 1,975° C), it is possible that the shearing effect of the twin-screw extruder may have 

denatured it. Although it is much more likely that the polymer itself bound too strongly to the 

ZnO molecules, preventing it from freely interacting with bacterial cells. 

In conclusion, the four bioactives show great promise as antibacterial agents and for their use 

in the project and inclusion in further research towards the project aim. The bioactives 

demonstrated their antibacterial capabilities and their compatibility for polymer processing, 

both central characteristics of alternative compounds in terms of this project. While their 

efficacy against planktonic bacteria has been demonstrated, focus should now lie upon 

determining their effect against more resilient forms of bacteria commonly faced in various 

infections and diseases, such as biofilms. While a number of the presently assessed bacterial 

strains are classified as biofilm forming, they were not assessed as biofilms. In order to 

accurately determine the effect of the chosen bioactives versus established biofilm bacteria, 

an experimental system must be set up to stimulate biofilm growth and then test the formed 

biofilms. Further experimentation will be carried out to determine the bioactives ability to 

inhibit biofilms and their ability to eradicate already formed biofilms. 
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4.4 Tables 

Table 4.1 EUCAST cut-off of antibiotics versus veterinary isolates. 

 

 
  

 Zone Diameter of Bacterial Species (mm) 

Drug Class Antibiotic 
Conc. 

(µg/disc) 

A. 

baumannii 

E. coli 

(isolate) 
MRSA* VRE* 

L. 

monocytogenes 

Aminoglycoside Streptomycin 10 15 10 R R 11 

Glycopeptide Vancomycin 30 R R 16 R(12) 13 

Chloramphenicol 
Chloramphen

icol 
30 9 21[24] 22(18)[24] 20 27 

Macrolide Erythromycin 15 9 9 15(18)[26] 7 15(25) 

Penicillin Ampicillin 10 R R R 15 10(16) 

Penicillin-like 
Ampicillin/ 

clav 
20:10 25 14(19) 11 24 25 

Cephalosporins 

Cefpodoxime 10 10 20(21) R 15 R 

Cefotaxime 5 16 16(17) R R R 

Monobactam Aztreonam 30 32 25(21) - - - 

Carbapenems 

Doripenem 10 29 22[9] 16 25 38 

Meropenem 10 25(15) 23(16) 30 12 30(26) 

Quinolones 

Ciprofloxacin 5 30(21) 36(22) 28(24) R(15) 10 

Levofloxacin 5 32(20) 31[33](19) 29(22) R(15) 26 

Polymyxin Colistin 10 13 12[9] - - - 

Tetracycline Doxycycline 30 10 12 11 30 40 

*WHO high priority pathogens 
 R complete resistance to antibiotic 
() EUCAST 2020 cut-off zone diameter (mm) for antibiotic resistance for certain species and antibiotic. Zones 
below this are deemed resistant. 
[] EUCAST 2019 cut-off zone diameter (mm) for antibiotic resistance for certain species and antibiotic. Zones 
below this are deemed resistant. 
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Table 4.2 Antibiotic Minimum Inhibitory Concentrations for Veterinary Isolates. 
N=3  
 

 

  

  Bacterial species 
  A. baumannii E. coli (isolate) MRSA L. monocytogenes 

An
tib

io
tic

 (µ
g/

m
L)

 

Streptomycin 8 4 R 16 

Vancomycin R 256 1 0.5 

Erythromycin 32 R 1 16 

Azithromycin 4 8 8 32 

Amoxicillin 256 128 256 4 

Ceftazidime (3rd) 64 16 32 R 

Cefotaxime (3rd) 128 16 32 R 

Ceftriaxone (3rd) 64 4 32 R 

Cefepime (4th) 64 2 32 16 

Aztreonam 256 8 - - 

Meropenem 0.5 0.125 32 16 

Doxycycline 16 64 128 8 

Tetracycline 128 128 128 16 

Ciprofloxacin 0.125 0.25 0.25 2 

Levofloxacin 0.25 0.25 0.25 2 
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Table 4.3 Mean Minimum Inhibitory Concentrations (MIC) against ATCC culture collection 
strains. 
N=3

 

  

 Bacterial Species 

 E. coli 
(ATCC 25922) 

S. aureus 
(ATCC 25913) 

S. epidermidis 
(ATCC 35984) 

P. aeruginosa 
(ATCC 27853) 

Bi
oa

ct
iv

e 
M

IC
 (µ

g/
m

L)
 

AgNO3 20.83 36.46*** 15.63 4.88 

AgNO3 -PVPVA 10.42 104.17*** 10.42 6.51 

Chitosan 156.25 416.67 208.33 416.67 

Chitosan-PVPVA64 208.33 312.50 208.33 625.00 

ZnO 312.5 156.25** 104.17 1250 

ZnO-PVPVA64 520.83 520.83** 156.25 1041.67 

Nisin No MIC (a) 6.833** 4.885 No MIC (a) 

Nisin-PVPVA64 No MIC (a) 19.53** 8.3 No MIC (a) 

(a) Up to 125µg/mL tested 
** P < 0.01 

*** P < 0.001 
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Table 4.4 Mean Minimum Inhibitory Concentrations versus Veterinary Isolates.  
N=3 

 Veterinary Isolate 

MRSA VRE L. monocytogenes 
E. coli 

(isolate) 
A. baumannii 

Bi
oa

ct
iv

e 
(µ

g/
m

L)
 

AgNO3 20.83 20.83 15.63 15.63** 13.02 

AgNO3-PVPVA 31.25 31.25 15.63 31.25** 13.02 

Nisin 15.6** 15.6** 12.5** No MIC(a) No MIC(a) 

Nisin-PVPVA 3.9** 1.95** 1.95** No MIC(a) No MIC(a) 

Chitosan 208.33 1250 234.38 234.38 260.42 

Chitosan-

PVPVA 
260.42 1666.67 156.25 156.25 416.67 

ZnO 4583.33** No MIC(b) 937.5 390.63 364.58 

ZnO-PVPVA 25000** No MIC(b) 937.5 1562.5 208.17 

(a) Up to 5000 µg/mL tested 
(b) Up to 30000 µg/mL tested 
** P < 0.01 
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4.5 Figures  

  

Figure 4.1 Broth Microdilution Example. 
Image of a 96-well microplate following a MIC microdilution assay using Nisin and Silver 
nitrate against S. aureus. (t = 18). Columns 1 – 8 Treatment wells, Column 9, 10: Growth 
Control, Column 11, 12: Sterility Control.  
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Figure 4.2 Mean Minimum Inhibitory Concentration of Silver Nitrate and Silver Nitrate 
Polymer. 
Bars represent the mean minimum inhibitory concentration (MIC) of silver nitrate (AgNO3) 
and AgNO3 polymer, with concentrations expressed in µg/mL, against each tested bacterial 
strain. Error bars represent standard error of the mean (SEM). Significant changes in MIC 
values before and after polymer incorporation were determined by use of two-way ANOVA, 
with Sidak's multiple comparisons test, and expressed in terms of P value following the APA 
style. N = 3  
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Figure 4.3 Mean Minimum Inhibitory Concentration of Chitosan and Chitosan Polymer.  
Bars represent the mean minimum inhibitory concentration (MIC) of chitosan and chitosan 
polymer, with concentrations expressed in µg/mL, against each tested bacterial strain. Error 
bars represent standard error of the mean (SEM). Results were assessed for significant 
changes in MIC values before and after polymer incorporation by use of a two-way ANOVA, 
with Sidak's multiple comparisons test. N = 3 
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Figure 4.4 Mean Minimum Inhibitory Concentration of Zinc Oxide and Zinc Oxide Polymer.  
Bars represent the mean minimum inhibitory concentration (MIC) of zinc oxide (ZnO) and 
ZnO polymer, with concentrations expressed in µg/mL, against each tested bacterial strain. 
Error bars represent standard error of the mean (SEM). Significant changes in MIC values 
before and after polymer incorporation were determined by use of two-way ANOVA, with 
Sidak's multiple comparisons test, and expressed in terms of P value following the APA style. 
N = 3 
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Figure 4.5 Mean Minimum Inhibitory Concentration of Nisin and Nisin Polymer  
Bars represent the mean minimum inhibitory concentration (MIC) of nisin and nisin 
polymer, with concentrations expressed in µg/mL, against each tested bacterial strain. Error 
bars represent standard error of the mean (SEM). Significant changes in MIC values before 
and after polymer incorporation were determined by use of two-way ANOVA, with Sidak's 
multiple comparisons test, and expressed in terms of P value following the APA style. N = 3 



 

102 

Chapter 5 Assessment of Biofilm Disruption 

Capabilities 

5.1 Introduction 

As the threat of antibiotic resistance continues to globally rise, there is greater precedence 

on the development of alternative treatments to counteract this danger.  As previously 

mentioned, the occurrence of antibiotic resistance can arise from a number of different 

bacterial mechanisms. The aim of much research recently has been to develop new antibiotics 

and alternative treatments as a countermeasure to bacterial species that have developed 

direct resistance to current antibiotics (such as MRSA and VRE), and also as pre-emptive 

measures against emerging antibiotic resistance. While novel antibiotics are crucial in this 

regard, this approach only address two major mechanisms of antibiotic resistance: modifying 

the drug target and inactivation of the drug (Jolivet-Gougeon and Bonnaure-Mallet 2014; 

Høiby, Bjarnsholt, Givskov, Molin, and Ciofu 2010). The other major resistance mechanisms, 

which are limiting drug uptake and drug efflux, cannot be counteracted through new 

antibiotic developments as these physical activities can prevent any and all antibiotics or 

treatments regardless of their drug target or mechanism. These resistance mechanisms are 

primarily associated with biofilm formations, which function as physical barriers against 

treatments, but can also efflux any treatments that do manage to infiltrate the biofilm itself, 

before they can interact with the internal bacterial population.  

As previously reported in the present project, four chosen bioactives (AgNO3, nisin, chitosan 

and ZnO) were assessed for their efficacy against a number of different bacterial strains, both 

test strains and isolated wild-type veterinary strains, including a number of AMR strains. The 

bioactives were found to effectively inhibit bacterial growth of these strains, before and after 

incorporation into the PVP-VA polymer carrier. With regards to the overall project aim, it is 

important that the test compounds hold efficacy against various strains of bacteria related to 

common infections and diseases. However, as the primary goal is to discover and develop 

treatments targeting AMR, it is vital to assess the bioactives against such, which holds 

difficulty due to the novelty of the bioactives use in this respect, as it becomes challenging to 

identify bacteria which hold resistance to these bioactives. Additionally, considering the 
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bioactives mechanisms of action, none of the currently known resistant bacterial strains 

would hold similar resistance to the chosen bioactives, excluding those boasting physical 

immunity such as that seen with Gram negative bacteria against nisin. However, antimicrobial 

resistance conferred by biofilm formations does not regard the mechanism of the treatment 

applied and can neutralise the efficacy of a variety of different antimicrobials. As such, a 

treatment able to elude biofilm mediated resistance (BMR) or that could have an effect upon 

the actual biofilm formations themselves would have significant benefit in the development 

of new approaches against BMI and AMR bacteria, which rely on BMR for survival. 

Furthermore, due to the broad-spectrum resistance owing to the physical biofilm formations, 

it can be reasoned that this resistance would also hold against the bioactive test compounds 

chosen for this study.  

Anti-biofilm assays have been used for a number of years to determine antimicrobial efficacy 

against various biofilm forming bacteria. As the formation of biofilms occur through a number 

of stages, assays have been developed to evaluate treatments used at the principal stages of 

biofilm development, while remaining relative to the already well-established MIC assays 

(Azeredo et al. 2017). Currently the primary method used to assess an antimicrobials effect 

upon a biofilm is to first determine the lowest concentration required to inhibit biofilm 

formation, known as the minimum biofilm inhibitory concentration (MBIC), and the second 

to determine the lowest concentration required to remove an already developed biofilm, 

known as the minimum biofilm eradication concentration (MBEC) ((Coenye et al. 2018; Ceri 

et al. 2001). Currently, a new method of anti-biofilm assessment will be introduced which 

could provide valuable data for developing antibiofilm materials while remaining close in 

procedure to the previously mentioned MBIC and MBEC methods. While the MBEC primarily 

focuses on assessing potential removal of an established biofilm, the MBIC focuses on 

preventing biofilm growth caused by bacteria which have attached to a surface and can be 

considered preventative rather than treatment. Building upon the MBIC approach, a 

proposed method to determine the minimum concentration of an antimicrobial that can 

inhibit primary bacterial attachment to a surface, which we have named the minimum 

attachment inhibitory concentration (MAIC). As primary attachment is considered the most 

crucial point of biofilm formation, the ability to prevent this stage would completely 

counteract any biofilm development.  
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In order to determine the anti-biofilm capabilities of the chosen bioactives, AgNO3, nisin, 

chitosan and ZnO will be assessed against two chosen bacterial strains, S. aureus and P. 

aeruginosa, which are known biofilm-forming species and are also representative of both 

Gram positive and negative bacterial strains respectively. While there are numerous 

publications of various biofilm assays, the primary focus of studies in this present project is to 

determine the minimum biofilm inhibition concentration (MBIC) and minimum biofilm 

eradication concentration (MBEC) for these novel bioactive combinations. While the focus 

remains the same, the methods can vary between studies which in turn, can lead to 

incomparable results. While there are some standardised test methods (Harrison et al. 2010), 

these protocols omit what can be considered vital conditions for biofilm testing. In addition 

to these points, there have been no biofilm studies with attention drawn upon the initial 

attachment of bacteria, which can be considered the most essential stage of biofilm 

development. With these considerations, the procedures used in the present study have been 

developed to incorporate what can be considered important test conditions and parameters 

of assessment, in-order to determine the most successful conditions for both producing 

biofilms and also for assessing the effect of treatments (Harrison, Turner, and Ceri 2005; 

Colomer-Winter, Lemos, and Flores-Mireles 2019; O’Toole 2011; Bueno 2011; Mah 2014). 

Furthermore, while definite endpoints such as the MBIC and MBEC are standard in clinical 

biofilm research, the methods utilised in the present study cannot conform to these strict end 

points. Rather than defining the lowest concentration that can inhibit biofilm growth or 

eradicate a mature biofilm, the current study can report the effects of each bioactive against 

bacterial attachment, biofilm inhibition and biofilm eradication in a dose-response fashion. 

Initial coating of test surfaces has been previously carried out in a number of other studies, 

which show success in promoting bacterial attachment and thus, stimulating biofilm 

formations (Wagner, Aytac, and Maria Hänsch 2011; Chutipongtanate and Thongboonkerd 

2010). Studies of initial biofilm mechanisms and development have established the 

importance of a number of proteins involved in initial bacterial attachment. The main protein 

identified, fibrinogen, is a blood plasma protein found which can be found throughout the 

body, in a number of different fluids including urine. This protein has been associated with 

major sites of biofilm formations on biomedical devices in the body, including stent valves in 

the heart and urinary catheters, and as such, is commonly utilised in such attachment studies. 
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While fibrinogen is undoubtedly the primary protein involved in attachment, other plasma-

based proteins cannot be overlooked for their involvement. While some studies recognise 

this concept by utilising more complete attachment solutions, such as artificial urine, the 

present study opted for the use of blood plasma (Wagner, Aytac, and Maria Hänsch 2011). 

While the cost of blood plasma is significantly lower than alternate solutions, it also includes 

the entire array of proteins and other components involved in bacterial attachment which 

gives a more in-depth analysis closer to natural attachment observed in medical biofilms.  

The bioactives will be assessed both in stock form and also after incorporation into a polymer 

carrier. They will be tested across a range of serially diluted concentrations, facilitated by use 

of 96-well plates which allow for screening of many different concentrations in replicate. 

Furthermore, the present study will utilise the peg lids for additional biofilm growth. Use of 

96-well plates and also of peg lids in biofilm studies has been documented for a number of 

years, however, there have been no studies carried out which use both methods 

simultaneously. The present study is, to best knowledge, the first which has developed and 

carried out a standard test method which uses both the well walls of a 96-well plate and also 

the intruding pegs of a peg lid, as surfaces for the growth of biofilms. The two methods are to 

be then compared as to determine their individual efficacy for this biofilm analysis, and to 

establish any patterns in bacterial attachment.  

Results will be determined by use of crystal violet (CV) staining of biofilm formations to assess 

physical treatment effects, and extracellular resazurin conversion to assess metabolically 

active cell numbers within the biofilm. The use of CV staining has been a primary method of 

biofilm analysis, as the physical structure of biofilm formations have strong binding affinity 

towards CV stain. It was determined that standardised staining methods utilised in this study, 

with adequate washing and solubilisation of the dye, followed by absorbance readings are 

effective means at quantifying the physical mass of a formed biofilm. The basic relationship 

of this measurement revolves around the concept that a large biofilm will bind a higher 

amount of CV compared to a smaller biofilm, while systems with no biofilm will not bind any 

CV whatsoever. Larger amounts of solubilised CV will produce a greater absorbance reading 

which can then be compared to internal controls (e.g. a growth control of 100% growth, a 

negative growth control of 0% growth, i.e. blank) of a system, allowing for basic inhibition or 

reduction measurements using readings from test samples.  
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While CV has well documented use in such studies, resazurin-based biofilm assessments has 

not been frequently used over the past number of years, but there has been a surge of 

interest in recent years (Sandberg et al. 2009; Peeters, Nelis, and Coenye 2008; Cruz, Shah, 

and Tammela 2018). The inclusion of resazurin in this study was due to its ability of in-directly 

measuring the metabolic activity of cells, hence allowing in-direct measurement of cell 

viability (Rampersad 2012; Cruz, Shah, and Tammela 2018). It is hypothesised that while a 

chosen antimicrobial may have no effect upon the physical biofilm structure or its integrity, 

the compound may still hold effect upon the internal bacterial population of a biofilm. While 

this has become a well-documented theory, the primary means of assessing internal biofilm 

bacteria populations involves disruption of the biofilm structure (normally via physical means 

such as sonication) and then subsequent growing of the extracted biofilm population on agar 

to perform a cell count, however, there have been a number of drawbacks to this method 

identified. The process involved in initiating and producing biofilms requires that the bacterial 

cells undergo a number of genetic and physical alterations which causes it to differ from its 

previously planktonic form, and as such, will not grow to the same standard on agar or in 

broth (Hall and Mah 2017; Madsen et al. 2012). This can cause issues in reading the efficacy 

of treatments as plate counts from such extractions are compared to normal, planktonic 

bacteria plate counts. Another issue is the means by which the bacteria are extracted from 

the biofilm wherein sonication of the biofilm being the most commonly used method, this 

process can cause major stress to the bacterial cells which in turn can cause their growth 

behaviours to change. As well as this, sonication has been found to vary in its efficacy to 

remove all cells from the biofilm (Rosa et al. 2019). These issues can lead to misreads of anti-

biofilm treatment efficacy due to lower numbers of viable treated cells being determined and 

thus over-estimating a treatments efficacy. The use of resazurin bypasses these issues by 

allowing measurement of bacteria population health without causing stress or disruption to 

the cells or biofilms. Furthermore, as resazurin staining does not disrupt biofilm formations, 

this assessment can be carried out prior to CV staining which in turn allows for greater 

amounts of data to be generated from a single set of samples. The only identified drawback 

from use of such indirect measurements, is that it is unable to estimate the actual number of 

viable bacterial cells within the biofilm. As such, the measurements gained are used in 

conjunction with measurements from in-system controls such as the 100% growth control 

and negative growth controls, where comparison allows determination of a treatments effect 
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in terms of a percentage. Furthermore, the measurement is based upon the conversion rate 

of resazurin in such a way that a higher number of cells will convert a greater amount of 

resazurin (and thus producing a greater signal) in a shorter amount of time. In order to 

accurately measure differences, resazurin conversion will be monitored in an hourly manner. 

A specific time-point will be chosen at which all measurements are to be compared and 

results established.  

5.2 Aims & Hypothesis 

The aim of this study is to assess the anti-biofilm ability of four bioactive compounds both 

before and after incorporation into a polymer carrier. The bioactives will be tested against a 

number of bacterial species associated with biofilm mediated infections, in order determine 

their suitability as alternative treatments against AMR bacterial species.  

It is hypothesised that the individual bioactives will prevent biofilm development by inhibiting 

initial bacterial attachment or by interrupting the actual formation. Additionally, the 

bioactives will exhibit effective reductions against already established biofilm formations. 

 

5.3 Results 

5.3.1 Crystal Violet Biofilm Analysis 

o Attachment Inhibition 

AgNO3  

AgNO3 demonstrated effective attachment inhibition against P. aeruginosa at concentrations 

between 312.5 – 1250 µg/mL on lid pegs, as determined by the absence of biofilm formations 

(Figure 5.1). Lower concentrations resulted in increased bacterial attachment (~25%).  AgNO3-

PVP varied greatly with no clear indication whether it impedes or enhances bacterial 

attachment on the pegs. AgNO3 was effective at inhibiting attachment in plate wells as 

determined by reduced biofilm formations at all concentrations, with the highest reduction 

at 625 µg/mL (~75%). AgNO3-PVP demonstrated effective attachment inhibition at 

concentrations between 78.13 – 625 µg/mL, with reductions between 50 – 100% against P. 

aeruginosa on plate wells. 
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AgNO3 was not effective against S. aureus bacterial attachment on lid pegs (Figure 5.1) or in 

plate wells and was seen to greatly increase biofilm formations in rising concentrations (up to 

200%) on plate wells. AgNO3-PVP was also seen to cause increased biofilm formations as 

concentrations increased, with biofilm production seen to rise up to 125% in plate wells and 

up to 300% on lid pegs. Lower concentrations of AgNO3 and AgNO3-PVP were noted to cause 

slight inhibition up to 30% on lid pegs and up to 25% in plate wells. 

Nisin 

Both nisin and nisin-PVP demonstrated weak attachment inhibition properties against P. 

aeruginosa on peg lids at concentrations below 23.44 µg/mL, with inhibition % ranging 

between 10 – 40% (Figure 5.3). At higher concentrations nisin’s attachment inhibition abilities 

fall, with some replicates showing a slight increase of attachment. Higher concentrations of 

nisin-PVP resulted in increased bacterial attachment (up to 75% at 187.5 µg/mL). Results 

against P. aeruginosa on plate wells exhibited more consistent results with nisin and nisin-

PVP causing inhibition of approximately 25% in concentrations between 187.50 – 0.73 µg/mL 

(Figure 5.3). A slight increase in attachment was noted at the highest test concentration (375 

µg/mL) for both nisin (~25% increase) and nisin-PVP (~15% increase). 

Nisin demonstrated effective attachment inhibition against S. aureus on lid pegs (Figure 5.3), 

with inhibition of up to 75% at concentrations of 46.88 – 93.75 µg/mL. Nisin-PVP was shown 

to have moderate inhibitory effect, with inhibition of up to 50% at concentrations between 

5.86 – 46.88 µg/mL. However, the highest test concentration of nisin-PVP (187.5 µg/mL) was 

seen to promote attachment up to 55 – 60%. Results against S. aureus on plate wells were 

inconsistent (Figure 5.3). Nisin only demonstrated notable inhibition at higher concentrations 

of 46.88 – 187.5 µg/mL with attachment inhibition between 25 – 50%. Nisin-PVP was not 

effective at inhibiting attachment and was seen to promote bacterial attachment up to 25% 

at 93.75 – 187.5 µg/mL. 

Chitosan 

Chitosan had no major inhibitory effect against P. aeruginosa on lid pegs, with peak inhibition 

of 30% at 78.13 µg/mL (Figure 5.5). Chitosan-PVP was seen to cause slight inhibition at lower 

concentrations (19.53 – 312.5 µg/mL) similar to chitosan (20 – 30% inhibition). At higher 

concentrations, chitosan-PVP was causing a notable increase in bacterial attachment (average 

50% increase). Chitosan held similar inhibitory effect against P. aeruginosa on plate wells 
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(Figure 5.5) at all concentrations, with inhibition up to 30% seen at concentrations between 

39.06 – 312.5 µg/mL. Chitosan-PVP also held similar inhibitor effect between 19.53 – 156.26 

µg/mL with inhibition reaching 30%. Chitosan-PVP was also seen to promote attachment at 

the highest concentration of 2500 µg/mL (approximately 20% increase), however this was 

much lower in comparison to its effect against P. aeruginosa on the lid pegs. 

Chitosan and chitosan-PVP demonstrated very poor attachment inhibitory properties against 

S. aureus on lid pegs (Figure 5.5). There was no attachment inhibitory effect of chitosan at 

any concentration tested. However, there was a notable increase in attachment at 

concentrations of 156.25 – 2500 µg/mL, which appeared to escalate linearly with the 

concentration (50 – 250%). Similar effect was seen with chitosan-PVP, but to a much larger 

extent, with attachment increasing from 75 – 800% at concentrations between 156.25 – 2500 

µg/mL.  

Chitosan and chitosan-PVP also demonstrate poor attachment inhibition against S. aureus on 

plate wells (Figure 5.5). Chitosan promoted bacterial attachment (up to 70%) at 

concentrations between 9.77 – 156.25 µg/mL. There was a slight inhibitory effect at 

concentrations between 312.5 – 1250 µg/mL, however these were not noteworthy. Chitosan-

PVP held similar effect, with attachment increases of up to 50% at concentrations between 

9.77 – 156.25 µg/mL. This increase in attachment was seen to reduce as concentrations 

increased, down to a 15% increase at 2500 µg/mL.  

ZnO 

ZnO demonstrated low attachment inhibitory properties against P. aeruginosa on lid pegs 

(Figure 5.7). While inhibition was seen to increase with ZnO concentrations, it did not reach 

higher than approximately 45% at 5000 µg/mL. ZnO-PVP was seen to cause an increase of 

bacterial attachment at all concentrations, with increases of up to 50% at 156.25 and 1250 

µg/mL. ZnO against P. aeruginosa on plate wells (Figure 5.7) demonstrated an increase of 

attachment at higher concentrations (up to 50% at 5000 µg/mL), with minor inhibitory effects 

at lower concentrations (up to 20% at concentrations between 9.77 – 78.13 µg/mL). ZnO-PVP 

demonstrated similar properties to ZnO, with inhibition of up to 20% at concentrations 

between 9.77 – 78.13 µg/mL. Higher concentrations of ZnO-PVP had no noteworthy effect 

overall, except at 5000 µg/mL which appeared to cause a varying increase of attachment.  
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ZnO exhibited notable increases in S. aureus attachment on lid pegs (Figure 5.7), with a peak 

increase of 120% at 76.13 µg/mL. ZnO-PVP was also seen to cause a large increase in bacterial 

attachment, with increases 100% at 1250 µg/mL and up to 250% at 2500 µg/mL. Results 

against S. aureus on plate wells (Figure 5.4D) exhibited a clear linear increase of bacterial 

attachment with ZnO concentration increase. ZnO was shown to increase bacterial 

attachment at all concentrations, up to 150% at 1250 – 2500 µg/mL. ZnO-PVP also 

demonstrated a linear increase of bacterial attachment, up to 125% at 2500 µg/mL. 

o Biofilm Inhibition 

AgNO3 

AgNO3 held highly effective biofilm inhibition against P. aeruginosa on lid pegs (Figure 5.9) 

with complete inhibition at concentrations 156.25 – 1250 µg/mL. Concentrations below this 

held no notable inhibitory effect and was seen to promote biofilm at concentrations between 

9.77 – 39.06 µg/mL with increases of up to 75%. AgNO3-PVP also exhibited effective biofilm 

inhibition with complete inhibition at 312.5 – 1250 µg/mL. Concentrations between 78.13 – 

156.25 µg/mL reported inhibition between 25 – 75%. Similar to AgNO3, concentrations 

between 9.77 – 39.06 µg/mL was seen to promote biofilm growth with an increase of up to 

50%. Effects against P. aeruginosa on plate wells (Figure 5.9) were comparable to those seen 

against P. aeruginosa on lid pegs. AgNO3 and AgNO3-PVP exhibited near complete inhibition 

at concentrations between 312.5 – 1250 µg/mL. At 156.25 µg/mL, AgNO3 caused mean 

inhibition 80% whereas AgNO3-PVP caused 50%. At concentrations between 9.77 – 78.13 

µg/mL, both AgNO3 and AgNO3-PVP held no noteworthy inhibitory effect but were noted to 

cause slight increases in biofilm formations. 

AgNO3 exhibited moderate inhibition against S. aureus on lid pegs (Figure 5.9), with mean 

inhibition values of 50 – 75% at concentrations between 156.25 – 1250 µg/mL. 

Concentrations between 4.88 – 78.13 µg/mL displayed varying degrees of inhibition, with 

mean values of approximately 25%. AgNO3-PVP held notable inhibition at concentrations 

between 156.25 – 625 µg/mL, with mean inhibitory values of approximately 70%. Lower 

concentrations between 4.88 -78.13 µg/mL exhibited a major increase of biofilm production, 

with mean increases of 300 – 550%. There was no notable effect at 1250 µg/mL. Effects of 

AgNO3 against S. aureus on plate wells (Figure 5.9) were quite distinct in comparison to effects 

against S. aureus on lid pegs. Mean biofilm inhibitions of approximately 40% were noted at 
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concentrations of AgNO3 between 156.25 – 625 µg/mL, while concentrations between 4.88 – 

39.06 µg/mL exhibited increases in biofilm growth of up to 100%. AgNO3-PVP held similar 

inhibitory effects at concentrations 156.25 – 625 µg/mL, however at lower concentrations 

there was only a slight increase in biofilm formation noted. 

Nisin 

Nisin held no notable inhibitory effect against P. aeruginosa on lid pegs (Figure 5.11), while 

nisin-PVP held only a slight inhibitory effect (between 20 – 25%) at 0.79 – 1.46 µg/mL. Both 

treatments were noted to cause an increase in biofilm formation. At concentrations ranging 

between 11.72 – 187.5 µg/mL, nisin caused increases of 15 – 35% while at 375 µg/mL, an 

increase of up to 200% was noted. At concentrations between 23.44 – 375 µg/mL, nisin-PVP 

caused biofilm growth increases of 25 – 45%. Nisin demonstrated more effective biofilm 

growth inhibition against P. aeruginosa on plate wells (Figure 5.11), with inhibition values of 

approximately 20% at concentrations of 0.73 – 23.44 µg/mL. Concentrations between 46.88 

– 187.5 µg/mL held no notable effect, whereas at 375 µg/mL, nisin was seen to cause a 100% 

increase in biofilm growth. Nisin-PVP exhibited an increase of biofilm growth at all test 

concentrations, which increased linearly with concentrations (up to 75% increase at 375 

µg/mL). 

Nisin displayed notable inhibition against S. aureus on lid pegs (Figure 5.11) at concentrations 

between 1.46 – 93.75 µg/mL, with peak inhibition (70%) between 11.72 – 46.88 µg/mL. Nisin-

PVP also showed effective inhibition at all test concentrations, with highest inhibition values 

(70 – 75%) seen at 5.86 – 23.44 µg/mL. Nisin did not demonstrate effective inhibition against 

S. aureus on plate wells (Figure 5.11), with the highest inhibition values (45 – 50%) seen at 

4.688 – 93-75 µg/mL. Mid-range concentrations (5.86 – 23.44 µg/mL) varied greatly. Nisin-

PVP exhibited an overall growth increase across the test concentrations (up to 40% at 46.88 

µg/mL), with only a slight inhibitory effect at 187.5 µg/mL. 

Chitosan 

Chitosan exhibited low inhibitory effects against P. aeruginosa on lid pegs (Figure 5.13) across 

all test concentrations, with a max inhibition of approximately 25% at 78.13 ug/mL. Chitosan-

PVP displayed low inhibitory effects (20 – 25%) at concentrations from 19.53 – 312.5 µg/mL, 

with noted increases of biofilm growth at concentrations of 1250 µg/mL (mean 15%) and 5000 

µg/mL (mean 50%). Chitosan against P. aeruginosa on plate wells (Figure 5.13) demonstrated 
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low inhibition (25 – 30%) at concentrations between 9.77 – 312.5 µg/mL. At concentrations 

between 625 – 2500 µg/mL, increased biofilm growth was seen, with increases up to 70% at 

1250 µg/mL. Chitosan-PVP did not exhibit any notable inhibition but was seen to increase 

biofilm growth on plate wells at concentrations between 19.53 – 2500 µg/mL, with mean 

increases of 80% at 1250 – 2500 µg/mL. 

Chitosan displayed major increases to biofilm growth against S. aureus on lid pegs (Figure 

5.13), with increases observed at concentrations 78.13 – 2500 µg/mL, up to 3500% at 1250 

µg/mL. Chitosan-PVP also displayed substantial increases in biofilm formations at 

concentrations 19.53 – 2500 µg/mL, with highest increases of 2000% between 1250 – 2500 

µg/mL. Chitosan was seen to promote increased biofilm formations against S. aureus on plate 

wells (Figure 5.13) at all test concentrations. The increase was observed to increase linearly 

with treatment concentration from 78.13 – 1250 µg/mL, with increase peaking at 

approximately 850%. Results of treatments at 2500 µg/mL also displayed majorly increased 

biofilm formations, with an increase of approx. 750% being reported. Chitosan-PVP was also 

seen to promote biofilm formations, similarly to chitosan, in a linear trend across all 

concentrations with a peak increase of approx. 600% at 2500 µg/mL.  

ZnO 

ZnO demonstrated moderate biofilm inhibition against P. aeruginosa on lid pegs (Figure 5.15), 

with inhibition of up to 50% at 5000 µg/mL. ZnO-PVP also exhibited moderate-high biofilm 

inhibition across all test concentrations with a peak mean inhibition of approx. 75% at 5000 

µg/mL. ZnO did not report any notable inhibition against P. aeruginosa on plate wells (Figure 

5.15) but was observed to cause an increase in biofilm formation at concentrations between 

312.5 – 2500 µg/mL (up to 80% increase at 2500 µg/mL). Similarly, ZnO-PVP did not inhibit 

growth at any test concentrations but was seen to promote biofilm formation between 312.5 

– 2500 µg/mL, with a peak increase of 60% at 1250 µg/mL.  

Results of ZnO against S. aureus on lid pegs (Figure 5.15) have shown it to not be an effective 

inhibitor of biofilm growth, with only one concentration (156.25 µg/mL) reporting notable 

inhibition (50%). It was also shown to promote biofilm growth at concentrations between 

9.77 – 39.06 µg/mL up to 50% and at concentrations between 625 – 1250 µg/mL up to 90%. 

ZnO-PVP did not report inhibition at any test concentrations but did demonstrate major 

biofilm growth stimulation. Mean growth promotion ranged from 150% at 2500 µg/mL to 
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1500% at 312.5 µg/mL. ZnO was also seen to increase biofilm growth against S. aureus on 

plate wells (Figure 5.15), with increases of 25 – 50% at concentrations between 9.77 – 156.25 

µg/mL and increases of 150 – 400% at concentrations between 312.5 – 2500 µg/mL. ZnO-PVP 

exhibited slight biofilm growth inhibition at 156.25 µg/mL, but was otherwise comparable to 

ZnO, with high biofilm growth at 312.5 µg/mL (125%), 625 µg/mL (300%), 1250 µg/mL (150%) 

and 2500 µg/mL (100%). 

o Biofilm Reduction 

AgNO3 

Results against P. aeruginosa on lid pegs (Figure 5.17) show that AgNO3 was effective on 

reducing biofilm formations at higher concentrations, with % reduction of 95% at 1250 µg/mL 

and 70% at 625 µg/mL. A lower reduction of 20% was observed at 312.5 µg/mL. Lower 

concentrations had no notable reduction, however there was an increase in biofilm formation 

observed at lower concentrations, most notably at 78.13 µg/mL (50%). AgNO3-PVP 

demonstrated to be very effective, with biofilm reductions of 85% at concentrations between 

156.25 – 1250 µg/mL, 50% at 78.13 µg/mL and 25% at 39.06 µg/mL. However, a biofilm 

formation increases of approx. 35% (mean) was observed at 19.53 µg/mL. There was no 

notable effect at 9.77 µg/mL.  

AgNO3 held much more effective reduction ability against P. aeruginosa on plate wells (Figure 

5.17) with reductions of approaching 95% at 312.5 – 1250 µg/mL, 75% at 156.25 µg/mL, and 

60% at 78.13 µg/mL. Lower concentrations 9.77 – 39.06 µg/mL also reported reductions of 

25%. AgNO3-PVP also exhibited notable biofilm reduction comparable closely to AgNO3, with 

biofilm reductions of 95% at 156.26 – 1250 µg/mL and 65% at 78.13 µg/mL. Lower 

concentrations of 9.77 – 39.06 µg/mL also reported reductions of 25%. 

Against S. aureus on lid pegs (Figure 5.17), was effective at reducing biofilm formations, with 

reductions of 60 – 75% between 39.06 – 2500 µg/mL, and reduction of 40% at 5000, 19.53 

and 9.77 µg/mL. AgNO3-PVP was also effective at reducing S. aureus biofilms on lid pegs, with 

reductions of 50 – 70% at concentrations between 156.25 – 2500 µg/mL, 45 – 50% at 9.77 

and 19.53 µg/mL, and 20 – 25% at 39.06 and 78.13 µg/mL. There was no notable effect of 

AgNO3-PVP at 5000 µg/mL. 
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AgNO3 was quite effective at reducing S. aureus biofilm formations on plate wells (Figure 

5.17), with reductions of 75% at 78.13 – 1250 µg/mL, 50% at 19.53 – 39.06 µg/mL and 20% at 

9.77 µg/mL. AgNO3-PVP was not as effective at reducing biofilms, with the highest reductions 

(50%) reported between 78.13 – 156.25 µg/mL, with % biofilm reduction seen to drop as the 

concentration of AgNO3-PVP increased or decreased.  

Nisin 

Nisin reported mixed effects against P. aeruginosa on lid pegs (Figure 5.19) exhibiting biofilm 

reduction of 13% at 187.5 µg/mL, 27% at 93.75 µg/mL, 16% at 23.44 µg/mL, 9.4% at 2.93 

µg/mL, 17% at 1.46 µg/mL and 16% at 0.73 µg/mL. Increases in biofilm formations were 

reported with 30% increase at 375 µg/mL and 18% at 46.88 µg/mL. There was no notable 

effect upon biofilm formations at 11.72 and 5.86 µg/mL. Nisin-PVP also reported mixed 

results, with reductions of 41% at 375 µg/mL and 27% at 187.5 µg/mL. Increased biofilm 

formations were reported with 23% increase at 46.88 µg/mL, 15% at 23.44 µg/mL, and 

increases of 25 – 45% at 0.73 – 5.86 µg/mL. 

Nisin also reported varying results against P. aeruginosa on plate wells (Figure 5.19), with 

reductions of 9% at 93.75 µg/mL, 9 – 17% at 0.73 – 11.72 µg/mL. Notable increases in biofilm 

formations were reported with increases of 74% at 375 µg/mL, and 31% at 187.5 µg/mL. Nisin-

PVP exhibited very minor effects upon biofilm formations with reductions of 11 – 13% at 23.44 

and 375 µg/mL, while there was slight increase in biofilm formations of ~12% at 0.73, 1.46 

and 187.5 µg/mL. There were no notable effects at all other test concentrations. 

Nisin demonstrated effective biofilm reduction against S. aureus on lid pegs (Figure 5.19) with 

44% reduction at 187.5 µg/mL, 68 – 70% at 46.88 – 93.75 µg/mL, 78% at 23.44 µg/mL, 82% at 

11.72 µg/mL, 67% at 5.86 µg/mL and 33 – 45% at 0.73 – 2.93 µg/mL. Nisin was also seen to 

enhance biofilm formations with an increase of 71% at 375 µg/mL. Nisin-PVP also reported 

moderate reduction of biofilms across the treatment range, with reductions of 44 – 47% at 

187.5 – 375 µg/mL, 25% at 46.88 µg/mL, 54% at 23.44 µg/mL 50% at 5.86 µg/mL, 20% at 2.93 

µg/mL and 60 – 63% at 0.79 – 1.46 µg/mL. There were no notable effects at concentrations 

of 11.72 or 93.75 µg/mL. 

Nisin had moderate biofilm reduction against S. aureus on plate wells (Figure 5.19) with 

reductions of 44% at 187.5 µg/mL, 61% at 93.75 µg/mL, 71% at 46.88 µg/mL, 55 – 56% at 



Chapter 5 Assessment of Biofilm Disruption Capabilities 

115 

11.72 – 23.44 µg/mL, 67% at 5.86 µg/mL, 48.5 – 53% at 0.73 – 2.93 µg/mL. There was no 

notable effect at 375 µg/mL. Nisin-PVP also exhibited moderate biofilm reduction with 62% 

reduction at 375 µg/mL, 57% at 187.5 µg/mL, 53% at 93.75 µg/mL, 43% at 46.88 µg/mL, 21% 

at 23.44 µg/mL, 34% at 11.72 µg/mL, 29% at 5.86 µg/mL, 32% at 2.93 µg/mL, 30% at 1.46 

µg/mL and 29% at 0.73 µg/mL. 

Chitosan 

Chitosan had no notable effect at any test concentration against P. aeruginosa biofilms grown 

on lid pegs (Figure 5.21). Chitosan-PVP was seen to enhance biofilm formations on lid pegs at 

concentrations between 19.53 – 1250 µg/mL, with mean increases of 15 – 30%. There was 

notable biofilm reduction at 5000 µg/mL, with a 57% reduction being recorded.  

Chitosan exhibited varying results against P. aeruginosa biofilm formations on plate wells 

(Figure 5.21). Lower concentrations (19.53 – 625 µg/mL) reported reductions between 4 – 

27%, peaking at 78.125 – 156.25 µg/mL. There was an increase in biofilm formations seen at 

1250 µg/mL (17% increase) and 2500 µg/mL (5% increase). The highest reduction, however, 

was seen at 5000 µg/mL, with a reduction in biofilm formations of 41%. Chitosan-PVP was 

seen to increase biofilm formations on plate wells by 10 – 17% at concentrations between 

39.06 – 625 µg/mL. Reductions in biofilm formations were noted at higher concentrations of 

1250 µg/mL (6%), 2500 µg/mL (30%) and 5000 µg/mL (40%). 

S. aureus biofilm formations displayed dramatic increases in physical formations on peg lids 

following treatments of chitosan (Figure 5.21). Concentrations of 156.25 – 5000 µg/mL 

chitosan demonstrated increases of biofilm formations between 638 – 4152%, with peak 

increases seen at concentrations of 156.25 µg/mL (1101%) 312.5 µg/mL (2204%), 625 µg/mL 

(4152%) and 1250 µg/mL (2596%). Lower concentrations of chitosan were observed to have 

lesser effect, with a 11% increase at 39.06 µg/mL. Also, there was moderate reduction 

exhibited against biofilm formations at 19.531 µg/mL (48% reduction) and 78.13 µg/mL (3.7% 

reduction). Chitosan-PVP also exhibited extreme increases of physical biofilm formations on 

lid pegs, with the highest increases seen to occur at mid-test range concentrations. A reported 

biofilm increase of 369% was seen at the lowest test concentration (19.53 µg/mL) and 

increased linearly with increasing chitosan concentration, to a peak of 4679% at 312.5 µg/mL, 

which then decreased linearly, and chitosan concentration increased, to a biofilm increase of 

708% at 5000 µg/mL. 
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S. aureus biofilms on plate wells were also seen to substantially increase overall when treated 

with chitosan (Figure 5.21). The lowest test concentration of 19.53 µg/mL saw biofilm 

reductions of 22%. Concentrations between 39.06 – 1250 µg/mL demonstrated increases in 

biofilm formations, that increased linearly with the concentration of chitosan, from 54% at 

39.06 µg/mL to 795% at 1250 µg/mL. 2500 µg/mL also demonstrated a considerable increase 

of biofilm formations (640%). 5000 µg/mL did not hold any notable effect upon the S. aureus 

biofilms. Chitosan-PVP caused an increase of biofilm formations at all test concentrations. An 

increase of 489% was seen at the lowest test concentration(19.53 ug/mL) which increased 

linearly with chitosan-PVP concentration to a peak increase of 1395% at 312.5 µg/mL. The 

noted increase in biofilms was seen to decline above this concentration, from 1363% at 625 

µg/mL to 81% at 5000 µg/mL. 

ZnO 

ZnO reported low reduction of P. aeruginosa biofilms grown on lid pegs at all test 

concentrations (Figure 5.23). There was no notable effect at lowest test concentration (19.53 

µg/mL). Concentrations between 39.06 – 2500 µg/mL exhibited mean reductions of 15 – 29%. 

A reduction of 12% was noted at 5000 µg/mL. ZnO-PVP was seen to have increased reduction 

compared to ZnO. While there was no notable effect at the lowest test concentration (19.53 

µg/mL), there was low – high reductions observed at other concentrations, which increased 

overall as the concentration of ZnO-PVP increased (19% at 39.06 µg/mL increasing to 64% at 

5000 µg/mL). 

ZnO held low – moderate reductions of P. aeruginosa biofilms grown on plate wells at all test 

concentrations (Figure 5.23). Lowest reduction was seen at 19.53 µg/mL (9% reduction). 

Concentrations 39.06 – 1250 µg/mL demonstrated increasing reductions of 22 – 42%. 

Reductions were observed to slightly decrease at 2500 µg/mL (38%) and 5000 µg/mL (27%). 

ZnO-PVP held low – moderate reductions against P. aeruginosa biofilms, with reduction of 

25% at 78.13 µg/mL increasing to 52% at 5000 µg/mL. There was no notable effect at 19.53 – 

39.06 µg/mL. 

ZnO demonstrate moderate – high reduction of S. aureus biofilm formations on lid pegs at all 

test concentrations (Figure 5.23). High reductions (74 – 80%) were observed at concentrations 

of 625 – 5000 µg/mL, and the highest reduction (84%) was recorded at 39.06 µg/mL. ZnO-PVP 

effects varied greatly against S. aureus biofilms on lid pegs. The greatest reduction (43%) was 
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recorded at the lowest concentration (19.53 µg/mL), which then decreased as concentrations 

increased (41% at 39.06 µg/mL, 7% at 78.13 µg/mL, 5% at 156.25 µg/mL). There was a sharp 

change in effect at 312.5 µg/mL, which exhibited an 150% increase in biofilm formations. 

There was no notable effect at 625 µg/mL. There were also a strong increase in biofilm 

formations at the highest test concentrations, with increases of 67% at 1250 µg/mL, 190% at 

2500 µg/mL and 91% at 5000 µg/mL. 

ZnO held greatly varying effects upon S. aureus biofilm formations on plate wells (Figure 5.23). 

There was low – moderate reductions observed at 19.53 µg/mL (37%), 78.13 µg/mL (61%), 

2500 µg/mL (23%) and 5000 µg/mL (42%). However, there were very high increases in biofilm 

formations observed at concentrations of 312.5 µg/mL (162%) and 625 µg/mL (144%). ZnO-

PVP also held varying effects, with lower concentrations (19.53 – 78.13 µg/mL) exhibiting 

moderate inhibition (30 – 35%). Higher concentrations were seen to cause significant 

increases in biofilm formations (346% at 312.5 µg/mL, 462% at 625 µg/mL, 293% at 1250 

µg/mL, 160% at 2500 µg/mL, 177% at 5000 µg/mL). 

5.3.2 Resazurin Biofilm Analysis 

o Attachment Inhibition 

Results were observed to determine the degree to which each treatment inhibited or 

prevented bacterial attachment to lid pegs or plate well walls. Resazurin conversion indirectly 

represents the number of metabolically active bacteria within formed biofilms. Resazurin 

conversion is measured at the chosen time-point, and the amount converted by bacteria 

within each treated biofilm is compared to that which is converted by untreated biofilm 

bacteria. As such, lower conversion represents a lower population of metabolically active 

bacteria within the biofilm, which in turn can represent a lower number of bacteria that 

initially attached (i.e., a greater number of bacteria that were hindered in initial attachment 

or completely prevented from attaching to the treated surfaces). 

AgNO3 

AgNO3 reported varied results against P. aeruginosa bacterial attachment on lid pegs (Figure 

5.2). At the lowest test concentrations (9.77 – 19.53 µg/mL), a slight increase in biofilm 

populations was observed (12 – 18% increase). There was a greater increase observed (36 – 

40%) at 39.06 – 78.13 µg/mL. At concentrations of 156.25 µg/mL, AgNO3 reported a slight 
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reduction in biofilm populations, whereas concentrations of 312.5 – 2500 reported reductions 

of 84 – 85%. AgNO3 -PVP did not cause any notable reduction of bacterial attachment, 

however it was reported to cause an increase in final biofilm populations (9 – 49% increases), 

indicating higher initial attachment. 

AgNO3 reported reductions against P. aeruginosa on plate wells at all concentrations (Figure 

5.2). Lower concentrations of 9.77 – 156.2 µg/mL were seen to cause reductions of 8 – 23%. 

Higher concentrations of 312.5 – 2500 µg/mL reported reductions of 80 – 83%. AgNO3 -PVP 

did not report reduced biofilm populations but did report an increase of populations at all 

test concentrations. Noteworthy increases ranged from 24% at 78.125 µg/mL and 312.5 

µg/mL, up to 65% at 625 µg/mL, 72% at 1250 µg/mL and 118% at 2500 µg/mL. 

AgNO3 had no notable effect against S. aureus on lid pegs at lower concentrations between 

4.88 – 19.53 µg/mL (Figure 5.2). There were slight reductions (8 – 10%) observed at 

concentrations between 39.06 – 78.13 µg/mL. Higher concentrations (156.25 – 625 µg/mL) 

reported reductions of 18 – 26%. Results of AgNO3 -PVP against S. aureus on lid pegs reported 

no reduction in biofilm populations but did cause major increases in biofilm populations. 

Reported increases were observed to increase as treatment concentrations increased, from 

16% at 4.88 µg/mL to a peak of 90% at 625 µg/mL, however these increases were not 

proportional to concentration increases.  

There was no notable effect of AgNO3 against S. aureus biofilm populations on plate wells at 

any test concentration (Figure 5.2). AgNO3 -PVP also had no major effects, although it was 

seen to cause an increase of 13% in resazurin conversion at 625 µg/mL. 

Nisin 

Nisin v P. aeruginosa lid pegs 

Nisin pre-treatments were noted to cause an increase in final biofilm populations at all test 

concentrations against P. aeruginosa on lid pegs (Figure 5.4). There was no clear trend in 

observed responses, with concentrations between 0.73 – 93.75 µg/mL reporting increases of 

2 – 11%. There was a greater increase of 30% seen at the highest test concentration of 187.5 

µg/mL. Nisin-PVP also exhibited conversion increases of 1 – 7% at concentrations between 

0.73 – 5.9 µg/mL and 46.86 – 93.75 µg/mL. There were slight decreases of 5 – 9% observed 
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at 11.72 – 23.44 µg/mL. Similarly to nisin, there was a notable increase of 36% at the highest 

test concentration (187.5 µg/mL). 

P. aeruginosa plate wells 

Nisin did not reduce bacterial attachment of P. aeruginosa on plate wells but was observed 

to cause a slight increase at all concentrations (8 – 22% increase between 0.73 – 187.5 µg/mL) 

(Figure 5.4). Nisin-PVP was also ineffective at inhibiting P. aeruginosa bacterial attachment 

and was noted to cause major increases at all test concentrations (37 – 70% increases 

between 0.73 – 187.5 µg/mL). 

 

S. aureus lid pegs 

Nisin caused attachment inhibition against S. aureus on lid pegs, which was observed to 

increase with treatment concentration (Figure 5.4). Inhibition ranged between 15% at 0.37 

µg/mL and to a peak of 94% at 97.75 µg/mL, with slightly less inhibition (89%) at 187.5 µg/mL. 

Nisin-PVP was ineffective at inhibiting S. aureus attachment on lid pegs at all concentrations 

and was also observed to cause a notable increase of 65% attachment at 187.5 µg/mL.  

 

S. aureus plate wells  

Nisin was effective at inhibiting attachment on plate wells at higher concentrations but also 

had a slight inhibitory effective at lower concentrations (Figure 5.4). Concentrations of 0.37 – 

48.88 µg/mL caused inhibition of 6 – 9%. There was moderate inhibition of 43% seen at 93.75 

µg/mL, and high inhibition of 83% at 187.5 µg/mL. Nisin-PVP exhibited a slight inhibitory 

effect (6 – 15%) at concentrations of 0.37 – 93.75 µg/mL, however there was a slight increase 

in attachment (10% increase) seen at 187.5 µg/mL. 

 

Chitosan 

Chitosan held low-moderate inhibitory effects against P. aeruginosa attachment on peg lids 

(Figure 5.6). There was close inhibition (19 – 34%) observed at all test concentrations 19.53 – 

5000 µg/mL. Chitosan-PVP demonstrated similar results, with inhibition of 23 – 32% at 
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concentrations between 19.53 – 2500 µg/mL, however there was a slight increase in 

attachment (14% increase) observed at 5000 µg/mL. 

Chitosan displayed similar results against P. aeruginosa on plate wells at lower concentrations 

(Figure 5.6). Attachment inhibition of 16 – 31% was reported for concentrations between 

19.53 – 1250 µg/mL. Inhibition decreased to 6% at 2500 and -1% at 5000 µg/mL. Chitosan-

PVP held varying effects. The largest inhibitory effect (22%) was noted at the lowest test 

concentration (19.53 µg/mL), which then decreased to 7% at 39.06 µg/mL and 0% at 78.13 

µg/mL. Inhibition then increased to 19% at 156.25 µg/mL, but then decreased to 13% at 312.5 

– 625 µg/mL. At higher concentrations, an increase in attachment was noted, with a 10% 

increase at 1250 µg/mL, 36% increase at 2500 µg/mL and a 198% increase at 5000 µg/mL. 

Chitosan had a weak inhibitory effect against S. aureus attachment on lid pegs (Figure 5.6). 

Very slight inhibition (5%) was noted at the lowest test concentration (9.77 µg/mL). Inhibition 

was seen to range between 15% - 25% at concentrations of 19.53 – 625 µg/mL. The largest 

inhibition was noted at concentration so 1250 µg/mL (29%) and 2500 µg/mL (31%). Chitosan-

PVP had very minor inhibitory effect (4 – 9%) against S. aureus on lid pegs at concentrations 

between 9.8 – 156.25 µg/mL. Higher concentrations exhibited an increase in bacterial 

attachment, which increased with concentration (4% at 312.5 µg/mL, 17% at 625 µg/mL, 40% 

at 1250 µg/mL, 108% at 2500 µg/mL).  

Chitosan had very little effect against S. aureus bacterial attachment on plate wells at all test 

concentrations (19.53 – 2500 µg/mL) with inhibition ranging between 5 – 11% (Figure 5.6). 

Chitosan-PVP displayed a slight increase in inhibition (10 – 13%) at lower concentrations 

(19.53 – 312.5 µg/mL) and at 1250 µg/mL (12%). However, there was an increase in 

attachment (15% increase) noted at 2500 µg/mL. 

 

ZnO 

Zinc oxide (ZnO) held no inhibitory effect against P. aeruginosa on lid pegs and was instead 

seen to cause an increase in bacterial attachment (Figure 5.8). This attachment was seen to 

increase with treatment concentration (4% increase at 19.53 µg/mL to 55% increase at 5000 

µg/mL). ZnO-PVP displayed a greater increase to bacterial attachment, peaking with an 86% 

increase at 1250 µg/mL. 
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While ZnO held slight attachment inhibition against P. aeruginosa on plate wells at some 

concentrations (12% inhibition at 39.06 µg/mL, 8% at 156.25 µg/mL, 8% at 312.5 µg/mL, 14% 

at 625 µg/mL), there was also attachment increase at other concentrations (13% increase 

µg/mL, 1% at 78.13 µg/mL, 11% at 1250 µg/mL, 9% at 2500 µg/mL, 9% at 5000 µg/mL) (Figure 

5.8).  

ZnO had minor effect against S. aureus attachment on lid pegs, with slight increases in 

attachment (5 – 13%) at concentrations between 9.77 – 312.5 µg/mL, and slight inhibition (10 

– 13%) at 625 – 1250 µg/mL (Figure 5.8). Results of ZnO-PVP reported slight increases in 

attachment (13 – 29%) and concentrations of 9.77 – 312.5 µg/mL, and 1250 – 2500 µg/mL. 

There was minor inhibition (6%) observed at 625 µg/mL. 

ZnO caused a minor increase in attachment (3 – 12% increases) at all test concentrations 

(19.53 – 2500 ug/mL) against S. aureus on plate wells (Figure 5.8). ZnO-PVP caused slight 

increase of attachment at lower concentrations (1 – 3% at 19.53 – 156.25 µg/mL). There was 

slight attachment inhibition noted at 312.5 µg/mL (4% inhibition) and 1250 µg/mL (7% 

inhibition), while there was a minor increase at 2500 µg/mL (16% increase). 

 

o Biofilm Inhibition 

Resazurin conversion was measured via fluorescence following overnight incubation of 

attached bacteria with each treatment. Measurements were also taken from untreated 

bacteria which were allowed grow unhindered under equivalent conditions. Readings of 

treated and untreated biofilms were compared to calculate % inhibition of biofilm 

development, as determined by reduced conversion of resazurin (i.e., biofilms having fewer 

metabolically active bacterial cells).  

AgNO3 

AgNO3 had varying effect against P. aeruginosa biofilm bacteria on lid pegs (Figure 5.10). 

There was a notable increase in bacterial numbers at the lowest test concentrations (39% 

increase at 9.77 µg/mL and 15% increase at 19.53 µg/mL). The measured responses at 39.06 

µg/mL and 78.13 µg/mL varied greatly but reported mean inhibition values of 4% and 31% 

respectively. There was effective inhibition (83 – 86%) recorded at concentrations between 

156.25 – 2500 µg/mL. AgNO3-PVP also held varying result, especially at lower concentrations 
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(9.77 – 156.25 µg/mL) which saw high variance (Figure 5.10). There was an increased response 

noted at concentrations of 9.77 µg/mL (4% increase), 19.53 µg/mL (13% increase), 39.06 

µg/mL (21% increase) and 78.13 µg/mL (20% increase). Higher concentrations reported 

inhibition at 156.25 µg/mL (32% inhibition), 312.5 µg/mL (71% inhibition), 625 µg/mL (88% 

inhibition), 1250 µg/mL (88% inhibition) and 2500 µg/mL (83% inhibition).  

AgNO3 demonstrated an overall inhibitory effect against P. aeruginosa bacteria on plate wells 

(Figure 5.10). There was a minor increase (5% increase) recorded at 9.77 µg/mL, while higher 

concentrations caused an increasingly greater inhibitory effect. There was minor inhibition 

recorded at 19.53 µg/mL (3% inhibition), which increase at 39.06 µg/mL (16% inhibition), 

78.13 µg/mL (34% inhibition), 156.25 µg/mL (72% inhibition), 312.5 µg/mL (79% inhibition), 

625 µg/mL (75% inhibition), 1250 µg/mL (79% inhibition) and 2500 µg/mL (78% inhibition). 

AgNO3-PVP caused inhibition at all test concentrations against P. aeruginosa on plate wells 

(Figure 5.10). There was minor inhibition at lower concentrations of 9.77 µg/mL (8% 

inhibition), 19.53 µg/mL (4% inhibition), 39.06 µg/mL (6% inhibition) and 78.13 µg/mL (9% 

inhibition). There was an increase of inhibition above this concentration, with 156.25 µg/mL 

(26% inhibition), 312.5 µg/mL (63% inhibition), 625 µg/mL (65% inhibition), 1250 µg/mL (66% 

inhibition) and 2500 µg/mL (55% inhibition). 

AgNO3 had little effect against S. aureus biofilm bacterial growth on lid pegs at lower 

concentrations but did exhibit effective inhibition at higher concentrations (Figure 5.10). 

Concentrations between 4.88 – 39.06 µg/mL had very minor effect (-4 – 1% inhibition). Higher 

concentrations displayed an increase of inhibition, at concentrations of 78.13 µg/mL (27% 

inhibition), 156.25 µg/mL (72% inhibition), 312.5 µg/mL (82%) and 625 µg/mL (82%). AgNO3-

PVP demonstrated comparable performance against S. aureus on lid pegs (Figure 5.10). Lower 

concentrations resulted in minor increase in response, with 3% increase at 4.88 µg/mL, 4% 

increase at 9.77 µg/mL, 6% increase at 19.53 µg/mL and 3% increase at 39.06 µg/mL. Higher 

concentrations caused increasing levels of inhibition with results showing 27% inhibition at 

78.13 µg/mL, 73% inhibition at 156.25 µg/mL, 83% inhibition at 312.5 µg/mL and 86% 

inhibition at 625 µg/mL. 

AgNO3 caused minor inhibition of S. aureus biofilm bacterial growth on plate wells at lower 

concentrations but demonstrated moderate inhibition at higher concentrations (Figure 5.10). 

There was minor inhibition at 4.88 µg/mL (5% inhibition), 9.77 µg/mL (5% inhibition), 19.53 
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µg/mL (12% inhibition) and 78.13 µg/mL (6% inhibition). There was negligeable increase at 

39.06 µg/mL (2% increase). There was moderately high inhibition exhibited at 156.25 µg/mL 

(58% inhibition), 312.5 µg/mL (68% inhibition) and 625 µg/mL (74% inhibition). AgNO3-PVP 

effects varied against S. aureus biofilms on plate well, causing increased responses at lower 

concentrations but demonstrating effective inhibition at higher concentrations (Figure 5.10). 

Increased responses were recorded at concentrations of 4.88 µg/mL (13% increase), 9.77 

µg/mL (17% increase), 19.53 µg/mL (4% increase), 39.06 µg/mL (6% increase) and 78.13 

µg/mL (6% increase). At higher treatments, inhibition was noted to increase beside 

concentration, with AgNO3-PVP causing inhibition at 156.25 µg/mL (57% inhibition), 312.5 

µg/mL (76% inhibition) and 625 µg/mL (87% inhibition). 

 

Nisin 

Nisin held no inhibitory effect against P. aeruginosa on lid pegs at any concentration but was 

seen to cause a moderate to large increase in biofilm bacteria response (Figure 5.12). Lower 

concentrations did cause a low – moderate increase in response at concentrations of 0.73 

µg/mL (21% increase), 1.47 µg/mL (28% increase), 2.93 µg/mL (16% increase), 5.86 µg/mL 

(12% increase), 11.72 µg/mL (36% increase), 23.44 µg/mL (36% increase) and 46.88 µg/mL 

(38% increase). There was a greater increase produced at 93.75 µg/mL (53% increase) and 

187.5 µg/mL (147% increase). Nisin-PVP caused slight inhibition of biofilm development at 

lower concentrations of 0.73 µg/mL (8% inhibition), 1.47 µg/mL (8% inhibition), 2.93 µg/mL 

(7% inhibition), 5.86 µg/mL (16% inhibition), 11.72 µg/mL (13% inhibition), 23.44 µg/mL (13% 

inhibition) and 46.88 µg/mL (5% inhibition) (Figure 5.12). There was a slight increase produced 

at 93.75 µg/mL (1% increase) and 187.5 µg/mL (13% increase). 

Nisin had very minor inhibitory effect against P. aeruginosa on plate wells and was seen to 

cause minor increases in biofilm development across a range of concentrations (Figure 5.12). 

There were increases in biofilm activity observed at lower concentrations of 0.37 µg/mL (18% 

increase), 0.73 µg/mL (15% increase), 1.47 µg/mL (9% increase), 2.93 µg/mL (8% increase), 

5.86 µg/mL (7% increase) and 11.72 µg/mL (9% increase), and also at high concentrations of 

93.75 (9% increase) and 187.5 µg/mL (13% increase). There was very minor inhibition caused 

at concentrations of 23.44 µg/mL (2% inhibition) and 46.88 µg/mL (2% inhibition) 
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Nisin caused effective inhibition of S. aureus biofilm development on lid pegs, which increased 

with treatment concentration (Figure 5.12). There was minor-moderate inhibition at lower 

concentrations of 0.37 µg/mL (9% inhibition), 0.73 µg/mL (5% inhibition), 1.47 µg/mL (6% 

inhibition), 2.93 µg/mL (11% inhibition), 5.86 µg/mL (33% inhibition), 11.72 µg/mL (19% 

inhibition) and 23.44 µg/mL (18% inhibition). Inhibition rose at 46.88 µg/mL (39% inhibition), 

93.75 µg/mL (59% inhibition) and to a peak at 187.5 µg/mL (93% inhibition). Nisin-PVP was 

not effective at inhibiting S. aureus biofilms on lid pegs (Figure 5.12). There was little to no 

inhibition at low concentrations of 0.37 µg/mL (9% inhibition), 0.73 µg/mL (0% inhibition), 

1.47 µg/mL (0% inhibition), 2.93 µg/mL (1% inhibition), 5.86 µg/mL (12% inhibition), 11.72 

µg/mL (16% inhibition) and 23.44 µg/mL (13% inhibition), 46.88 µg/mL (21% inhibition), 93.75 

µg/mL (16%). There was a minor increase in biofilm development at 187.5 µg/mL (28% 

increase). 

Nisin caused minor inhibition of S. aureus biofilms on plate well at lower concentrations of 

46.88 µg/mL (21% inhibition), 23.44 µg/mL (12% inhibition), 11.72 µg/mL (14% inhibition), 

5.86 µg/mL (14% inhibition), 2.93 µg/mL (11% inhibition), 1.46 µg/mL (11% inhibition), 0.73 

(12% inhibition) and caused moderate – high inhibition at concentrations of 93.75 µg/mL 

(37% inhibition) and 187.5 µg/mL (61% inhibition) (Figure 5.12). Nisin-PVP exhibited minor 

inhibition at concentrations of 0.73 µg/mL (12% inhibition), 1.46 µg/mL (11% inhibition), 2.93 

µg/mL (8.5% inhibition), 5.86 µg/mL (9% inhibition), 11.72 µg/mL (9% inhibition), 23.44 µg/mL 

(10% inhibition), 46.88 µg/mL (0% inhibition) and 187.5 µg/mL (9% inhibition) (Figure 5.12). 

There was a slight increase in response at 93.75 µg/mL (2% increase). 

Chitosan 

Chitosan caused minor inhibition against P. aeruginosa biofilms on lid pegs at lower 

concentrations of 19.53 µg/mL (13% inhibition), 39.06 µg/mL (10% inhibition), 78.13 µg/mL 

(8% inhibition) and 156.25 µg/mL (15% inhibition) (Figure 5.14). There was minor – major 

increases in biofilm activity at concentrations of 312.50 µg/mL (18% increase), 625 µg/mL 

(33% increase), 1250 µg/mL (85% increase), 2500 µg/mL (97% increase) and 5000 µg/mL (52% 

increase). Chitosan-PVP had moderate inhibitory effects at concentrations of 19.53 µg/mL 

(40% inhibition), 39.06 µg/mL (35% inhibition), 78.13 µg/mL (29% inhibition), 156.25 µg/mL 

(26% inhibition) and 312.50 µg/mL (25% inhibition) (Figure 5.14). There was minor inhibition 

at 625 µg/mL (13% inhibition). Higher concentrations caused very minor – moderate increases 
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in biofilm activity, seen at concentrations of 1250 µg/mL (1% increase), 2500 µg/mL (2% 

increase) and 5000 µg/mL (23% increase). 

Chitosan had varying effect against P. aeruginosa biofilm development on plate wells (Figure 

5.14). There was moderate inhibition at lower concentrations of 19.53 µg/mL (20% 

inhibition), 39.06 µg/mL (13% inhibition) and 78.13 µg/mL (21% inhibition), with only minor 

inhibition at 156.25 µg/mL (8% inhibition). There were moderate increases seen at 312.5 

µg/mL (23% increase) and 625 µg/mL (41% increase) which then rose causing major increases 

at 1250 µg/mL (99% increase) and 2500 µg/mL (145% increase). Chitosan-PVP caused 

increases in biofilm development, which increased with concentration (Figure 5.14). Minor 

increases occurred at 19.53 µg/mL (6% increase), 39.06 µg/mL (4% increase), 78.13 µg/mL 

(12% increase) and moderate – high increases at 156.25 µg/mL (32% increase) and 312.50 

µg/mL (60% increase). Major increases were recorded at higher concentrations of 625 µg/mL 

(90% increase), 1250 µg/mL (148% increase) and 2500 µg/mL (177% increase). 

Chitosan had mixed effects against S. aureus biofilm development on lid pegs (Figure 5.14). 

There was very minor inhibition/increases occurring at lower concentrations of 9.77 µg/mL 

(0% inhibition), 19.53 µg/mL (5% inhibition), 39.06 µg/mL (3% inhibition) and 78.13 µg/mL 

(2% increase). There was low – moderate increases observed at concentrations of 156.25 

µg/mL (25% increase), 312.5 µg/mL (49% increase), 625 µg/mL (56% increase) and 1250 

µg/mL (47% increase). There was moderate inhibition at 2500 µg/mL (31% inhibition). 

Chitosan-PVP had very minor effects against S. aureus biofilms on lid pegs (Figure 5.14). There 

was minor inhibition at lower concentrations of 9.77 µg/mL (12% inhibition), 19.53 µg/mL (5% 

inhibition), 39.06 µg/mL (3% inhibition) and 78.13 µg/mL (4% inhibition) and 156.25 µg/mL 

(2% inhibition) and also at higher concentration of 1250 µg/mL (4% inhibition). There was 

minor increases at other concentrations of 312.5 µg/mL (2% increase), 625 µg/mL (5% 

increase) and 2500 µg/mL (8% increase). 

Chitosan demonstrated weak inhibition against S. aureus biofilms on plate wells, at all 

concentrations of 9.77 µg/mL (9% inhibition), 19.53 µg/mL (12% inhibition), 39.06 µg/mL (9% 

inhibition), 78.13 µg/mL (10% inhibition), 156.25 µg/mL (15% inhibition), 312.5 µg/mL (14% 

inhibition), 625 µg/mL (21% inhibition), 1250 µg/mL (11% inhibition) and 2500 µg/mL (5% 

inhibition) (Figure 5.14). Chitosan-PVP exhibited weak inhibitory activity at lower 

concentrations of 9.77 µg/mL (9% inhibition), 19.53 µg/mL (9% inhibition), 39.06 µg/mL (14% 



Chapter 5 Assessment of Biofilm Disruption Capabilities 

126 

inhibition), 78.13 µg/mL (9% inhibition), 156.25 µg/mL (7% inhibition), 312.5 µg/mL (11% 

inhibition), 625 µg/mL (6% inhibition) and 1250 µg/mL (7% inhibition), but caused a minor 

increase at the highest concentration of 2500 µg/mL (12% increase) (Figure 5.14). 

 

ZnO 

ZnO exhibited no biofilm inhibitory effect versus P. aeruginosa on lid pegs, causing moderate 

increases in biofilm formations at all test concentrations of 19.53 µg/mL (27% increase), 39.06 

µg/mL (56% increase), 78.13 µg/mL (51% increase), 156.25 µg/mL (48% increase), 312.5 

µg/mL (40% increase), 625 µg/mL (58% increase), 1250 µg/mL (59% increase), 2500 µg/mL 

(52% increase) and 5000 µg/mL (40% increase) (Figure 5.16). ZnO-PVP demonstrated mixed 

effects against P. aeruginosa biofilms growing on lid pegs, with minor inhibition at 

concentrations of 78.13 µg/mL (10% inhibition), 312.5 µg/mL (5% inhibition) and 5000 µg/mL 

(3% inhibition). There were low – moderate increases in biofilm formations seen at other test 

concentrations of 19.53 µg/mL (8% increase), 39.06 µg/mL (10% increase), 156.25 µg/mL (6% 

increase), 625 µg/mL (12% increase), 1250 µg/mL (23% increase) and 2500 µg/mL (12% 

increase) (Figure 5.16). 

Similar effects were observed against P. aeruginosa biofilms growing on plate wells, with low 

increases seen at test concentrations of 19.53 µg/mL (11% increase), 39.06 µg/mL (28% 

increase), 78.13 µg/mL (6% increase), 156.25 µg/mL (13% increase), 312.5 µg/mL (28% 

increase), however inhibition was noted to rise at concentrations of 625 µg/mL (61% 

increase), 1250 µg/mL (40% increase), 2500 µg/mL (108% increase) and 5000 µg/mL (132% 

increase) (Figure 5.16). ZnO-PVP demonstrated varied effects, with minor inhibitions 

observed at lower concentrations of 19.53 µg/mL (7% inhibition), 39.06 µg/mL (10% increase) 

and 78.13 µg/mL (8% increase), and moderate increases in biofilm growth observed sat all 

other test concentrations of 156.25 µg/mL (21% increase), 312.5 µg/mL (38% increase), 625 

µg/mL (59% increase), 1250 µg/mL (40% increase), 2500 µg/mL (35% increase) and 5000 

µg/mL (45% increase) (Figure 5.16). 

There was low – moderate increases in S. aureus biofilm growth noted on lid pegs, following 

treatment with ZnO at concentrations of 9.77 µg/mL (32% increase), 19.53 µg/mL (18% 

increase), 39.06 µg/mL (31% increase), 78.13 µg/mL (20% increase), 156.25 µg/mL (30% 



Chapter 5 Assessment of Biofilm Disruption Capabilities 

127 

increase), 312.5 µg/mL (46% increase) and 625 µg/mL (12% increase). Higher concentrations 

were noted to exhibit inhibition, at concentrations of 1250 µg/mL (17% inhibition) and 2500 

µg/mL (42% inhibition). ZnO-PVP exhibited slight biofilm growth increases at lower 

concentrations against S. aureus biofilms on lid pegs, with increases noted at 9.77 µg/mL (5% 

increase), 19.53 µg/mL (8% increase) and 39.06 µg/mL (8% increase) (Figure 5.16). Inhibition 

was noted at higher test concentrations of 78.13 µg/mL (6% inhibition), 156.25 µg/mL (5% 

inhibition), 312.5 µg/mL (7% inhibition) 625 µg/mL (33% inhibition), 1250 µg/mL (55% 

inhibition) and 2500 µg/mL (77% inhibition) (Figure 5.16). 

ZnO exhibited varied effects against S. aureus biofilm growth on plate wells, with minor 

increases at concentrations of 9.77 µg/mL (4% increase), 19.53 µg/mL (5% increase), 39.06 

µg/mL (6% increase), 78.13 µg/mL (8% increase), 625 µg/mL (8% increase) and 1250 µg/mL 

(5% increase), and minor inhibition in biofilm growth at concentrations of 156.25 µg/mL (10% 

inhibition), 312.5 µg/mL (3% inhibition) and 2500 µg/mL (12% inhibition)(Figure 5.16).  

ZnO-PVP held very comparable trends against S. aureus biofilm growth on plate wells, with 

minor increases at concentrations of 9.77 µg/mL (15% increase), 19.53 µg/mL (5% increase), 

39.06 µg/mL (6% increase), 78.13 µg/mL (8% increase), 625 µg/mL (8% increase) and 1250 

µg/mL (5% increase), and minor inhibition of biofilm growth at concentrations of 156.25 

µg/mL (2% inhibition), 312.5 µg/mL (18% inhibition) and 2500 µg/mL (15% inhibition)(Figure 

5.16). 

 

 

o Biofilm Reduction 

AgNO3 

There was clear reduction caused by AgNO3 against P. aeruginosa biofilms on lid pegs, with 

reduction being noted at 19.53 µg/mL (2% reduction) and rapidly increasing with 

concentrations of 39.06 µg/mL (17% reduction), 78.13 µg/mL (94% reduction), 156.25 µg/mL 

(97% reduction), 312.5 µg/mL (97% reduction), 625 µg/mL (98% reduction), 1250 µg/mL (98% 

reduction) and 2500 µg/mL (98% reduction) (Figure 5.18). AgNO3-PVP demonstrated similar 

reduction abilities, with reductions at 78.13 µg/mL (32% reduction), 156.25 µg/mL (67% 

reduction), 312.5 µg/mL (92% reduction), 625 µg/mL (92% reduction), 1250 µg/mL (94% 
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reduction) and 2500 µg/mL (92% reduction), however there was noted increases in biofilm 

formation at lower concentrations of 9.77 µg/mL (20% increase), 19.53 µg/mL (11% increase) 

and 39.06 µg/mL (2% increase) (Figure 5.18). 

AgNO3 was also very effective at reducing P. aeruginosa biofilms grown on plate wells, with 

reductions seen at all test concentrations of 9.77 µg/mL (14% reduction), 19.53 µg/mL (25% 

reduction), 39.06 µg/mL (16% reduction), 78.13 µg/mL (72% reduction), 156.25 µg/mL (80% 

reduction), 312.5 µg/mL (79% reduction), 625 µg/mL (80% reduction), 1250 µg/mL (80% 

reduction) and 2500 µg/mL (79% reduction) (Figure 5.18). AgNO3-PVP was noted more 

effective at lower concentrations against P. aeruginosa  biofilms on plate wells, with 

reductions at 39.06 µg/mL (30% reduction), 78.13 µg/mL (51% reduction), 156.25 µg/mL (62% 

reduction), 312.5 µg/mL (81% reduction), 625 µg/mL (80% reduction), 1250 µg/mL (81% 

reduction) and 2500 µg/mL (77% reduction), while there was a minor increase in biofilm 

formations noted at 9.77 µg/mL (15% increase) (Figure 5.18).  

AgNO3 exhibited notable reduction against S. aureus biofilms on lid pegs, which was seen to 

correspond with higher concentrations of treatment (Figure 5.18). While the lowest test 

concentration exhibited minimal effects (4% increase at 9.77 µg/mL), reduction was seen as 

concentrations rose from 19.53 µg/mL (6% reduction) to 39.06 µg/mL (30% reduction), 78.13 

µg/mL (78% reduction), 156.25 µg/mL (93% reduction), 312.5 µg/mL (95% reduction), 625 

µg/mL (96% reduction) and 1250 µg/mL (98% reduction). AgNO3-PVP also demonstrated 

effective reductions, but only at higher concentrations of 78.13 µg/mL (41% reduction), 

156.25 µg/mL (90% reduction), 312.5 µg/mL (97% reduction), 625 µg/mL (98% reduction) and 

1250 µg/mL (96% reduction) (Figure 5.18). Lower treatments were noted to cause increases 

in biofilm formations, at concentrations of 9.77 µg/mL (41% increase), 19.53 µg/mL (62% 

increase) to 39.06 µg/mL (31% increase). 

Results against S. aureus biofilms on plate wells presented similar efficacy of AgNO3 in 

reducing biofilm formations in moderate – high concentrations (Figure 5.18). Minor increases 

in biofilm formations were reported at lower concentrations of 9.77 µg/mL (17% increase), 

19.53 µg/mL (13% increase) to 39.06 µg/mL (12% increase), but moderate – high reductions 

were then reported at concentrations above 78.13 µg/mL (77% reduction), 156.25 µg/mL 

(92% reduction), 312.5 µg/mL (93% reduction), 625 µg/mL (92% reduction) and 1250 µg/mL 

(96% reduction). AgNO3-PVP demonstrated similar efficacy against S. aureus biofilms on plate 
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wells, with no reduction or increases at lower concentration of 9.77 µg/mL (9% reduction), 

19.53 µg/mL (23% increase) to 39.06 µg/mL (0%), and increasing reduction at higher 

concentrations of 78.13 µg/mL (58% reduction), 156.25 µg/mL (91% reduction), 312.5 µg/mL 

(93% reduction), 625 µg/mL (94% reduction) and 1250 µg/mL (95% reduction) (Figure 5.18).  

Nisin 

Nisin exhibited no reduction against P. aeruginosa  biofilms on lid pegs, and was recorded to 

cause an increase in biofilm formations at all test concentrations of  0.73 µg/mL (22% 

increase), 1.46 µg/mL (20% increase), 2.93 µg/mL (21% increase), 5.86 µg/mL (30% increase), 

11.72 µg/mL (17% increase), 23.44 µg/mL (4% increase), 46.88 µg/mL (16% increase), 93.75 

µg/mL (29% increase), 187.5 µg/mL (16% increase) (Figure 5.20). Nisin-PVP exhibited no 

reduction against P. aeruginosa  on lid pegs, but was observed to cause moderate – high 

increases in biofilm formations at concentrations of 0.73 µg/mL (44% increase), 1.46 µg/mL 

(53% increase), 2.93 µg/mL (48% increase), 5.86 µg/mL (47% increase), 11.72 µg/mL (47% 

increase), 23.44 µg/mL (71% increase), 46.88 µg/mL (97% increase), 93.75 µg/mL (73% 

increase), 187.5 µg/mL (84% increase) (Figure 5.20). 

There was similar efficacy of nisin against P. aeruginosa  biofilms formed on plate wells, with 

mean increases in biofilm formations at 0.73 µg/mL (17% increase), 1.46 µg/mL (22% 

increase), 2.93 µg/mL (26% increase), 5.86 µg/mL (13% increase), 11.72 µg/mL (30% 

increase), 23.44 µg/mL (6% increase), 46.88 µg/mL (0%), 93.75 µg/mL (4% increase), however 

there was a minor reduction observed at 187.5 µg/mL (3% reduction) (Figure 5.20). Nisin-PVP 

displayed similar efficacy at 0.73 µg/mL (30% increase), 1.46 µg/mL (25% increase), 2.93 

µg/mL (21% increase), 5.86 µg/mL (21% increase), 11.72 µg/mL (16% increase), 23.44 µg/mL 

(14% increase), 46.88 µg/mL (10% increase), 93.75 µg/mL (9% increase), 187.5 µg/mL (10% 

increase) (Figure 5.20). 

Nisin demonstrated very effective reduction against S. aureus biofilms formed on lid pegs, 

with reduction values rising steadily with concentrations 0.73 µg/mL (15% reduction), 1.46 

µg/mL (12% reduction), 2.93 µg/mL (17% reduction), 5.86 µg/mL (21% reduction), 11.72 

µg/mL (37% reduction), 23.44 µg/mL (48% reduction), 46.88 µg/mL (56% reduction), 93.75 

µg/mL (64% reduction), 187.5 µg/mL (80% reduction) and 375 µg/mL (87% reduction) (Figure 

5.20). Nisin-PVP did not report comparable results, with moderate – low increases in biofilm 

formations noted at 0.73 µg/mL (26% increase), 1.46 µg/mL (25% increase), 2.93 µg/mL (29% 



Chapter 5 Assessment of Biofilm Disruption Capabilities 

130 

increase), 5.86 µg/mL (11% increase), 11.72 µg/mL (22% increase), 23.44 µg/mL (19% 

increase) and 46.88 µg/mL (5% increase), however there were minor reductions at 93.75 

µg/mL (2% reduction), 187.5 µg/mL (7% reduction) and 375 µg/mL (4% reduction) (Figure 

5.20).  

Nisin held similar efficacy against S. aureus biofilms formed on plate wells, with steadily 

increasing reductions at concentrations of 0.73 µg/mL (3% reduction), 1.46 µg/mL (7% 

reduction), 2.93 µg/mL (9% reduction), 5.86 µg/mL (32% reduction), 11.72 µg/mL (22% 

reduction), 23.44 µg/mL (29% reduction), 46.88 µg/mL (56% reduction), 93.75 µg/mL (81% 

reduction) and 187.5 µg/mL (90% reduction) (Figure 5.20). Nisin-PVP did not exhibit as 

effective reduction of biofilms, but had consistent reduction across the treatment range at 

concentrations of 0.73 µg/mL (10% reduction), 1.46 µg/mL (6% reduction), 2.93 µg/mL (13% 

reduction), 5.86 µg/mL (11% reduction), 11.72 µg/mL (12% reduction), 23.44 µg/mL (12% 

reduction), 46.88 µg/mL (20% reduction), 93.75 µg/mL (26% reduction) and 187.5 µg/mL (39% 

reduction) (Figure 5.20). 

 

Chitosan 

Chitosan exhibited varying effects against P. aeruginosa biofilms on lid pegs, causing minor 

reductions in viable cell counts at lower concentrations of 19.53 µg/mL (23% reduction), 39.06 

µg/mL (14% reduction) and 78.13 µg/mL (14% reduction) (Figure 5.22). There were no 

noteworthy effects at test concentrations of 156.25 µg/mL (2% reduction), 312.5 µg/mL (3% 

increase), 625 µg/mL (6% increase) or 2500 µg/mL (5% increase). There was a minor increase 

in response at 1250 µg/mL (14% increase). There was high variance noted at 5000 µg/mL (±55) 

but reported a mean response of 6% reduction. Chitosan-PVP reported varied results against 

P. aeruginosa biofilm bacteria on lid pegs, with minor reductions at 19.53 µg/mL (6% 

reduction) and 39.06 µg/mL (2% reduction) and causing slight increases at higher 

concentrations of 78.13 µg/mL (7% increase), 156.25 µg/mL (14% increase), 312.5 µg/mL 

(12% increase), 625 µg/mL (15% increase), 1250 µg/mL (12% increase) (Figure 5.22). There 

were moderate reductions reported at 2500 µg/mL (24% reduction) and 5000 µg/mL (54% 

reduction). 
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Chitosan exhibited minor reductions in biofilm cell counts against P. aeruginosa on plate wells 

at low concentrations of 39.06 µg/mL (16% reduction), 78.13 µg/mL (7% reduction) and 

156.25 µg/mL (14% reduction) (Figure 5.22). Higher concentrations of chitosan were observed 

to cause an increase in biofilm cell counts which increased with concentration, from 312.5 

µg/mL (16% increase) to 625 µg/mL (42% increase), 1250 µg/mL (43% increase), 2500 µg/mL 

(54% increase) and 5000 µg/mL (69% increase). Chitosan-PVP held varying effect against P. 

aeruginosa biofilm bacteria on plate wells, with minor – moderate increases noted at 39.06 

µg/mL (5% increase), 78.13 µg/mL (15% increase), 156.25 µg/mL (21% increase), 312.5 µg/mL 

(17% increase), 625 µg/mL (23% increase) and 1250 µg/mL (5% increase), with moderate 

reductions observed at higher concentrations of 2500 µg/mL (15% reduction) and 5000 µg/mL 

(38% reduction) (Figure 5.22). 

Chitosan caused low – moderate reductions in S. aureus biofilm cell counts formed on lid pegs 

at all test concentrations of 19.53 µg/mL (16% reduction), 39.06 µg/mL (17% reduction), 78.13 

µg/mL (18% reduction), 156.25 µg/mL (36% reduction), 312.5 µg/mL (38% reduction), 625 

µg/mL (36% reduction), 1250 µg/mL (20% reduction), 2500 µg/mL (42% reduction) and 5000 

µg/mL (49% reduction) (Figure 5.22). Chitosan-PVP held varying effect, causing minor – 

moderate increases in biofilm viability at 19.53 µg/mL (11% increase), 39.06 µg/mL (11% 

increase), 78.13 µg/mL (32% increase), 156.25 µg/mL (21% increase), 312.5 µg/mL (21% 

increase), 625 µg/mL (27% increase) and 1250 µg/mL (21% increase) (Figure 2.23C). There 

was moderate – high reductions also noted at high concentrations of 2500 µg/mL (43% 

reduction) and 5000 µg/mL (36% reduction). 

Chitosan caused low reductions against S. aureus biofilms on plate wells at concentrations of 

19.53 µg/mL (4% reduction), 39.06 µg/mL (19% reduction), 78.13 µg/mL (22% reduction), 

156.25 µg/mL (21% reduction), 312.5 µg/mL (15% reduction) and 625 µg/mL (14% reduction) 

(Figure 5.22). There was no noteworthy effect produced at 1250 µg/mL (1% increase) and a 

minor increase at 2500 µg/mL (11% increase). At higher concentrations, there was moderate 

reduction observed at 5000 µg/mL (32% reduction) and high reduction at 10000 µg/mL (71% 

reduction). Chitosan-PVP exhibited reductions at all test concentrations against S. aureus 

biofilms on plate wells (Figure 5.22). There were low – moderate reductions observed at 

concentrations of 19.53 µg/mL (10% reduction), 39.06 µg/mL (19% reduction), 78.13 µg/mL 

(17% reduction), 156.25 µg/mL (23% reduction), 312.5 µg/mL (27% reduction), 625 µg/mL 
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(27% reduction), 1250 µg/mL (18% reduction) and 2500 µg/mL (8% reduction) (Figure 5.22). 

Greater reductions were noted at 5000 µg/mL (35% reduction) and 10000 µg/mL (51% 

reduction). 

ZnO 

ZnO exhibited only minor reduction against P. aeruginosa biofilms on lid pegs at lower 

concentrations of 19.53 µg/mL (7% reduction), 39.06 µg/mL (15% reduction), 78.13 µg/mL 

(1% reduction) (Figure 5.24). There were varying degrees of biofilm cell propagation noted at 

concentrations of 156.25 µg/mL (17% increase), 312.5 µg/mL (17% increase), 625 µg/mL (6% 

increase), 1250 µg/mL (9% increase), 2500 µg/mL (4% increase) and 5000 µg/mL (34% 

increase). ZnO-PVP caused minor reductions at 39.06 µg/mL (16% reduction), 78.13 µg/mL 

(9% reduction) and 5000 µg/mL (3% reduction) (Figure 5.24). There were moderate increases 

of biofilm cell counts at 19.53 µg/mL (22% increase), 156.25 µg/mL (16% increase), 312.50 

µg/mL (13% increase), 625.00 µg/mL (26% increase), 1250.00 µg/mL (21% increase) and 2500 

µg/mL (31% increase). 

 

ZnO exhibited low – moderate reductions in P. aeruginosa biofilm bacterial on plate wells at 

lower concentrations of 19.53 µg/mL (23% reduction), 39.06 µg/mL (17% reduction), 78.13 

µg/mL (9% reduction) and 156.25 µg/mL (6% reduction) (Figure 5.24). There were low – high 

increases of P. aeruginosa biofilm cell counts observed at higher concentrations, which was 

noted to increase with concentration from 312.50 µg/mL (18% increase), 625.00 µg/mL (32% 

increase), 1250 µg/mL (35% increase), 2500 µg/mL (54% increase) and 5000 µg/mL (66% 

increase) (Figure 5.24). ZnO-PVP demonstrated mixed effects against P. aeruginosa biofilms 

on plate wells, with minor reductions at the lowest test concentration of 19.53 µg/mL (4% 

reduction) and at concentrations of 312.50 µg/mL (9% reduction), 625.00 µg/mL (7% 

reduction) and 1250.00 µg/mL (1% reduction) (Figure 5.24). There were low – moderate 

increases observed at lower concentrations of 39.06 µg/mL (3% increase), 78.13 µg/mL (6% 

increase), 156.25 µg/mL (15% increase), 2500 µg/mL (12% increase) and 5000 µg/mL (34% 

increase) (Figure 5.24). 

ZnO exhibited very effective reductions of S. aureus biofilm on lid pegs bacteria which 

increased with concentration (Figure 5.24). Reductions were seen at all test concentrations 
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of 19.53 µg/mL (15% reduction), 39.06 µg/mL (29% reduction), 78.13 µg/mL (42% reduction), 

156.25 µg/mL (64% reduction), 312.5 µg/mL (74% reduction), 625 µg/mL (79% reduction), 

1250 µg/mL (86% reduction) 2500 µg/mL (91% reduction) and 5000 µg/mL (96% reduction). 

ZnO-PVP also exhibited effective reductions, but only at test concentrations of 312.5 µg/mL 

(49% reduction), 625 µg/mL (71% reduction), 1250 µg/mL (86% reduction), 2500 µg/mL (93% 

reduction) and 5000 µg/mL (94% reduction), while there was moderate – high increases in 

biofilm bacterial activity at lower concentration of 19.53 µg/mL (40% increase), 39.06 µg/mL 

(58% increase), 78.13 µg/mL (66% increase). There was no noteworthy effect at 156.25 

µg/mL. 

ZnO had varying effects against S. aureus biofilms on plate wells, with minor increases in 

activity observed at concentrations of 19.53 µg/mL (15% increase), 39.06 µg/mL (20% 

increase), 78.13 µg/mL (4% increase), 156.25 µg/mL (22% increase), 312.5 µg/mL (25% 

increase), 625 µg/mL (30% increase) and 1250 µg/mL (6% increase) and moderate – high 

reductions seen at concentrations of 2500 µg/mL (33% reduction), 5000 µg/mL (55% 

reduction) and 10000 µg/mL (67% reduction) (Figure 5.24). 

5.4 Discussion 

In this study, four chosen bioactives were assessed for their anti-biofilm abilities, by 

determining their individual effects against physical biofilm formations and also against the 

internal bacterial population of two major biofilm producing bacterial pathogens, S. aureus 

and P. aeruginosa. The test methods utilised were adapted and developed from previous 

studies, in an attempt to establish a reproducible and overarching assessment, that could be 

standardised and carried forward in future anti-biofilm studies.  

 

5.4.1 Comparison of biofilm growth and development on lid pegs and plate well walls 

The present study is, to best knowledge, the first biofilm study which offers comparisons 

between the use of lid pegs and microplate well walls as attachment and subsequent growth 

sites for bacterial biofilms. As there were no clear advantages or disadvantages remarked 

upon to the use of either material in previous studies, both were utilised in the present study 

in order to compare the two mediums and differentiate biofilm growth patterns. Both the lid 

pegs and plate well walls were pre-treated, inoculated, and incubated under identical 
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conditions. Initial preliminary studies of optimal growth patterns for both plate well walls and 

lid pegs were carried out in order to determine the optimal concentrations of blood plasma 

for use as surface coatings to promote bacterial attachment, as well as studies to determine 

the optimal attachment times. It was reported that a plasma concentration of 1% was the 

lowest concentration to provide the most consistent and adequate improvements to bacterial 

attachment on both surfaces, resulting in improved biofilm formations. Furthermore, a 1-

hour attachment period was also chosen as the most satisfactory time, as longer attachment 

times did not yield greater results and as such, was deemed unnecessary. 

It was determined through the use of CV staining and resazurin reductions, that there is a 

definite correlation between biofilm growth and the chosen growth surface, which is also 

dependent on the chosen bacterial strain. Final CV staining revealed S. aureus to produce 

much greater biofilm formations on plate well walls, across all test points and test plates (24 

test plates), with differences of up to 188%. Resazurin reduction studies have also shown a 

prevailing preference towards plate well walls, with greater internal biofilm populations being 

noted in the majority of test plates (17/24 plates). Results from P. aeruginosa were quite 

varied and did not report a certain preference of growth surface. P. aeruginosa CV straining 

reported greater biofilm formations in 11/18 test plates, with growth differences of up to 

68%. Conversely, resazurin reductions reported greater biofilm populations in those grown 

on peg lids (13/18 test plates).  

5.4.2 Development of standardised biofilm testing and the Minimum Attachment Inhibition 

Concentration (MAIC) 

The development of a standardised method for biofilm assessment has proven a difficult 

endeavour, primarily due to the nature of bacterial biofilm development which can vary and 

alter greatly. Presently, the methods and procedures developed and reported offer a number 

of key steps in order to produce consistent biofilm formations, with reportable and 

reproducible results. The inclusion of an attachment inhibition assessment was also a key step 

in the development of a future, standardised approach, as the prevention of bacterial 

attachment to surfaces should be treated as equally important in anti-biofilm studies as the 

inhibition and eradication of biofilm formations. While the use of CV staining and resazurin 

have been utilised in separate studies, the present study demonstrates the ability to 

successfully incorporate both methods of analysis into a single experiment, allowing for great 
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data yield which can report upon different aspects of biofilm behaviour. Furthermore, while 

previous resazurin studies used comparisons to plate counts, the present methods allow for 

a more accurate representation of actual biofilm bacterial counts, while also needing less 

materials and resources to finalise (Rosa et al. 2019, 2017; Pantanella et al. 2008).  

A noted drawback in the use of resazurin reduction analysis is the differing reduction rates 

between bacterial species. It was noted that S. aureus converted resazurin at a much higher 

rate than P. aeruginosa, which restricts the establishment of a standardised analysis protocol. 

Readings for analysis were taken from S. aureus at the 2-hour time points, and at the 4-hour 

time points for P. aeruginosa. The timepoints for S. aureus chosen as beyond 2 hours, the 

reduced resazurin signal was noted to drop. This is presumably due to the samples reaching 

the maximal conversion point, after which the converted resazurin was breaking down faster 

than new conversions were occurring. This is also possible due to the fact of acidic by products 

from S. aureus metabolism, which is known to cause further breakdown of reduced resazurin 

(Rampersad 2012; Driessche et al. 2014; Sandberg et al. 2009). The timepoints for P. 

aeruginosa were chosen because, due to its slow conversion rate, it was necessary to allow 

sufficient time for a response to produce from all test wells, while also not extending the time 

to unnecessary periods and thus increasing workload and necessary resources. While these 

extra steps cause additional work, they can be alleviated by inclusion of an additional pre-

step in order to determine the most appropriate time point from which to take measurements 

for each individual bacterial species. While this particular step was not performed in this 

particular study, through hourly measurements as standard, it was possible to identify the 

most suitable timepoint after the fact and use the results from those times. While this did 

cause longer run times overall and thus, greater use of resources, produced results were still 

satisfactory.  

5.4.3 Antibiofilm capabilities of chosen bioactives 

Through use of the methods and procedures described here, the total anti-biofilm capabilities 

of each individual bioactive, before and after polymer incorporation, were assessed against 

S. aureus and P. aeruginosa. The extended analysis included presently has given a greater 

insight into the activity of the chosen bioactives, and also into the bacterial and biofilm 

responses to each. Here, the bioactives will be discussed individually against P. aeruginosa 
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and S. aureus in terms of their attachment inhibition, biofilm inhibition and biofilm reduction. 

A overall, final summary of results is presented in Tables 5.1 and 5.2. 

AgNO3 versus P. aeruginosa  

AgNO3 reported highly effective attachment inhibition against P. aeruginosa at 

concentrations above 312.5 µg/mL. Resazurin analysis reported attachment inhibition of 

approximately 75% on lid pegs and plate well walls, while crystal violet analysis reported 

inhibition of 75% on plate well walls and 100% on lid pegs. Concentrations lower than 312.5 

µg/mL reported reduced attachment on plate well walls, however slight increases in 

attachment (up to approximately 45%) were observed on lid pegs. AgNO3-PVP exhibited 

differing results overall, with CV results showing highly effective inhibition of attachment on 

plate well walls while resazurin results indicate large increases in bacterial activity. These 

results indicate that AgNO3-PVP pre-treatment caused reduced physical biofilm formations 

with a number concentration of internal bacterial numbers. Similar results were observed 

against P. aeruginosa on lid pegs, with slight – moderate reduction in physical biofilm 

formations, as per CV staining, with increased internal cellular response note by increased 

resazurin reductions. 

Results also show highly effective inhibition of biofilm formations against P. aeruginosa on 

both lid pegs and plate well walls. Physical biofilm inhibition of up to 100% was noted at 

concentrations above 156.25 µg/mL, while lower concentrations reported no major effects 

against biofilm formations on plate wells and was even noted to cause increased biofilm 

formations on lid pegs (up to 50%). Other studies have reported P. aeruginosa biofilm 

inhibition at concentrations between 5 – 41.8 µg/mL (Pormohammad, Greening, and Turner 

2022).  Resazurin analysis also indicated similar inhibition at concentrations above 156.25 

µg/mL, with reduced cell numbers of up to 80% in biofilms grown on lid pegs and well walls 

while also indicating increases at lower concentrations in biofilms on lid pegs. AgNO3-PVP 

reported very comparable results from CV staining and resazurin reductions on both lid pegs 

and plate well walls.  

AgNO3 was not overly effective against P. aeruginosa biofilms grown on lid pegs, with CV 

staining indicating full reductions only at the highest test concentration 1250 µg/mL while 

other studies have reported much lower concentrations of 5 – 84 µg/mL causing complete 

reduction of P. aeruginosa biofilms (Pormohammad, Greening, and Turner 2022). Reductions 
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were seen to drop with the treatment concentration, with lower concentrations (39.06 – 

156.25 µg/mL) observed to cause increases in biofilm formations. AgNO3-PVP was, however, 

quite effective at eliminating P. aeruginosa biofilms on lid pegs, with reductions of approx. 

90% at concentrations above 156.25 µg/mL. Resazurin analysis demonstrated a much 

different effect, with complete reductions of bacterial biofilm numbers resulting from 

treatments of AgNO3 above 78.13 µg/mL. AgNO3-PVP too was shown to have great effect 

against biofilm bacterial numbers at concentrations above 156.25 µg/mL. The increase in 

physical biofilm formations may have been a defensive reaction produced by the biofilms in 

response to the initial treatment by AgNO3, which eventual had enough expose time to 

eliminate internal bacterial cells. Such an occurrence may indicate that while biofilms are able 

to identify the treatment, they fail completely at neutralising or removing the compound from 

its internal structure before it can have effect. Against P. aeruginosa biofilms grown on plate 

wells, AgNO3 and AgNO3-PVP demonstrated very effective reductions at concentrations 

above 78.13 µg/mL, as shown by both CV and resazurin analysis. At lower test concentrations, 

resazurin revealed a linear response to AgNO3-PVP which saw bacterial numbers increasing 

at the lowest test concentration of 9.77 µg/mL. However, CV staining showed a plateau of 

25% physical biofilm reductions at lower concentrations. This could indicate the mechanism 

of AgNO3 can cause physical biofilm disruptions even at low level treatments. Such an 

occurrence could hold great benefit in co-treatment applications.  

AgNO3 versus S. aureus  

AgNO3 and AgNO3-PVP did not hold effective inhibition against S. aureus attachment on lid 

pegs or plate well walls. There were reduced biofilm formations reported on lid pegs pre-

treated with AgNO3 at all concentrations, however internal biofilm populations were only 

reported to have reduced numbers at the higher test concentrations, which suggests positive 

effect against biofilm formations but only minor effects against the bacterial cells. AgNO3-PVP 

caused similar reductions at lower concentrations but was noted to result in greater biofilm 

formations and higher concentrations and much greater biofilm populations on lid pegs. This 

increase of internal cell numbers is notably significant to the concentration of pre-treatment, 

as higher concentrations resulted in greater numbers, a contradictive observation to the 

effect of AgNO3 alone which suggests a supportive influence of the polymer carrier upon cell 

health and replication within the biofilm. While AgNO3 and AgNO3-PVP pre-treatments results 
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in much larger biofilm formations on plate well walls, relative to treatment concentration, 

internal biofilm cell numbers were somewhat unaffected.  

AgNO3 exhibited notable inhibitory effect against S. aureus biofilm growth on lid pegs but 

showed limited effect against biofilm growth on plate well walls, with lower test 

concentrations even promoting biofilm growth. While this is not an ideal response, other 

studies have noted that silver requires extended exposure in order to exhibit full inhibitory 

effect (Namasivayam et al. 2012). While reductions of physical biofilm formations on lid pegs 

were noted at all test concentrations, internal biofilm populations were only affected at 

concentrations above 78.13 µg/mL. Similarly on plate well walls, while there were significant 

changes observed on physical biofilm formations, internal bacterial populations were only 

affected at concentrations above 156.25 µg/mL. While this observation holds insight into a 

greater effect of AgNO3 versus bacterial cells rather than biofilm formations, it also shows an 

interesting relationship between the size of biofilm formations and their internal population. 

 AgNO3-PVP also produced interesting results, with concentrations below 78.13 µg/mL 

causing huge increases of biofilm growth on lid pegs (up to 600%) while there was no reported 

change of internal bacterial numbers. While similar occurrence was observed with AgNO3 on 

plate well walls to a lesser extent, the unchanged bacterial populations suggest a mechanism 

wherein the physical biofilm formations can gather or collect a greater extent of materials for 

use in growth. Furthermore, this mechanism seems to occur independently of bacterial 

numbers, where large constructs can house a nominal number of cells.  

Biofilm reduction studies also support the impression that AgNO3 has a much greater effect 

against internal bacterial cells than the physical biofilm layers. While CV staining reports 

effective reduction of up to 75% on both lid pegs and plate well walls, resazurin studies 

reported reductions in cell numbers of up to 100%. It should also be mentioned, that AgNO3 

reported the highest reductions of physical biofilms throughout this study, which suggests 

that while the treatment was unable to completely eradicate 100% of the biofilm, it stands to 

reason that there would be some remnants or surface materials that could still bind CV and 

produce a response. In such cases, it may be more appropriate to pay emphasis on resazurin 

results. There was an interesting occurrence noted, where lower treatment concentrations of 

AgNO3-PVP caused an increase of internal population numbers in biofilms grown on lid pegs. 

Similar incident was noted in lower concentrations of AgNO3 against biofilms grown on plate 
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well walls, however the CV staining of both growth surfaces reported reductions in biofilm 

formations at these points. These events might suggest a relationship between resources 

used for biofilm formation and cell reproduction, where a loss of biofilm structure may leave 

additional resources for cell replication. 

Nisin versus P. aeruginosa   

As mentioned in previous chapters, nisin’s mechanism of action involves binding of the 

intramembrane bound molecule lipid-II, which is only possible against Gram positive bacteria 

which lack an outer membrane (Wiedemann et al. 2001). However, effects against Gram 

negative biofilm forming bacteria are not well documented, nor are effects against the 

physical biofilm formations. Results of the present study have shown nisin to hold a slight 

inhibitory effect upon P. aeruginosa bacterial attachment on both lid pegs and plate well 

walls. While the nisin-PVP held varying effects against attachment on lid pegs (with higher 

concentrations causing increased attachment) there was consistent inhibition on plate well 

walls. Such results suggest nisin holding some inhibitory effect upon cell attachment. 

However, while these observations hold some promise for initial reductions, resazurin 

analysis has reported different outcomes whereby there were slight to moderate increases in 

biofilm populations, particularly in plate wells pre-treated with nisin-PVP.   

Against growing biofilms, nisin appeared to elicit greater physical formations as well as larger 

internal populations of P. aeruginosa on peg lid. This increase in growth was proportional to 

the concentration of nisin treatment and would indicate a form of defensive response from 

P. aeruginosa. Other studies have reported effective reductions of P. aeruginosa biofilms 

from treatment with nisin, however such studies used different strains of P. aeruginosa and 

also held longer exposure times (Ghapanvari et al. 2022) Physical formation on peg lids also 

increased in response to nisin-PVP, however internal populations were relatively unaffected. 

A similar increase in both physical biofilm and internal biofilm populations was also observed 

with P. aeruginosa biofilm growth on plate well walls, however the response was triggered by 

nisin-PVP treatments. It was also noted that while the increase in biofilm activity was 

generally higher at all test concentrations, the peak increase was not as high as that observed 

from nisin treatments against lid pegs. Unexpectedly, nisin did cause slight reduction in 

biofilm formations on plate well walls at lower concentrations, but this effect was not 

reflected by internal biofilm populations. Furthermore, similar to lid peg studies, a large 
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increase in biofilm formations was noted at the highest concentration of nisin, however not 

to the same extent.  

Effects against established P. aeruginosa biofilm formations varied greatly for both nisin and 

nisin-PVP on lid pegs and plate well walls, with some test treatments causing slight reductions 

and other treatments causing slight – moderate increases. The resazurin analysis of biofilm 

populations gave more consistent results, with nisin and nisin-PVP causing increases of 

biofilm populations on both lid pegs and well walls at all concentrations. The largest increases 

were noted on lid pegs under treatment by nisin-PVP, which caused increases of up to ~95%. 

Nisin versus S. aureus 

Nisin demonstrated promising effects against S. aureus attachment on lid pegs, with 

moderate to high reductions in biofilm formations observed after pre-treatment with nisin, 

which increased with treatment concentrations. These reduced biofilm formations were also 

mirrored with reduced internal biofilm populations, revealing strong effect against biofilm 

forming S. aureus. Nisin-PVP did show some moderate reductions in biofilm formations, 

however it was noted to cause increases at the highest test concentration. Furthermore, 

resazurin analysis show little inhibitory effect upon internal populations, with highest 

concentration also causing increases. These results indicate a loss of activity from nisin 

following polymer incorporation, which also lead to increased biofilm formations at higher 

concentrations which may suggest that the polymer element may promote attachment. CV 

results from plate well wall analysis were very inconsistent, with no clear trend from either 

nisin or nisin-PVP. However there was a noted reduction in biofilm formation at the highest 

test concentration which matched the effects on lid pegs. There are clearer results from 

resazurin analysis which show no noteworthy impact upon internal biofilm populations 

following well wall surface pre-treatment with nisin-PVP. Nisin had a notable influence at the 

higher test range, with reductions of up to 75%, however lower concentrations did not hold 

much effect.  

Both nisin and nisin-PVP demonstrated great interruption in biofilm development on peg lids 

but did not hold similar efficacy against biofilm growth on well walls which reported very 

inconsistent results. These effects against physical biofilm formations did not parallel those 

observed against the internal biofilm populations, however the reported internal population 

reductions were comparable between plate well walls and lid pegs. Previous studies have 
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reported that sub-MIC levels of nisin was seen to upregulate expression of genes associated 

with bacterial adhesion and polymer matrix production (Shivaee et al. 2021). While nisin 

reported moderate to high reductions at the higher test concentrations, nisin-PVP did not 

report any such results. This again indicates a change or loss of activity from nisin following 

extrusion. 

Nisin appeared to have its highest effect against established biofilms, causing moderation 

reductions in biofilm formations and moderate to high reductions of internal populations. 

While the physical reductions were mostly consistent across the treatment range, reductions 

in cells numbers were higher proportional to treatment concentration. The greater effect of 

nisin against S. aureus viability within the biofilm has also been reported in other studies 

(Ceotto-Vigoder et al. 2016) There were, however, noted increases in biofilm formations at 

the highest concentration of nisin on lid pegs. Nisin-PVP held similar effects upon physical 

formations, however there were no reports of increased biofilm formations across the test 

range. While internal analysis reported increases in numbers of biofilm populations on lid 

pegs, there were noted reductions across the test range again biofilms on plate well walls. 

These observed effects of nisin-PVP do not adhere to previous occurrences of attachment or 

biofilm inhibitory studies. While the lowered effects of previous studies would suggest loss of 

effect due to polymer incorporation, the biofilm reduction study suggests otherwise. The 

reduced effect upon internal biofilm populations (in comparison to nisin) would suggest a 

hindered ability to infiltrate biofilm formations, however the present studies show that it held 

a lower effect as pre-treatment and co-treatment with developing biofilms in comparison to 

it being used as a direct treatment against already formed biofilms. The lower effects noted 

by attachment and biofilm inhibition studies may suggest the polymer component of nisin-

PVP to aid biofilm development, more so that the effect that its nisin component holds to 

hinder development. 

Chitosan versus P. aeruginosa   

Chitosan held varied effects upon P. aeruginosa biofilms, depending upon the stage of 

treatment application and surface. Pre-treatment using chitosan and chitosan-PVP produced 

a positive reduction in resulting biofilm formations and internal populations on lid pegs and 

plate wells. While chitosan appears to have hindered initial bacterial attachment, its viscid 

properties likely also caused residual material to remain on the surfaces, causing further 
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action upon cells within biofilms upon development. This can be identified on peg lids, where 

resulting biofilm formations varies largely, the internal biofilm populations are consistently 

reduced. This increased biofilm formation is like due to chitosan and PVP being incorporated 

into the biofilm matrix, and thus attaching CV dye. There does appear to be a trend of activity 

loss against the biofilm bacteria as the concentration increases in both chitosan and chitosan-

PVP. This is most evident in plate well walls studies as higher test concentrations of chitosan-

PVP were observed to cause an increase biofilm formations and internal biofilm populations. 

There was moderate biofilm inhibition observed on lid pegs and well walls at lower 

concentrations of chitosan, but was seen to promote attachment at higher concentrations, 

particularly on plate well walls where there were increases of up to 75%. Chitosan-PVP 

reported slight inhibition at the lowest and highest concentration on lid pegs only, with mid-

range concentrations on lid pegs causing moderate to high increases (proportional to 

concentrations). Like chitosan, higher concentrations of chitosan-PVP were noted to cause 

increases in biofilm formations on plate well walls, however there was no noteworthy 

inhibition at other test concentrations. Due to the complex composition of the biofilm matrix, 

it may be possible for external polymer materials to be incorporated into the biofilm during 

development. There appears to be a point at which the antimicrobial effects of chitosan 

become insignificant, and the polymer instead begins to aid in biofilm formation on plate well 

walls. Chitosan-PVP was also noted to have greater effect than chitosan alone, suggesting a 

supporting role of the PVP polymer in biofilm development as well. Effects against bacterial 

populations on plate well wall biofilms appeared to mirror the effects seen against the 

physical biofilm, with higher treatment concentrations resulting in increased bacterial 

numbers, however, the reported increases are of a much greater magnitude. The fact that 

chitosan and chitosan-PVP affect both internal and external biofilm further support that idea 

that they aid in biofilm development, as increases to physical biofilm alone would suggest 

that the polymers were just attaching to the biofilm matrix rather than supporting their 

development. There were some comparisons noted from the lid peg studies, however, while 

it was reported that chitosan-PVP was promoting biofilm growth, it was chitosan pre-

treatment that caused the greatest increase of biofilm population. Regardless, there is again 

a concentration point at which chitosan fails to inhibit biofilm and bacterial growth, and 

instead supports these developments. These observations do not reflect previous studies, 
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where chitosan coatings were reported to greatly reduced biofilm formations by a number of 

different bacterial species, including P. aeruginosa and S. aureus (Carlson et al. 2008) 

Chitosan failed to cause reductions of P. aeruginosa biofilms on lid pegs, both against physical 

formations and to the internal populations, however there was moderate reductions seen 

against biofilms grown on plate wells at lower concentrations and highest. The reduced 

activity against lid peg biofilms suggest that these biofilms hold stronger resilience compared 

to those grown on plate well walls. Results gained from plate well walls show these physical 

biofilms to be more susceptible to chitosan treatment, except at the mid-upper treatment 

range. Resazurin analysis reveals interesting occurrence, where the internal biofilm 

population increases proportional to increasing treatment concentration. This occurrence has 

also been identified in biofilm inhibition studies and suggests a defence mechanism of the P. 

aeruginosa bacteria to chitosan, in which they reproduce rapidly. Chitosan-PVP held distinct 

effects upon the mature biofilms, with a clear reduction in both physical biofilm and internal 

population, which was seen to increase with treatment concentration. Results suggest that 

chitosan-PVP holds a unique mechanism to interact with developed biofilms and remove 

them. The loss of physical biofilm and bacterial population support this idea, along with the 

fact that chitosan alone could not produce similar results. Other studies analysing chitosan 

and chitosan polymer mixtures have also found that chitosan showed increased adhesion and 

biofilm inhibition when used in combination with other polymers, specifically PVA (Y. Wu et 

al. 2018). 

Chitosan versus S. aureus  

Pre-treatment of surfaces with chitosan and chitosan-PVP did not confer an attachment 

inhibitory effect upon S. aureus cells, but instead was seen to greatly promote it. Physical 

biofilms were observed to increase up to approximately 250% when exposed to chitosan, and 

up to approximately 800% with chitosan-PVP on lid pegs. This was seen to increase 

proportional to the treatment concentration, which suggest that the antimicrobial effect of 

chitosan was holding no effect upon bacterial attachment to lid pegs and was just acting as 

an attachment medium for the cells. This is further supported by the fact that chitosan-PVP 

was having even greater effect, as both chitosan and PVP are polymer compounds which may 

aid attachment. This thought is somewhat supported by resazurin analysis, which shows a 

large increase in internal populations due to chitosan-PVP pre-treatment. While not as large 
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as increases seen of the biofilm itself, this does support the hypothesis that the PVP is greatly 

aiding attachment, as no such increase was seen in populations of biofilm surfaces pre-

treated with chitosan. Interestingly, there were moderate decreases of biofilm population 

across the test range for chitosan pre-treatment. This holds the notion that while the physical 

biofilm did benefit from pre-treatment with chitosan, the bioactive was still able to exhibit its 

antimicrobial abilities upon the developing internal bacteria.  

These observations do however oppose results gained from plate well wall analysis. While 

there were clear increases in biofilm formations due to pre-treatments, these growths were 

most noted at the lower test range and observed to decrease as treatment concentration 

increases. There were also instances of slight inhibition noted at higher concentrations of 

chitosan which suggests that S. aureus biofilms that settled on surfaces similar to plate well 

walls, were somewhat more susceptible to chitosan activity at higher concentrations. This 

would however require greater test concentrations to investigate. The resazurin results do 

give somewhat more insight, as there were slight inhibitory effect upon internal populations, 

this does suggest that the changes were only due to lower concentrations of the polymers 

aiding in bacterial attachment. While similar studies have noted effect inhibition of biofilm 

formations, and even reductions of viable bacterial S. aureus cells following chitosan, these 

studies used alternative forms of chitosan (Felipe et al. 2019) 

Treatments of chitosan and chitosan-PVP had hugely proliferating effects upon S. aureus 

biofilm development, causing massive increases in produced biofilms. These increases were 

mostly proportional to the treatment concentration but increases due to chitosan-PVP were 

much greater at lower concentrations. While there were great increases observed on plate 

well walls, the magnitude of the increases on lid pegs were much greater. Resazurin analysis 

reveals that while there were increases in biofilm formations on plate well walls, the internal 

populations were reduced slightly. This suggests that the response was primarily physical, 

whereby the treatment polymers were interacting and binding to the developing biofilms, 

causing the increased growths. Resazurin analysis of lid pegs presented an alternative 

phenomenon, wherein the biofilm population also increased in response to chitosan 

treatment. These increases matched with the largest increases in physical biofilm formations, 

indicating a correlation. It is quite possible that the treatment elicited a defence response 

from S. aureus biofilm bacteria, causing upregulated growth and replication. The fact this only 
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occurs on lid pegs suggests that the bacteria undergo a dramatic shift once they attached to 

such surfaces. The difference between bacteria which attach to lid pegs and well wall surfaces 

can only be speculated at this point, but the present results are indicating a definite 

divergence of the bacterial cells behaviours.  

Treatments of developed biofilms also results in large increases in biofilm formations, on both 

lid pegs and plate well walls. There was an odd trend of the growth peaking in the mid 

treatment concentration range in both instances. This suggests that the increasing amount of 

polymer was adding to the formed biofilm and increasing its physical formation to a point, 

after which the amount of chitosan present began to influence the biofilm formations. While 

this did not lead to a reduction of the biofilm, internal population analysis did reveal that the 

populations were reduced, which was also seen to occur at higher concentrations indicating 

that the chitosan was exhibiting its antimicrobial effects, even though the physical biofilm 

formations were increasing. There were, however, increases in bacterial populations noted 

on lid pegs at lower concentrations of chitosan-PVP which relate to the major increases in 

biofilm formations. While the reduction in cell numbers caused by chitosan and chitosan-PVP 

treatment is beneficial, the huge increase is physical formations could pose greater issue.  

 

ZnO versus P. aeruginosa   

 Pre-treatment with ZnO exhibited slight attachment inhibition of P. aeruginosa on lid pegs, 

which was noted to increase with treatment concentration. However this inhibitory effect 

was not observed against P. aeruginosa attachment on plate well walls. While there was slight 

inhibition at lower concentrations, higher concentrations were seen to increase attachment, 

as determined by greater biofilm formations. This observation supports the previous theory 

that P. aeruginosa has greater biofilm formations on plate wells compared to lid pegs, which 

hold more resilience towards to treatment. ZnO-PVP exhibited similar effects against bacterial 

attachment on lid pegs, however it was noted to cause increased attachment on lid pegs. This 

is a similar occurrence observed in several other attachment studies and suggests the PVP 

polymer component of treatments to aid in bacterial attachment.  

While CV analysis has revealed reduced physical biofilm formations on lid pegs, resazurin 

analysis indicates a negative effect of ZnO and ZnO-PVP pre-treatments where biofilm 
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populations were reported to have metabolised resazurin much faster, suggesting greater 

bacterial numbers even though the physical biofilm itself was reduced. However, comparing 

both results may suggest another situation, where the remaining bacteria population has an 

altered metabolic rate in response to the external pressures caused by the treatments. 

However, such theory would require further studies to confirm. While analysis of plate wells 

shows decreased biofilm populations at lower concentration ranges, there was a large 

increase noted in the highest pre-treatment concentration of ZnO-PVP.  

Both ZnO and ZnO-PVP treatment demonstrated quite effective inhibition of biofilm growth 

on peg lids, with ZnO-PVP showing much greater effect. These effects were not reflected in 

results of plate well analysis, which exhibited minor inhibition at lower concentrations, and 

then was shown to cause increased biofilm formations at higher concentrations. This again 

suggests P. aeruginosa biofilm growth to be more resilient on plate wells while also 

responding by upregulating physical growth. Previous studies analysing ZnO effects versus P. 

aeruginosa biofilms found it to hold very effective biofilm inhibition against those grow on 

plate well walls, however these studies produced their own ZnO-NPs which may hold much 

different effect that the ZnO used presently (Sangani, Moghaddam, and Forghanifard 2015). 

ZnO-PVP was seen to cause greater increases at mid-range treatments, however ZnO alone 

caused the highest increase at the max test concentration. This the ZnO-PVP results suggest 

the PVP polymer to aid in biofilm growth, the ZnO results suggests the increases to be a 

bacterial response to stress. Similar to results from attachment studies, the reduced biofilm 

formations on lid pegs were seen to have greater resazurin metabolism, suggesting either 

increase bacterial numbers or altered metabolic activity. Regardless of the true nature of this 

increased response, it appears that ZnO alone caused the greater effect, resulting in much 

greater response. ZnO-PVP appears as the more effect treatment in these regards, as it 

caused the greater reduction in biofilm formations and did not increase resazurin metabolism 

significantly. However, analysis of plate wells shows an increase in bacterial activity, which 

increased with treatment concentration, and it was also noted that ZnO held a much greater 

effect overall. Analysis overall suggests ZnO and ZnO-PVP to be quite ineffective against more 

robust P. aeruginosa biofilms, such as those grown on plate well walls.  

Both ZnO and ZnO-PVP exhibited effective reductions of P. aeruginosa biofilms, however ZnO-

PVP was more effective against biofilms on lid pegs and plate well walls. Unlike previous 
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studies, there was a greater effect noted against biofilm on plate wells. While there were 

notable reductions of biofilm formations at all concentrations, resazurin analysis reported 

increases in bacterial activity in response to both ZnO and ZnO-PVP on lid pegs, but only ZnO 

caused increased activity on plate well walls. Results indicate ZnO and ZnO-PVP to be more 

effective at reducing formed P. aeruginosa biofilms rather than inhibiting attachment and 

growth, moreover, it appears that ZnO-PVP to be most effective in this with regards to 

reduced biofilm formations and also unaltered bacterial activity. 

ZnO versus S. aureus 

Pre-treatment exposure with ZnO or ZnO-PVP did not exhibit favourable effects upon S. 

aureus attachment, with the majority of test concentrations causing increased attachment on 

both lid pegs and plate well walls. There is a recognisable trend on plate well walls where 

increasing the concentration of the pre-treatments caused increased attachment, however 

there was no such trend seen on lid pegs. Previous growth analysis has shown S. aureus 

biofilms to develop stronger and more consistently on plate well walls in comparison to lid 

pegs, which suggests that the pre-treatments were not adequate to prevent initial 

attachment on the plate well walls but still held effect enough causing the biofilm growth to 

respond, resulting in greater formations. This too can explain responses from lid pegs, where 

initial attachment and growth is normally weaker. There is a higher growth response in mid-

range concentrations, which are similar to those seen on plate well walls, however at higher 

concentrations of ZnO, these are seen to return to null effects, with partial inhibition, 

suggesting there is an effect. However, there is still no obvious inhibition observed. 

Furthermore, ZnO-PVP was seen to cause much higher biofilm formations at higher 

concentrations, which suggests the polymer component to aid in attachment and biofilm 

development, an occurrence noted in other parts of this study. Resazurin analysis reveals little 

to no effect upon internal biofilm populations due to ZnO and ZnO-PVP pre-treatment, 

indicating that the growth responses to ZnO and ZnO-PVP is related to the physical biofilm 

only and not to the bacterial cell numbers. ZnO inability to affect bacterial cell populations 

may be due the bacteria’s physical changes upon initiating biofilm development. ZnO main 

mechanism of action involves interacting with bacterial cell membranes, causing ruptures in 

the outer layers. A number of previous studies have noted a large shift in a bacteria’s genetic 

and physical behaviour upon initiating biofilm development, with one such change being the 
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loss of a solid, membrane form (Melchior, Vaarkamp, and Fink-Gremmels 2006). This loss of 

a cellular membrane may disable ZnO from interacting with the actual bacterial cells. 

Biofilm inhibition studies show similar behaviours observed from attachment inhibition 

studies.  While lower concentrations of ZnO and ZnO-PVP had no major impact against biofilm 

growth on plate well walls, higher concentrations were seen to cause huge increases in 

growth. However, this increase was seen to peak at the mid-range of test concentration, and 

was not as great at higher concentrations, suggesting that even higher concentrations of ZnO 

and ZnO-PVP may even inhibit growth. Unfortunately, such concentrations were not 

attainable during this study and so such effects cannot be confirmed. 

While ZnO was observed to cause some increases of S. aureus biofilms growing on lid pegs, 

ZnO-PVP held tremendous influence on biofilm growth. Biofilm formations were noted to 

increase up to 1500% in mid-range concentrations of ZnO-PVP, suggesting a major mechanism 

of influence upon physical growth caused by the inclusion of the PVP polymer which has also 

been noted in other results from the present study, although not to this magnitude. While 

physical biofilm growth was noted to vastly increase, resazurin analysis indicates that ZnO-

PVP instead caused reductions in biofilm populations. This decrease was seen to follow ZnO-

PVP treatment concentration, with the highest decrease at the highest concertation. 

Comparison of CV and resazurin results show no correlation between responses, suggesting 

that the antimicrobial effects of ZnO-PVP hold no influence upon physical biofilm growth but 

can effectively reduce internal cell numbers. In comparison to ZnO results, the inclusion of 

the PVP polymer appears to be vital for this effect to occur. While ZnO alone did reduce final 

cell numbers at higher concentrations, in mid to lower concentrations it was noted to increase 

final cell numbers. Analysis of internal biofilm populations grown on plate well walls show no 

major effect caused by ZnO or ZnO-PVP, reporting results similar to those seen in attachment 

inhibition studies.  

As noted during the biofilm inhibition study, results have suggested that ZnO-PVP is unable 

to exhibit an inhibitory effect upon physical biofilm developments on lid pegs but is effective 

at reducing internal cell numbers. This observation is further supported by results of biofilm 

reduction studies, which report large increases in physical S. aureus biofilms (on both lid pegs 

and plate well walls) in response to ZnO-PVP treatments. Similarly to results gathered from 

the biofilm inhibition studies, lower concentrations of ZnO-PVP were noted to cause slight 
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increases in biofilm populations but shifts to reductions as concentrations increase. 

Furthermore, the observed responses of physical biofilm and internal population do not 

correlate to one another, again supporting the notion that ZnO-PVP cannot hinder or 

eradicate physical biofilm formations but is quite effective at reducing the internal population 

numbers.  

In contrast to the previous results, ZnO reported successful reductions in physical biofilm 

formations on lid pegs. These reductions were observed equally across the concentration 

range, suggesting that the amount of ZnO needed to carry out this effect is irrelevant. These 

results are also reported in other studies assessing ZnO-NPs against S. aureus biofilms 

(Abdelghafar, Yousef, and Askoura 2022). However, study of the internal population shows 

different. While reduction of internal bacterial populations were noted at all concentrations, 

the magnitude of reduction was noted to increase with treatment concentration. Results also 

show more robust biofilm growth on plate well walls, as indicated by resilience of the physical 

biofilm to ZnO treatment. However, internal studies indicate a sensitivity of bacterial 

population to higher concentrations of ZnO. These noted reduction correlate with a slight 

reduction in physical biofilm formations which is noted at the highest concentrations of ZnO.  

 

5.5  Conclusion 

Biofilms and biofilm-mediated resistance are important and developing areas of study in the 

understanding of antimicrobial resistance, which may open a number of avenues for the 

successful treatment of biofilm mediated infections and other biofilm related incidents. 

During the present study, a number of methods have been adapted and modified in order to 

allow for high throughput, anti-biofilm screening analysis which may aid in the future study 

of biofilm forming bacteria. While there are several standardised protocols for biofilm 

analysis, the present methods have built upon these and added what are considered 

important enhancements for comprehensive understanding of biofilm and anti-biofilm 

behaviour. Results gained have supported the inclusion of these additional elements and offer 

a more comprehensive evaluation of the bacterial biofilms and the utilised antimicrobial 

compounds. 
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Findings have shown that each of the four bioactive compounds affect P. aeruginosa and S. 

aureus biofilm developments in different capacities, which can be further altered if utilized as 

part of a polymer compound. A summary of the current findings is presented in Tables 5.1 

and 5.2, which gives a clearer visualisation of the following key points with regards each 

bioactive effect against each bacterial species, at each stage of biofilm development. Studies 

have also indicated a clear preference of P. aeruginosa and S. aureus biofilms to grow on plate 

well walls. Furthermore, treatment studies have shown that biofilm developments on well 

walls are more resistant to treatments. 

AgNO3 showed highly effective anti-biofilm capabilities against P. aeruginosa however, it was 

less effective as a pre-treatment in its polymer form. When used to treat S. aureus, it was 

quite ineffective as a pre-treatment. As a co-treatment, it was somewhat effective against 

physical formations when used as AgNO3 but was seen to be highly effective against internal 

bacterial populations. As a treatment to fully formed biofilms, AgNO3 was very effective, 

especially against internal populations. AgNO3-PVP was, however, quite ineffective as a 

treatment.  

Nisin and nisin-PVP were not effective against P. aeruginosa biofilms at any stage of 

development and were instead noted to cause increased biofilm activity. Nisin was very 

effective as a pre-treatment against S. aureus biofilms on lid pegs, but not against those on 

plate well walls. Nisin-PVP showed some promise as a pre-treatment on lid pegs, but 

otherwise was ineffective. As a cotreatment, nisin was quite effective against S. aureus 

biofilms forming on lid pegs but had little effect against biofilms on plate well walls. Nisin-PVP 

has some effect against physical formations on lid pegs but was very ineffective against well 

wall biofilms. As a treatment, nisin and nisin-PVP held varying degrees of efficacy against S. 

aureus biofilms formed on lid pegs and plate well walls, but with an overall net reduction at 

most concentrations. Furthermore, nisin was noted to be very effective at reducing internal 

population numbers of biofilms grown on both lid pegs and well walls.  

Chitosan and chitosan-PVP pre-treatment was quite ineffective against reducing P. 

aeruginosa formations on lid pegs but was somewhat effective at causing reduced bacterial 

numbers. Chitosan and chitosan-PVP were somewhat effective against bacterial attachment 

on plate well walls, however higher chitosan-PVP has very negative effects. Overall, chitosan 

and chitosan-PVP were highly ineffective as pre-treatments for S. aureus attachment and 
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biofilm inhibition. Chitosan and chitosan-PVP were also highly ineffective as cotreatments for 

the inhibition of biofilm growth against S. aureus but also against P. aeruginosa. As treatments 

for established biofilms, chitosan and chitosan-PVP were also unsuitable against S. aureus and 

P. aeruginosa. While there were some positive results for physical or cell number reductions, 

the negative results greatly overshadowed these.  

ZnO and ZnO-PVP were ineffective as pre-treatments against S. aureus and P. aeruginosa 

attachment and biofilm formation. As co-treatments, there was positive efficacy seen against 

P. aeruginosa biofilms on peg lids, however internal population analysis results was not 

desirable. In contrast, ZnO-PVP co-treatment appeared to reduce bacterial numbers on lid 

pegs, however the major increase to physical biofilms reduces this positive effect. As 

treatments, ZnO and ZnO-PVP were quite effect against physical P. aeruginosa biofilms on 

both peg lids and plate well walls; however, were noted to cause increases of internal 

populations. ZnO appeared to be very effective against S. aureus biofilms on lid pegs, while 

ZnO-PVP was highly ineffective against physical biofilms on the lid pegs, it was very effective 

at reducing cell numbers at higher concentrations. Against physical S. aureus biofilms on plate 

well walls, ZnO and ZnO-PVP were very ineffective; however, they both appeared to have 

great effect in reducing internal populations at higher concentrations.  

In conclusion, the present results indicate varying strengths of each bioactive against both 

bacteria under different test conditions. While some treatments were effective against the 

external, physical biofilm formations, others were more effective against internal bacterial 

cell populations. Other results suggest that, while there was no major reduction or inhibition  

upon physical biofilm development or internal bacterial population numbers, slight alteration 

of treatments could otherwise result in vastly different outcomes. The possibility of these 

chosen bioactives to perform in combination with one another could result in achieving much 

more effective anti-biofilm treatments and even unlocking some treatments inability to affect 

the bacterial biofilms. As such, the four bioactives will be assessed in a series of combinational 

studies to determine their potential synergistic abilities from an antimicrobial and biofilm 

disruptive perspective.   
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5.6 Figures 

5.6.1 Bacterial Attachment Inhibition 
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Figure 5.1 Crystal Violet Evaluation of Silver Nitrate Bacterial Attachment Inhibition 
Bars represent mean % inhibition of bacterial attachment by silver nitrate (AgNO3) and silver nitrate 
following HME (AgNO3-PVP) across a range of concentrations (µg/mL) against S. aureus and P. aeruginosa 
biofilm forming bacteria. Biofilms were quantified by use of crystal violet staining, solubilisation and 
measurement of absorbance. Inhibition was determined by reduced physical biofilm growth in comparison 
to the untreated growth control (GC), following 24 hours incubation, at 37°C. Error bars represent SEM, 
N=3.  
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Figure 5.2 Resazurin Evaluation of Silver Nitrate Attachment Inhibition.  
Bars represent mean % inhibition of bacterial attachment by silver nitrate (AgNO3) and silver nitrate 
following HME (AgNO3-PVP), across a range of concentrations (µg/mL) against S. aureus and P. aeruginosa 
biofilms. Attachment inhibition was determined by reduced bacterial populations in the final biofilm 
following 24 hours incubation, at 37°C. Biofilms were exposed to resazurin solution and converted 
resazurin was measured fluorescently (Excitation: 528/20, Emission: 590/35). Responses from treated 
biofilms were compared to response of untreated growth control (GC) biofilm to determine differences in 
cell numbers. Significant changes in values before and after polymer incorporation were determined by 
use of two-way ANOVA, with Sidak's multiple comparisons test, and expressed in terms of P value 
following the APA style (* p<0.05, ** p<0.01, *** p<0.001). Error bars represent SEM, N=3.  
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Figure 5.3 Crystal Violet Evaluation of Nisin Bacterial Attachment Inhibition.   
Bars represent mean % inhibition of bacterial attachment by nisin and nisin following HME (nisin-PVP) 
across a range of concentrations (µg/mL) against S. aureus and P. aeruginosa biofilm forming bacteria. 
Biofilms were quantified by use of crystal violet staining, solubilisation, and measurement of absorbance. 
Inhibition was determined by reduced physical biofilm growth in comparison to the untreated growth 
control (GC), following 24 hours incubation, at 37°C. Significant changes in values before and after polymer 
incorporation were determined by use of two-way ANOVA, with Sidak's multiple comparisons test, and 
expressed in terms of P value following the APA style (* p<0.05, ** p<0.01, *** p<0.001). Error bars 
represent SEM, N=3.  
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Figure 5.4 Resazurin Evaluation of Nisin Attachment Inhibition.  
Bars represent mean % inhibition of bacterial attachment by nisin and nisin following HME (nisin-PVP), 
across a range of concentrations (µg/mL) against S. aureus and P. aeruginosa biofilms. Attachment 
inhibition was determined by reduced bacterial populations in the final biofilm following 24 hours 
incubation, at 37°C. Biofilms were exposed to resazurin solution and converted resazurin was measured 
fluorescently (Excitation: 528/20, Emission: 590/35). Responses from treated biofilms were compared to 
response of untreated growth control (GC) biofilm to determine differences in cell numbers. Significant 
changes in values before and after polymer incorporation were determined by use of two-way ANOVA, 
with Sidak's multiple comparisons test, and expressed in terms of P value following the APA style (* p<0.05, 
** p<0.01, *** p<0.001). Error bars represent SEM, N=3.  
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Figure 5.5 Crystal Violet Evaluation of Chitosan Bacterial Attachment Inhibition.  
Bars represent mean % inhibition of bacterial attachment by chitosan and nisin following HME (chitosan-
PVP) across a range of concentrations (µg/mL) against S. aureus and P. aeruginosa biofilm forming 
bacteria. Biofilms were quantified by use of crystal violet staining, solubilisation, and measurement of 
absorbance. Inhibition was determined by reduced physical biofilm growth in comparison to the untreated 
growth control (GC), following 24 hours incubation, at 37°C. Significant changes in values before and after 
polymer incorporation were determined by use of two-way ANOVA, with Sidak's multiple comparisons 
test, and expressed in terms of P value following the APA style (* p<0.05, ** p<0.01, *** p<0.001). Error 
bars represent SEM, N=3.  
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Figure 5.6 Resazurin Evaluation of Chitosan Attachment Inhibition.  
Bars represent mean % inhibition of bacterial attachment by chitosan and chitosan following HME 
(chitosan-PVP), across a range of concentrations (µg/mL) against S. aureus and P. aeruginosa biofilms. 
Attachment inhibition was determined by reduced bacterial populations in the final biofilm following 24 
hours incubation, at 37°C. Biofilms were exposed to resazurin solution and converted resazurin was 
measured fluorescently (Excitation: 528/20, Emission: 590/35). Responses from treated biofilms were 
compared to response of untreated growth control (GC) biofilm to determine differences in cell numbers. 
Significant changes in values before and after polymer incorporation were determined by use of two-way 
ANOVA, with Sidak's multiple comparisons test, and expressed in terms of P value following the APA style 
(* p<0.05, ** p<0.01, *** p<0.001). Error bars represent SEM, N=3.  
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Figure 5.7 Crystal Violet Evaluation of Zinc Oxide Bacterial Attachment Inhibition.  
Bars represent mean % inhibition of bacterial attachment by zinc oxide (ZnO) and zinc oxide following HME 
(ZnO-PVP) across a range of concentrations (µg/mL) against S. aureus and P. aeruginosa biofilm forming 
bacteria. Biofilms were quantified by use of crystal violet staining, solubilisation, and measurement of 
absorbance. Inhibition was determined by reduced physical biofilm growth in comparison to the untreated 
growth control (GC), following 24 hours incubation, at 37°C. Significant changes in values before and after 
polymer incorporation were determined by use of two-way ANOVA, with Sidak's multiple comparisons 
test, and expressed in terms of P value following the APA style (* p<0.05, ** p<0.01, *** p<0.001). Error 
bars represent SEM, N=3.  
 



Chapter 5 Assessment of Biofilm Disruption Capabilities 

159 

50
00

.00

25
00

.00

12
50

.00

62
5.0

0

31
2.5

0

15
6.2

5
78

.13
39

.06
19

.53

-150

-125

-100

-75

-50

-25

0

25

50

ZnO Attachment Inhibition vs P. aeruginosa on Lid Pegs
(Resazurin)

Concentration (µg/mL)

%
In

hi
bi

tio
n

ZnO

ZnO-PVP

50
00

.00

25
00

.00

12
50

.00

62
5.0

0

31
2.5

0

15
6.2

5
78

.13
39

.06
19

.53

-150

-100

-50

0

50

ZnO Attachment Inhibition vs P. aeruginosa on Plate Wells
(Resazurin)

Concentration (µg/mL)

%
 In

hi
bi

tio
n

ZnO

ZnO-PVP

25
00

.00

12
50

.00

62
5.0

0

31
2.5

0

15
6.2

5
78

.13
39

.06
19

.53 9.7
7

-75

-50

-25

0

25

50

75

100

ZnO Attachment Inhibition against S. aureus
on Lid Pegs (Rezasurin)

Concentration (µg/mL)

%
 In

hi
bi

tio
n

ZnO

ZnO-PVP

25
00

.00

12
50

.00

62
5.0

0

31
2.5

0

15
6.2

5
78

.13
39

.06
19

.53

-25

0

25

50

75

100 ZnO Attachment Inhibition against S. aureus
on Plate Wells (Rezasurin)

Concentration (µg/mL)

%
 In

h
ib

it
io

n
ZnO

ZnO-PVP

 

Figure 5.8 Resazurin Evaluation of Zinc Oxide Attachment Inhibition.  
Bars represent mean % inhibition of bacterial attachment by zinc oxide (ZnO) and zinc oxide following HME 
(ZnO-PVP), across a range of concentrations (µg/mL) against S. aureus and P. aeruginosa biofilms. 
Attachment inhibition was determined by reduced bacterial populations in the final biofilm following 24 
hours incubation, at 37°C. Biofilms were exposed to resazurin solution and converted resazurin was 
measured fluorescently (Excitation: 528/20, Emission: 590/35). Responses from treated biofilms were 
compared to response of untreated growth control (GC) biofilm to determine differences in cell numbers. 
Significant changes in values before and after polymer incorporation were determined by use of two-way 
ANOVA, with Sidak's multiple comparisons test, and expressed in terms of P value following the APA style 
(* p<0.05, ** p<0.01, *** p<0.001). Error bars represent SEM, N=3.  
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Figure 5.9 Crystal Violet Evaluation of Silver Nitrate Biofilm Growth Inhibition.  
Bars represent mean % inhibition of biofilm growth by silver nitrate (AgNO3) and silver nitrate following 
HME (AgNO3-PVP) across a range of concentrations (µg/mL) against S. aureus and P. aeruginosa biofilm 
forming bacteria. Biofilms were quantified by use of crystal violet staining, solubilisation, and 
measurement of absorbance. Inhibition was determined by reduced physical biofilm growth in comparison 
to the untreated growth control (GC), following 24 hours incubation, at 37°C. Significant changes in values 
before and after polymer incorporation were determined by use of two-way ANOVA, with Sidak's multiple 
comparisons test, and expressed in terms of P value following the APA style (* p<0.05, ** p<0.01, *** 
p<0.001). Error bars represent SEM, N=3.  
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Figure 5.10 Resazurin Evaluation of Silver Nitrate Biofilm Inhibition.  
Bars represent mean % inhibition of biofilm development by silver nitrate (AgNO3) and silver nitrate 
following HME (AgNO3-PVP), across a range of concentrations (µg/mL) against S. aureus and P. aeruginosa 
biofilms. Biofilm growth inhibition was determined by reduced bacterial populations in the final biofilm 
following 24 hours incubation, at 37°C. Biofilms were exposed to resazurin solution and converted 
resazurin was measured fluorescently (Excitation: 528/20, Emission: 590/35). Responses from treated 
biofilms were compared to response of untreated growth control (GC) biofilm to determine differences in 
cell numbers. Significant changes in values before and after polymer incorporation were determined by 
use of two-way ANOVA, with Sidak's multiple comparisons test, and expressed in terms of P value 
following the APA style (* p<0.05, ** p<0.01, *** p<0.001). Error bars represent SEM, N=3.  
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Figure 5.11 Crystal Violet Evaluation of Nisin Biofilm Growth Inhibition.  
Bars represent mean % inhibition of biofilm growth by nisin and nisin following HME (nisin-PVP) across a 
range of concentrations (µg/mL) against S. aureus and P. aeruginosa biofilm forming bacteria. Biofilms 
were quantified by use of crystal violet staining, solubilisation, and measurement of absorbance. Inhibition 
was determined by reduced physical biofilm growth in comparison to the untreated growth control (GC), 
following 24 hours incubation, at 37°C. Significant changes in values before and after polymer 
incorporation were determined by use of two-way ANOVA, with Sidak's multiple comparisons test, and 
expressed in terms of P value following the APA style (* p<0.05, ** p<0.01, *** p<0.001). Error bars 
represent SEM, N=3.  
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Figure 5.12 Resazurin Evaluation of Nisin Biofilm Inhibition.  
Bars represent mean % inhibition of biofilm development by nisin and nisin following HME (Nisin-PVP), 
across a range of concentrations (µg/mL) against S. aureus and P. aeruginosa biofilms. Biofilm growth 
inhibition was determined by reduced bacterial populations in the final biofilm following 24 hours 
incubation, at 37°C. Biofilms were exposed to resazurin solution and converted resazurin was measured 
fluorescently (Excitation: 528/20, Emission: 590/35). Responses from treated biofilms were compared to 
response of untreated growth control (GC) biofilm to determine differences in cell numbers. Significant 
changes in values before and after polymer incorporation were determined by use of two-way ANOVA, 
with Sidak's multiple comparisons test, and expressed in terms of P value following the APA style (* p<0.05, 
** p<0.01, *** p<0.001). Error bars represent SEM, N=3.  
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Figure 5.13 Crystal Violet Evaluation of Chitosan Biofilm Growth Inhibition.  
Bars represent mean % inhibition of biofilm growth by chitosan and chitosan following HME (Chitosan-PVP) 
across a range of concentrations (µg/mL) against S. aureus and P. aeruginosa biofilm forming bacteria. 
Biofilms were quantified by use of crystal violet staining, solubilisation, and measurement of absorbance. 
Inhibition was determined by reduced physical biofilm growth in comparison to the untreated growth 
control (GC), following 24 hours incubation, at 37°C. Significant changes in values before and after polymer 
incorporation were determined by use of two-way ANOVA, with Sidak's multiple comparisons test, and 
expressed in terms of P value following the APA style (* p<0.05, ** p<0.01, *** p<0.001). Error bars 
represent SEM, N=3.  

 
 



Chapter 5 Assessment of Biofilm Disruption Capabilities 

165 

50
00

.00

25
00

.00

12
50

.00

62
5.0

0

31
2.5

0

15
6.2

5
78

.13
39

.06
19

.53

-150

-100

-50

0

50

Chitosan Biofilm Inhibition vs P. aeruginosa on Lid Pegs
(Resazurin)

%
 In

h
ib

it
io

n Chitosan

Chitosan-PVP

** *

25
00

.00

12
50

.00

62
5.0

0

31
2.5

0

15
6.2

5
78

.13
39

.06
19

.53

-275

-250

-225

-200

-175

-150

-125

-100

-75

-50

-25

0

25

50

Chitosan Biofilm Inhibition vs P. aeruginosa on Plate Wells
(Resazurin)

Concentration (µg/mL)

%
 In

hi
bi

tio
n Chitosan

Chitosan-PVP

 

25
00

.00

12
50

.00

62
5.0

0

31
2.5

0

15
6.2

5
78

.13
39

.06
19

.53 9.7
7

-100

-75

-50

-25

0

25

50

Chitosan Biofilm Inhibition against S. aureus
on Lid Pegs (Rezasurin)

%
 In

h
ib

it
io

n

Chitosan-PVP

Chitosan
* **

25
00

.00

12
50

.00

62
5.0

0

31
2.5

0

15
6.2

5
78

.13
39

.06
19

.53 9.7
7

-25

0

25

50

75

100

Chitosan Biofilm Inhibition against S. aureus
on Plate Wells (Rezasurin)

Concentration (µg/mL)

%
 In

hi
bi

tio
n

Chitosan

Chitosan-PVP

** **

 

Figure 5.14 Resazurin Evaluation of Chitosan Biofilm Inhibition.  
Bars represent mean % inhibition of biofilm development by chitosan and chitosan following HME 
(Chitosan-PVP), across a range of concentrations (µg/mL) against S. aureus and P. aeruginosa biofilms. 
Biofilm growth inhibition was determined by reduced bacterial populations in the final biofilm following 24 
hours incubation, at 37°C. Biofilms were exposed to resazurin solution and converted resazurin was 
measured fluorescently (Excitation: 528/20, Emission: 590/35). Responses from treated biofilms were 
compared to response of untreated growth control (GC) biofilm to determine differences in cell numbers. 
Significant changes in values before and after polymer incorporation were determined by use of two-way 
ANOVA, with Sidak's multiple comparisons test, and expressed in terms of P value following the APA style 
(* p<0.05, ** p<0.01, *** p<0.001). Error bars represent SEM, N=3.  
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Figure 5.15 Crystal Violet Evaluation of Zinc Oxide Biofilm Growth Inhibition.  
Bars represent mean % inhibition of biofilm growth by zinc oxide (ZnO) and zinc oxide following HME (ZnO-
PVP) across a range of concentrations (µg/mL) against S. aureus and P. aeruginosa biofilm forming bacteria. 
Biofilms were quantified by use of crystal violet staining, solubilisation, and measurement of absorbance. 
Inhibition was determined by reduced physical biofilm growth in comparison to the untreated growth 
control (GC), following 24 hours incubation, at 37°C. Significant changes in values before and after polymer 
incorporation were determined by use of two-way ANOVA, with Sidak's multiple comparisons test, and 
expressed in terms of P value following the APA style (* p<0.05, ** p<0.01, *** p<0.001). Error bars 
represent SEM, N=3.  
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Figure 5.16 Resazurin Evaluation of Zinc Oxide Biofilm Inhibition.  
Bars represent mean % inhibition of biofilm development by zinc oxide (ZnO) and zinc oxide following HME 
(ZnO-PVP), across a range of concentrations (µg/mL) against S. aureus and P. aeruginosa biofilms. Biofilm 
growth inhibition was determined by reduced bacterial populations in the final biofilm following 24 hours 
incubation, at 37°C. Biofilms were exposed to resazurin solution and converted resazurin was measured 
fluorescently (Excitation: 528/20, Emission: 590/35). Responses from treated biofilms were compared to 
response of untreated growth control (GC) biofilm to determine differences in cell numbers. Significant 
changes in values before and after polymer incorporation were determined by use of two-way ANOVA, 
with Sidak's multiple comparisons test, and expressed in terms of P value following the APA style (* p<0.05, 
** p<0.01, *** p<0.001). Error bars represent SEM, N=3.  
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Figure 5.17 Crystal Violet Evaluation of Silver Nitrate Biofilm Reduction.  
Bars represent mean % reduction of biofilm formations by silver nitrate (AgNO3) and silver nitrate 
following HME (AgNO3-PVP), across a range of concentrations (µg/mL) against S. aureus and P. aeruginosa 
biofilms. Physical biofilms were quantified by use of crystal violet staining, solubilisation, and measurement 
of absorbance (595nm). Reduction was determined by reduced crystal violet response following treatment 
in comparison to the untreated growth control (GC) biofilms following 24 hours incubation, at 37°C. 
Significant changes in values before and after polymer incorporation were determined by use of two-way 
ANOVA, with Sidak's multiple comparisons test, and expressed in terms of P value following the APA style 
(* p<0.05, ** p<0.01, *** p<0.001). Error bars represent SEM, N=3.  
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Figure 5.18 Resazurin Evaluation of Silver Nitrate Biofilm Reduction.  
Bars represent mean % reduction of developed biofilms by silver nitrate (AgNO3) and silver nitrate 
following HME (AgNO3-PVP), across a range of concentrations (µg/mL) against S. aureus and P. aeruginosa 
biofilms. Biofilm reduction was determined by reduced bacterial populations in the biofilm following 24 
hours incubation (37°C) with treatment exposure. Biofilms were subsequently exposed to resazurin 
solution and converted resazurin was measured fluorescently (Excitation: 528/20, Emission: 590/35). 
Responses from treated biofilms were compared to response of untreated growth control (GC) biofilm to 
determine differences in cell numbers. Significant changes in values before and after polymer 
incorporation were determined by use of two-way ANOVA, with Sidak's multiple comparisons test, and 
expressed in terms of P value following the APA style (* p<0.05, ** p<0.01, *** p<0.001). Error bars 
represent SEM, N=3.  
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Figure 5.19 Crystal Violet Evaluation of Nisin Biofilm Reduction.  
Bars represent mean % reduction of biofilm formations by nisin and nisin following HME (nisin-PVP), across 
a range of concentrations (µg/mL) against S. aureus and P. aeruginosa biofilms. Physical biofilms were 
quantified by use of crystal violet staining, solubilisation, and measurement of absorbance (595nm). 
Reduction was determined by reduced crystal violet response following treatment in comparison to the 
untreated growth control (GC) biofilms following 24 hours incubation, at 37°C. Significant changes in values 
before and after polymer incorporation were determined by use of two-way ANOVA, with Sidak's multiple 
comparisons test, and expressed in terms of P value following the APA style (* p<0.05, ** p<0.01, *** 
p<0.001). Error bars represent SEM, N=3.  
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Figure 5.20 Resazurin Evaluation of Nisin Biofilm Reduction.  
Bars represent mean % reduction of developed biofilms by nisin and nisin following HME (Nisin-PVP), 
across a range of concentrations (µg/mL) against S. aureus and P. aeruginosa biofilms. Biofilm reduction 
was determined by reduced bacterial populations in the biofilm following 24 hours incubation (37°C) with 
treatment exposure. Biofilms were subsequently exposed to resazurin solution and converted resazurin 
was measured fluorescently (Excitation: 528/20, Emission: 590/35). Responses from treated biofilms were 
compared to response of untreated growth control (GC) biofilm to determine differences in cell numbers. 
Significant changes in values before and after polymer incorporation were determined by use of two-way 
ANOVA, with Sidak's multiple comparisons test, and expressed in terms of P value following the APA style 
(* p<0.05, ** p<0.01, *** p<0.001). Error bars represent SEM, N=3.  
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Figure 5.21 Crystal Violet Evaluation of Chitosan Biofilm Reduction.  
Bars represent mean % reduction of biofilm formations by chitosan and chitosan following HME (chitosan-
PVP), across a range of concentrations (µg/mL) against S. aureus and P. aeruginosa biofilms. Physical 
biofilms were quantified by use of crystal violet staining, solubilisation, and measurement of absorbance 
(595nm). Reduction was determined by reduced crystal violet response following treatment in comparison 
to the untreated growth control (GC) biofilms following 24 hours incubation, at 37°C. Significant changes in 
values before and after polymer incorporation were determined by use of two-way ANOVA, with Sidak's 
multiple comparisons test, and expressed in terms of P value following the APA style (* p<0.05, ** p<0.01, 
*** p<0.001). Error bars represent SEM, N=3.  
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Figure 5.22 Resazurin Evaluation of Chitosan Biofilm Reduction.  
Bars represent mean % reduction of developed biofilms by chitosan and chitosan following HME (Chitosan-
PVP), across a range of concentrations (µg/mL) against S. aureus and P. aeruginosa biofilms. Biofilm 
reduction was determined by reduced bacterial populations in the biofilm following 24 hours incubation 
(37°C) with treatment exposure. Biofilms were subsequently exposed to resazurin solution and converted 
resazurin was measured fluorescently (Excitation: 528/20, Emission: 590/35). Responses from treated 
biofilms were compared to response of untreated growth control (GC) biofilm to determine differences in 
cell numbers. Significant changes in values before and after polymer incorporation were determined by 
use of two-way ANOVA, with Sidak's multiple comparisons test, and expressed in terms of P value 
following the APA style (* p<0.05, ** p<0.01, *** p<0.001). Error bars represent SEM, N=3.  
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Figure 5.23 Crystal Violet Evaluation of Zinc Oxide Biofilm Reduction.  
Bars represent mean % reduction of biofilm formations by zinc oxide (ZnO) and zinc oxide following HME 
(ZnO-PVP), across a range of concentrations (µg/mL) against S. aureus and P. aeruginosa biofilms. Physical 
biofilms were quantified by use of crystal violet staining, solubilisation, and measurement of absorbance 
(595nm). Reduction was determined by reduced crystal violet response following treatment in comparison 
to the untreated growth control (GC) biofilms following 24 hours incubation, at 37°C. Significant changes in 
values before and after polymer incorporation were determined by use of two-way ANOVA, with Sidak's 
multiple comparisons test, and expressed in terms of P value following the APA style (* p<0.05, ** p<0.01, 
*** p<0.001). Error bars represent SEM, N=3.  
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Figure 5.24 Resazurin Evaluation of Zinc Oxide Biofilm Reduction.  
Bars represent mean % reduction of developed biofilms by zinc oxide (ZnO) and zinc oxide following HME 
(ZnO-PVP), across a range of concentrations (µg/mL) against S. aureus and P. aeruginosa biofilms. Biofilm 
reduction was determined by reduced bacterial populations in the biofilm following 24 hours incubation 
(37°C) with treatment exposure. Biofilms were subsequently exposed to resazurin solution and converted 
resazurin was measured fluorescently (Excitation: 528/20, Emission: 590/35). Responses from treated 
biofilms were compared to response of untreated growth control (GC) biofilm to determine differences in 
cell numbers. Significant changes in values before and after polymer incorporation were determined by 
use of two-way ANOVA, with Sidak's multiple comparisons test, and expressed in terms of P value 
following the APA style (* p<0.05, ** p<0.01, *** p<0.001). Error bars represent SEM, N=3.  
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5.7 Tables 

Table 5.1 Summary of Physical Biofilm Disruptive Capabilities. Table summarises the effects 
of silver nitrate (AgNO3), nisin, chitosan and ZnO before and after incorporation with the 
PVPVA64 polymer against P. aeruginosa and S. aureus physical biofilm development as 
determined by crystal violet analysis. Effects are averaged based on their effects against 
biofilm development at bacterial attachment, biofilm growth inhibition or formed biofilm 
reduction on both peg lids and plate well walls. Effects are scaled from +++ (High 
inhibition/reduction) to --- (High promotion/increase), with o marking an averaged “no 
effect”. 

  

Physical Biofilm Disruptive Effects 
Attachment Inhibition Biofilm Inhibition Biofilm Reduction 

P. aeruginosa S. aureus P. aeruginosa S. aureus P. aeruginosa S. aureus 
AgNO3 +++ -- +++ + ++ ++ 

AgNO3-PVP ++ -- +++ --- +++ + 
Nisin + + -- ++ o + 

Nisin-PVP o + --- ++ - + 
Chitosan o -- o --- + --- 

Chitosan-PVP o --- -- --- - --- 
ZnO + --- o -- + + 

ZnO-PVP -- --- + --- ++ --- 
 

Table 5.2 Summary of Internal Biofilm Population Disruptive Capabilities. Table summarises 
the effects of silver nitrate (AgNO3), nisin, chitosan and ZnO before and after incorporation 
with the PVPVA64 polymer against P. aeruginosa and S. aureus internal biofilm populations 
as determined by resazurin analysis. Reported results are averaged based on their effects 
against final internal biofilm populations from treatment at bacterial attachment, biofilm 
growth inhibition or against formed biofilms on both peg lids and plate well walls. Effects 
are scaled from +++ (High inhibition/reduction) to --- (High promotion/increase), with o 
marking an averaged “no effect”. 

  

Internal Bacterial Population Disruptive Effects 
Attachment Inhibition Biofilm Inhibition Biofilm Reduction 

P. aeruginosa S. aureus P. aeruginosa S. aureus P. aeruginosa S. aureus 
AgNO3 +++ o +++ ++ +++ +++ 

AgNO3-PVP -- -- ++ ++ +++ +++ 
Nisin o ++ -- ++ - ++ 

Nisin-PVP - o --- o -- o 
Chitosan + + --- - - + 

Chitosan-PVP --- -- -- o o o 
ZnO -- o --- - - ++ 

ZnO-PVP -- - - + - ++ 
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Chapter 6 Synergy Assessment of Bioactives 

6.1 Introduction 

While there are vast number of antimicrobial compounds in use today, many have specific 

modes of action and thus have a narrow effective spectrum in terms of the bacterial species 

which they can target (Acuña, Morero, and Bellomio 2011). A common method used across a 

number of various research areas is the use of two or more treatments in combination to 

treat a single target (Torres et al. 2018; Fisher et al. 2015; Palou et al. 2016; Bollenbach 2015). 

Resulting effects from combination therapy can be described as synergistic, additive, or 

antagonistic (Bollenbach 2015; Yadav et al. 2015; Torres et al. 2018). Synergy describes a total 

effect greater than the sum of the individual effects. An additive effect describes that the 

combined drugs exhibit a total effect equal to the sum of the individual effects, no lesser nor 

greater. An antagonistic effect describes combinations where the total effect is lessened 

compared to the sum of the individual effects (Tang, Wennerberg, and Aittokallio 2015). 

Combination therapies that result in an overall synergistic effect can allow for much greater 

impact from treatments that would normally hold less or perhaps no effect alone. While co-

treatment therapies have been widely used in the treatment of diseases such as cancer, there 

is a rising interest in the synergistic abilities of previously established antimicrobial 

compounds (Duss et al. 2019; Torres et al. 2018; Tomasinsig et al. 2010). Antimicrobial 

synergy holds great promise for a number of reasons. While a bacterial species may hold or 

even develop resistance against a single treatment, co-treatment with an alternative 

compound which carries an alternative mode of action, could alleviate this issue. Additionally, 

certain groups of bacteria hold intrinsic metabolic or physical characteristics which can 

prevent certain classes of antimicrobials from exhibiting their effect. Co-treatment with a 

compound that can disrupt these characteristics would allow the primary treatment to carry 

out its effect unimpeded. Gram-negative bacteria are an example of one such group, having 

an additional, outer membrane with can act to prevent compounds from reaching their target 

ligands. Following this example, nisin is a poly-cyclic lantibiotic which targets the inner-

membrane bound lipid II molecule. Due to the presence of an outer membrane, nisin is 

prevented from reaching its target rendering it ineffective (L. He et al. 2016; Ruhr and Sahl 

1985). However, in theory it would be possible to enable nisin by combining it in treatment 
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with an additional compound that targets the outer membrane. By removing the outer 

membrane or compromising its integrity, nisin would be allowed to freely interact with its 

lipid-II target. While this interaction can be clearly deemed synergistic, it is not enough on its 

own to observe a positive end result from the combination. In order to determine synergistic 

abilities of two or more compounds, it is necessary to assess an array of various 

concentrations in different combinations. It is not important to determine the highest effect 

of combined treatments, the concept is to instead determine combinations that express a 

higher effect in comparison to that of the individual drugs at the same concentrations. The 

aim is to more so discern the ratio of each drug required to enable each other’s mechanism 

of action, thus giving the most efficient synergy.  

There are a number of models and indexes used to evaluate interactions between combined 

treatments. One of the more commonly seen indexes in the study of antimicrobial 

combinations is the fractional inhibitory concentration (FIC) index. The FIC index analyses the 

MIC of individual treatments in combination and compares it to that of the MIC of treatments 

alone. The FIC index uses the following equation: 

𝐹𝐹𝐹𝐹𝐹𝐹𝐼𝐼 =  �
𝑀𝑀𝑀𝑀𝑀𝑀𝐴𝐴−𝐵𝐵
𝑀𝑀𝑀𝑀𝑀𝑀𝐴𝐴

� + �
𝑀𝑀𝑀𝑀𝑀𝑀𝐵𝐵−𝐴𝐴
𝑀𝑀𝑀𝑀𝑀𝑀𝐵𝐵

� 

Where MICA and MICB represent the MIC values of two agents to be analysed. A FICI value 

close to 1 indicates an additive effect, >1 indicates synergistic and <1 indicates antagonistic.  

The FIC model, however, holds a number of drawbacks. This basic format does not determine 

synergy/antagonism, but only gives a simple trend overview. As previously mentioned, it is 

not enough to show increased effect, as this does not indicate the treatments are having an 

effect upon each other.  Furthermore, the formula only uses MIC values, which not only 

restricts its use to bacterial and fungal studies, but it also limits the amount of information 

that can be gained from such studies, requiring all treatments to have an MIC value. Also, by 

using concentrations as an input, this demands the treatments be in a similar concentration 

range/format. Despite these drawbacks, the FIC models are still used for studies involving 

microorganisms (Kim et al. 2017; Fatsis-Kavalopoulos et al. 2020). 

With the aim of analysing drug interactions and their combined effect, the FIC is not suitable. 

However, there is a great number of alternative models developed through pharmaceutical 
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studies which hold greater means for analysing drug interactions and have valuable potential 

in antimicrobial research. The majority of drug synergy analysis models in use today fall under 

one of two major principles, the Dose Equivalence Principle (DEP), introduced by Loewe in 

1926, or the Multiplicative Survival Principle (MSP) introduced by Bliss in 1939 (Tang, 

Wennerberg, and Aittokallio 2015). There have been numerous models developed from these 

initial Loewe and Bliss models, however there is no universal standard for the determination 

of synergy. In 1992, a committee in Saariselkä, Finland gathered to find a consensus between 

models allowing a framework for the comparison and interpretation of drug combination 

studies. However, they were unable to conclude on a suitable framework, and only agreed on 

a compromise for studies to report on how their synergy scores were determined (Tang, 

Wennerberg, and Aittokallio 2015). Recent years have seen the development of additional 

models, such as the Zero Interaction Potency (ZIP) model, built off the Bliss model with the 

intent of establishing a standard model that also overcomes drawbacks seen in existing 

models (Yadav et al. 2015). Another model from Vanderbilt University, called the 

Multidimensional Synergy of Combinations (MuSyC) model, is the most recent endeavour at 

developing a universal standard for drug synergy analysis (D. Wooten et al. 2019). The MuSyC 

model, based on the Law of Mass Action, combine the DEP and MSP principles, attempting to 

unify both avenues of thought on synergy models. 

In addition to these recent models, there have been a number of tools developed to aid in 

analysing combinational interactions, allowing for mass data input/output, while also 

generating graphs. Some such tools are available as downloadable programs. Combenefit is 

one such program developed at the University of Cambridge (Di Veroli et al. 2016). 

Combenefit was designed for analysis of cancer therapeutics and performs using three 

models: Loewe, Bliss and Highest Single Agent (HSA) models. CompuSyn is another program, 

developed in 2005 under Dr. Chou et al. which uses the median-effect principle of mass-action 

law and the combination index (CI) theorem (Chou and Martin 2007). Other tools, such as 

SynergyFinder, are online based applications for determining synergy (Ianevski et al. 2017; 

Ianevski, Giri, and Aittokallio 2020). SynergyFinder was developed by the group who designed 

the ZIP model; however it also allows for analysis by Bliss, Loewe and HSA. Finally, there are 

a number of packages available for use in R and Python coding language environments. The 

SynergyFinder app was developed using the R coding language, and its R package is still 
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available. The Vanderbilt  University research group, while developing their MuSyC model, 

also compiled an extensive Python library for synergy analysis. The library, simply called 

synergy, includes many different synergy frameworks such as Zimmer, BRAID, Bliss, Loewe, 

HSA, CI, ZIP, Schindler, as well as their own MuSyC model (D. J. Wooten et al. 2021).  

While most drug combination studies focus on two-drug interactions, there is increasing 

interest in developing higher-order studies involving three or more drug combinations. 

Recent developments in synergy tools has greatly enabled such studies. From the previously 

mentioned tools, the synergy python package is the most capable for multi-drug analysis. 

SynergyFinder does have the capacity for three-drug, but only synergy can analyse up to four 

drugs. In conjunction with the tools utilised, only certain synergy models are able to support 

multi-drug synergy analysis. In the synergy library, for example, only Bliss, Loewe, HSA, CI, 

MuSyC and Schindler are supported for three or more drug combinations.  

As evident from previous studies, analysis of drug interactions holds many benefits in the 

development of new treatments (Huang et al. 2019; Cokol-Cakmak et al. 2020; Lewis 2010). 

High through-put analysis also allows for rapid, large-scale determination of effective and 

ineffective combinations, which can allow treatments to be removed while in-process 

towards a final product. As findings reported in Chapter 4 have established the individual 

antibacterial capabilities of AgNO3, nisin, chitosan and ZnO, determination of their combined 

effects would be the appropriate follow up study. This is an important step towards fulfilling 

the project's specific aim and hypothesis, as the bioactives are to be incorporated into the 

polymer, it is crucial that they do not hinder each other's activity. Furthermore, if the 

bioactives are found to hold synergistic interactions, this would be thoroughly beneficial in 

the development of a broad-spectrum antibiotic alternative. Previously, AgNO3 was shown to 

be the most effective bacterial growth inhibitor versus all tested species. Nisin was shown to 

have very efficient inhibitory effects against test Gram-positive bacterial species, with no 

effect versus Gram positive. Both compounds differ majorly in their modes of action, with 

AgNO3 permeating bacterial membranes through reactive silver ions (Ag2+), while nisin has 

specific binding affinity towards the lipid-II molecules bound in the inner bacterial membrane. 

Nisin's inability to affect Gram-negative bacteria lie with its inability to breach its outer 

membrane and interact with the lipid-II ligand. By combining both AgNO3 and nisin, it is 

hypothesised that the reactive Ag2+ ions of AgNO3 with breach the Gram-negative outer 
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bacterial membrane, allowing nisin to reach its target ligand(Pandian et al. 2010; Prabhu and 

Poulose 2012; Gut, Blanke, and Van Der Donk 2011; Van Heusden, De Kruijff, and Breukink 

2002). Similar hypothesises can be made with ZnO and nisin, as ZnO held efficacy versus 

Gram-negative and Gram-positive, and also has a similar mode of action wherein it 

destabilises membranes through release of Zn2+ ions and reactive oxygen species (ROS) 

(Pasquet, Chevalier, Couval, et al. 2014; Espitia et al. 2012; Pasquet, Chevalier, Pelletier, et al. 

2014; Fiedot-Toboła et al. 2018). Chitosan also held noteworthy effect versus all test strains 

but holds an alternate mechanism in which it targets the bacterial cell wall (Qin et al. 2006; 

Kunjachan and Jose 2010). The varying mechanisms hold great significance combination 

studies and will allow us to observe if effects do indeed unlock one another's drawbacks 

(AgNO3-nisin, ZnO-Nisin), stack upon one another (AgNO3-ZnO) or complement one another 

(Chitosan-Nisin, Chitosan-AgNO3, Chitosan-ZnO). Studies will initially be carried out using two-

drug combinations, followed by three-drug and finally four-drug. In theory, a four-drug 

combination would be sufficient, but for the purpose of analysing all interactions and with 

the fact that these particular methods for synergy determination have not been properly 

utilised in microbial studies previously, they will be carried out in their entirety at each 

combinational level. Due to the intended higher order combinations, results from these 

studies will be analysed by use of the synergy Python package, using the bliss model for two, 

three and four-drug combinations. The bliss model was chosen for its simplicity, it's well-

established use, and ability to analyse higher order combinations. Studies will be carried out 

using E. coli, S. aureus and S. epidermidis as test bacterial species, which represent the 

commonly encountered bacterial pathogens related to mastitis as well as numerous other 

biofilm-mediated infections and diseases. Furthermore, E. coli and S. aureus are also 

commonly used representatives of Gram-negative and Gram-positive bacteria respectively. 

6.2 Aims and Hypothesis 

The aim of this study is a to assess the interactions between four chosen antimicrobial 

bioactives versus E. coli, S. aureus and S. epidermidis. The individual antimicrobial properties 

have already been assessed (Chapter 4) and they will now be evaluated together in 

combinations of two, three and four. 
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The hypothesis of the study states that the four bioactive compounds, AgNO3, nisin, chitosan 

and ZnO will hold a synergistic, antimicrobial effect while in combination, enabling them to 

inhibit both Gram-positive and also Gram-negative species.  

6.3 Results 

6.3.1  Bliss Synergy Scores 

Due to the number of combinations analysed during this study, only the three highest scoring 

interactions of each combination and their average will be reported and discussed upon. 

Three-drug and four-drug combinations with any zero concentration treatments will also be 

excluded, as these are not three or four-drug combinations (i.e. they would technically be two 

and three-drug combinations. Synergy scores represent the magnitude of the combination 

interactions, where a higher score indicates greater synergy, scores close to 0 indicate an 

additive effect while negative scores represent antagonism. Results are presented in Table 

6.1 – 6.5. Tables show the drug combination, concentration of each individual drug (µg/mL), 

the % growth inhibition exhibited from the combination and the calculated bliss synergy 

score. The two-drug combination results are divided into separate tables by their target 

bacteria, E. coli (Table 6.1), S. aureus (Table 6.2) and S. epidermidis (Table 6.3). Two-drug 

combination results are also presented in terms of a heat map which gives a visual 

representation of the entire combination of treatments (Figure 6.1 – 6.6) and also as X/Y plots 

showing top three combinations against each bacterial species (Figure 6.7, A-F). Three-drug 

combination results are presented in Table 6.4 and Figure 6.8, A-D. Four-drug combinations 

are presented in Table 6.5 and Figure 6.9. 

o Two-drug Combinations 

AgNO3 – Chitosan  

AgNO3 and Chitosan reported good synergistic interactions against each bacterial strain. The 

combination reported the highest average synergy score against E. coli (average 0.4) and S. 

aureus (average 0.32). While the average concentration of chitosan was similar to that of the 

MIC versus E. coli, AgNO3 was reported in lower concentrations. The most effective 

combination versus S. aureus reported concentrations that were 1/2 the MIC, with an 

inhibition of approximately 69%. Results versus S. epidermidis reported good synergy overall, 

with much lower concentrations of each treatment exhibiting more effective inhibition, with 



Chater 6 Synergy Assessment of Bioactives 

183 

the second reported combination exhibiting 99% inhibition, with 1/3 the MIC of AgNO3 and 

less than 1/2 the MIC of chitosan being used. 

Nisin – AgNO3 

Nisin and AgNO3 demonstrated a number of highly synergistic combinations (average 0.32 

versus E. coli, average 0.24 versus S. aureus), while also reporting the highest two-drug score 

from this study (average 0.68 versus S. epidermidis). While the highest scoring combinations 

versus E. coli did not report inhibition exceeding 70%, there was moderate synergy observed 

with concentrations of 8.49 µg/mL AgNO3 and 1.56 – 6.25 µg/mL nisin, which show promise 

compared single treatments in which AgNO3 reported a MIC of 20.83 µg/mL, and nisin 

exhibited no effect. The third highest scoring combination versus S. aureus reported 99% 

inhibition, with less than 1/4 MIC of AgNO3 and 1/10 MIC of nisin. The three highest scoring 

combinations versus S. epidermidis indicate a concentration of 10 µg/mL AgNO3 to be most 

effective in enabling nisin, which was reported in relatively low concentrations, while still 

having notable effect upon bacterial growth. 

AgNO3 – ZnO 

AgNO3 and ZnO reported moderate synergy against E. coli (average 0.22) and S. aureus 

(average 0.26), and relatively high synergy versus S. epidermidis (average 0.44). The highest 

reporting E. coli combination exhibited 98.5% growth inhibition with a AgNO3 concentration 

1/4MIC, and ZnO concentration 1/2.5MIC, demonstrating a noticeable increase of efficacy in 

both treatments. S. aureus results reported lower concentrations of both AgNO3 and ZnO 

exhibiting greater effect when combined. One reported combination exhibited 95.5% growth 

inhibition using 1/1.8MIC AgNO3 and 1/2.5MIC ZnO. AgNO3 and ZnO demonstrated the 

second highest scoring average of all two-drug combinations (average 0.44) versus S. 

epidermidis. Reported combinations exhibited effective growth inhibition at much lower 

concentrations, even reaching 95.4% growth inhibition with 1/1.6MIC AgNO3 and 1/3.33MIC 

ZnO. 

Nisin – Chitosan 

Nisin and chitosan reported mixed results in combination. The highest scoring combinations 

were seen versus S. aureus (average 0.24); however the highest inhibition of these 

combinations reached only 50% with no major reduction seen in the concentrations of nisin 

or chitosan. Results versus E. coli show that greater concentrations of chitosan were needed 
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to enable nisin, however these concentrations exceeded the MIC of chitosan, making the 

combination ineffective. Results versus S. epidermidis demonstrated no major interactions, 

nearing a synergy score of 0 in all combinations. Only one combination reported effective 

synergy, exhibiting 87.3% inhibition with a score of 0.11, however the concentration of nisin 

used in this combination exceeded that of its MIC when tested alone. 

 

Chitosan – ZnO 

Chitosan and ZnO reported very few synergistic interactions versus E. coli (average 0.11), S. 

aureus (average 0.09) and S. epidermidis (average 0.27). Analysis of interactions versus E. coli 

show a high concentration of chitosan was required for synergy to be identified, however the 

amount of chitosan was 2xMIC and the synergy score relatively low. While synergy was seen 

versus S. aureus at quite low concentrations of the two highest scoring combinations, the 

exhibited growth inhibition was not noteworthy (3.1%, 2.6% respectively). Combinations 

versus S. epidermidis reported moderate synergy at quite low concentrations of each, 

however the inhibition did not exceed 31%. 

Nisin – ZnO 

Nisin and ZnO reported low synergy versus E. coli (average 0.08), S. aureus (average 0.06) and 

S. epidermidis (average 0.14). The highest scoring combination versus E. coli (0.09) did not 

yield noteworthy inhibition, while the next highest combinations reported concentrations of 

ZnO that exceed the MIC in order to enable nisin. Highest scoring combinations versus S. 

aureus reported low concentrations of each treatment, however they held no noteworthy 

growth inhibitory effect (3.7 – 14%). Combinations versus S. epidermidis exhibited moderate 

inhibitory effects, however the concentrations of ZnO exceeded that of the average MIC, and 

concentrations of nisin were not much lower that the previously reported MIC average. 

o Three-drug Combinations 

Chitosan – AgNO3 – Nisin 

Chitosan, AgNO3 and nisin reported moderate to high synergy in growth inhibition versus E. 

coli (average 0.38), S. aureus (average 0.56), and S. epidermidis (average 0.43). While the 

higher scoring combinations versus E. coli included high concentrations of chitosan (80 – 160 

µg/mL), reported concentrations of AgNO3 were low (2 – 4 µg/mL) # with 99% inhibition. 
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Concentrations of nisin were rather high, relative to the other test species (3.91 – 7.81 

µg/mL). The highest scoring combination versus S. aureus reported relatively low 

concentrations of each compound (78.13 µg/mL chitosan, 8 µg/mL AgNO3, 10.63 µg/mL nisin), 

while expressing 99% inhibition. The second highest scoring combination showed similar 

concentrations and inhibition, however used twice the amount of AgNO3 (16 µg/mL), which 

was still less than the previously reported MIC. The third highest scoring combination 

reported lower chitosan (39.06 µg/mL) but did not fully inhibit S. aureus growth (71.45%). 

These combinations versus S. aureus reported the second highest average score of all three-

drug test combinations. Combinations versus S. epidermidis reported near full inhibition (92 

– 96%) with good synergy and low concentrations of chitosan (39.06 – 78.13 µg/mL) and nisin 

(0.63 – 1.25 µg/mL) however concentrations of AgNO3 were nearing the MIC (8 – 16 µg/mL).  

Chitosan – AgNO3 – ZnO 

Chitosan, AgNO3 and ZnO held moderately low synergy versus E. coli (average 0.14), S. aureus 

(average 0.28) and S. epidermidis (average 0.35), with combinations versus E. coli scoring the 

lowest of all three-drug combinations. E. coli were quite low, each of the reported 

combinations exhibited full inhibition (97.15 – 100%) with low concentrations of chitosan (40 

– 80 µg/mL), AgNO3 (0.5 – 4 µg/mL) and ZnO (20 µg/mL). The highest scores versus S. aureus 

reported consistently low concentrations of ZnO (62.5 µg/mL), with low concentrations of 

chitosan (39.06 – 78.13 µg/mL) and AgNO3 (8 – 16 µg/mL) while growth inhibition high (97.55 

– 98.32%). Combinations versus S. epidermidis reported good growth inhibition (87.95 – 

98.4%), with relatively low concentrations of chitosan (20 – 40 µg/mL), AgNO3 (2 – 4 µg/mL) 

and ZnO (10 µg/mL).  

Nisin – AgNO3 – ZnO 

Nisin, AgNO3 and ZnO reported strong synergy versus E. coli (average 0.36), S. aureus (average 

0.38) and S. epidermidis (average 0.53). Results versus E. coli show that very high 

concentrations of nisin (31.25 µg/mL) were yielding high synergy with low concentrations of 

AgNO3 (0.5 – 1 µg/mL) and ZnO (31.25 – 62.5 µg/mL), however growth inhibition did not 

exceed 77%. Combinations versus S. aureus reported moderate synergy with low 

concentrations of nisin (0.63 – 1.25 µg/mL), moderate concentrations of AgNO3 (4 – 16 µg/mL) 

and moderate concentrations of ZnO (39.06 µg/mL). Combinations versus S. epidermidis 

reported the third highest average score synergy, with low concentrations of nisin (1.25 – 2.5 
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µg/mL), AgNO3 (2 – 4 µg/mL) and ZnO (5 µg/mL), however these combinations exhibited low 

to moderate growth inhibition (33.6 – 72.3%).  

Nisin – Chitosan – ZnO 

Nisin, chitosan and ZnO reported low inhibition synergy versus E. coli (average 0.23) and S. 

epidermidis (average 0.21), however combinations versus S. aureus reported the highest 

synergy score across all three-drug combinations (average 0.83). Concentrations of the 

reported combinations versus E. coli indicate poor synergy between treatments, as there are 

high concentrations of chitosan (9.77 – 312.5 µg/mL) and ZnO (31.25 – 125 µg/mL) utilised. 

Combinations using the lower concentrations of each exhibited very low inhibition(26.6%).  

The highest scoring combination (0.93) versus S. aureus reported low concentrations of nisin 

(3.91 µg/mL), chitosan (39.06 µg/mL) and ZnO (62.5 µg/mL), with high inhibition (98.7%). The 

second highest scoring combination (0.84) also reported low concentrations of nisin (0.977 

µg/mL), chitosan (156.25 µg/mL) and ZnO (62.5 µg/mL), with high inhibition (99.4%). While 

the third highest scoring combination reported low concentrations of nisin (0.977 µg/mL), 

chitosan (78.13 µg/mL) and ZnO (62.5 µg/mL), the reported growth inhibition was moderate 

(71.5%). While results versus S. epidermidis reported low concentrations of nisin (0.98 – 1.95 

µg/mL), chitosan (39.06 µg/mL) and ZnO (31.25 µg/mL), along with high growth inhibition 

(99%), there was little synergy observed as denoted by the two highest scores. The third 

highest scoring combination reported very high concentration of chitosan (625 µg/mL). 

o Four-drug Combination 

AgNO3 – Nisin – Chitosan – ZnO 

Chitosan, nisin, AgNO3 and ZnO exhibited moderately high synergy in combination versus E. 

coli (average 0.36) and very high synergy versus S. aureus (average 0.91) and S. epidermidis 

(average 1.11). While the average synergy score versus E. coli is lower than that versus the 

other two test species, results indicate positive contributions from each treatment with low 

concentrations of chitosan (80 µg/mL), nisin (1.95 – 31.25 µg/mL), AgNO3 (8 µg/mL) and ZnO 

(10 – 40 µg/mL), with effective inhibition (69 – 98.9%). The highest scoring combination, 

exhibiting 98.9% inhibition, reported a very high concentration of nisin (31.25 µg/mL), 

indicating nisin had a strong influence in the combination.  
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Reported synergy scores versus S. aureus are quite high, with top scoring combinations 

exhibiting effective inhibition (97.5 – 99.5%), with low concentrations of chitosan (19.53 – 

78.13 µg/mL), nisin (0.39 – 1.56 µg/mL) and AgNO3 (4 µg/mL) with moderate concentrations 

of ZnO (62.50 µg/mL).  

Combinations versus S. epidermidis have reported the highest synergy scores within the 

present study, with low concentrations chitosan (20 – 80 µg/mL), nisin (1.25 µg/mL), AgNO3 

(8 µg/mL) and ZnO (10 – 40 µg/mL). While the top combination reported a very high synergy 

score (1.3), the reported inhibition deviated greatly (stdev 69.18) with an average of 24.96%. 

The second highest (1.13) and third highest (0.9) scoring combinations exhibited stable 

inhibition (98.7 – 99.1%) with similarly low concentrations of each treatment. 

6.4 Discussion 

With the rise of antimicrobial resistance (AMR) and the need for new forms of treatment, use 

of already well-established treatments in combination has been an area of extensive interest 

and study. As previously mentioned, different antimicrobial treatments vary greatly in their 

mechanisms of action, which opens up the possibility for their combined use against AMR 

species, enabling one another to carry out their effect. In order for such combinations to be 

utilised, they must first be assessed to determine their compatibility. As it is difficult to predict 

their combined activity in vivo, in vitro assessment is needed to ascertain potential activity. 

6.4.1 Inhibition & Synergy 

In this study, the combinatory compatibility of four chosen bioactives was successfully 

established and the magnitude of their interactions with one another. The checkboard assay 

was utilised for screening the inhibitory effect of bioactive combinations against each test 

bacterial strain. The checkerboard assay is a well-established method for screening drug 

combinations in various areas of clinical research (Mataraci and Dosler 2012; Torres et al. 

2018; Cokol-Cakmak et al. 2020; Meletiadis et al. 2010; Fatsis-Kavalopoulos et al. 2020). While 

the majority of studies have focused on two-drug combinations, here it has been adapted to 

allow for three and four-drug combinations, the latter of which, to best knowledge, has never 

previously been performed outside of predictive models. While the adapted models follow a 

core arrangement akin to the classic checkerboard layout, the final checkerboard grid sizes 

were significantly reduced. This reduction was necessary in order to allow a full combination 
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screening, while remaining within a manageable, high throughput setting. While the resulting 

6x6 and 4x4 checkerboards were not as extensive as that of an 8x8, careful considerations of 

treatment concentrations allowed for intuitive screening of major combinations. The 

percentage inhibitory effect of each combination was calculated, and this data was analysed 

in order to determine the combination synergy score. In order to accurately and consistently 

process the large volume of data produced, the python package synergy was utilised for 

analysis. Combenefit and SynergyFinder were trialled during the earlier stages of this study 

however the synergy package was chosen during the final stages. This decision came with the 

packages ability to analyse higher-order combinations (three-drug and four-drug). While 

SynergyFinder was also capable of three-drug combination analysis, the results were 

inconsistent, and the lack of four-drug compatibility left it unsuitable for the full study. While 

synergy included numerous synergy models, the Bliss model was used due to its compatibility 

for higher-order combinations and its consistent outputs. The more recently developed 

MuSyC model was also trialled, and while it did give simple and descriptive results for two-

drug analysis, it was unsatisfactory for higher-order combinations, denoting its unsuitability. 

Through the use of the synergy python package and the bliss model, the synergy score of each 

test combination was successfully determined. The results of this study have presented 

interesting interactions between the bioactives, many of which were predictable but others 

of which were unanticipated. Nisin, a lantibiotic which targets the inner membrane bound, 

lipid II molecule is hindered by the outer membrane found in Gram negative bacteria which 

prevents nisin from carrying out its mechanism of action. It was hypothesised that combining 

nisin with a compound capable of penetrating the outer membrane, such as AgNO3 or ZnO, 

would enable nisin, with such an interaction being marked as synergetic.  

6.4.2 Two-Drug Combinations 

Results of two-drug combinations studies carried out here against the Gram-negative bacteria 

E. coli has yielded varying results. Combinations of nisin-AgNO3 exhibited moderate-high 

synergy (average 0.32), showing a consistent concentration of AgNO3 (8.49 µg/mL) to be the 

most accommodating for varying concentrations of nisin. While the inhibition ranged 

between 64 – 68% for this combination, it shows that nisin was able to have an effect upon a 

previously unaffected target. In contrast, ZnO was not found to enable nisin, but rather it 

appeared that nisin was antagonising ZnO as the concentrations of ZnO in the most synergistic 
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combinations was higher than that of its previously determined MIC. Combinations of nisin-

chitosan also exhibited undesired results, with higher concentrations of chitosan being 

utilised to observe an inhibitory effect. While such results are unfavourable, they still present 

a promising observation that nisin is having an effect upon a Gram-negative bacteria. 

Combinations of AgNO3-chitosan exhibited a strong synergistic interaction, with effects 

evident at lower concentrations of AgNO3, which would indicate chitosan's ability to enable 

it. Chitosan has also shown to enable ZnO, which also exhibited lower concentrations; 

however, these combinations were scored quite low which also holds with the fact that the 

concentration of chitosan was quite high.  

Two-drug combinations used to inhibit S. aureus and S. epidermidis growth presented some 

moderate to strong synergistic combinations, however there was a pattern that ZnO was not 

combining effectively with nisin or chitosan. AgNO3 demonstrates itself to be the most effect 

bioactive, enabling all other bioactives that it is combined with, reporting lower 

concentrations with higher inhibition responses. The highest overall scoring two-drug 

combination involved nising-AgNO3 versus S. epidermidis. Chitosan also demonstrates 

notable synergy with most bioactives, but only combined well with ZnO against S. epidermidis 

where much lower concentrations of both gave a greater response, however the inhibition 

response was weak.  

6.4.3 Three-Drug Combinations against Gram-negative  

Increasing the combination number can further alter the treatments exhibited effect, as is 

evident from three-drug combinations. Combinations including nisin were shown to 

demonstrate high synergy versus E. coli with near full inhibition. Following the two-drug 

analysis, it was predictable that chitosan-AgNO3-nisin would synergise well, presnting the 

highest scoring combination versus E. coli. Furthermore, the relatively high concentrations of 

nisin in this combination show that it was having an active effect upon E. coli, as it can be 

presumed to be heavily involved (i.e. a concentration close to 0 would indicate little to no 

input). A more unpredicatable result was seen with combinations involving ZnO, as two-drug 

combinations demonstrated ZnO to be a poor component in combination, three-drug 

combinations have shown otherwise. Nisin-ZnO was the lowest scoring combination versus 

E. coli, however with the inclusion of AgNO3 or chitosan, these combinations were the second 

and third highest scoring three-drug combinations against E. coli repsectively. Most 
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interesting of the nisin-AgNO3-ZnO combination is how little AgNO3 was reported in the 

higher scoring combinations, while relatively high concentrations of nisin were reported. This 

again indicates nisins active role in the combination, whereas AgNO3 is at too low of a 

concentration to have an inhibitory effect. This could also demonstrate AgNO3 ability to 

enable the mechanism of nisin. While chitosan-AgNO3-ZnO reported low scoring 

combinations, the results seemed promising with low concentrations of all three bioactives 

and nearly full inhibition. This again does not follow what was observed in two-drug 

combinations of the same bioactives. 

6.4.4 Three-Drug Combinations against Gram-positive  

Three-drug combinations versus S. aureus and S. epidermidis offered intersting comparatives. 

The chitosan-AgNO3-nisin combination scored highly versus both bacterial strains, however 

concentrations of AgNO3 were quite high with low concentrations of nisin. Scores from 

combinations involving ZnO proved to also be quite unpredictable versus Gram-positive 

bacteria. Combinations of nisin-Zno and chitosan-ZnO against S. aureus scored quite poorly, 

however nisin-chitosan-ZnO reported the highest score of all three-drug combinations. In 

contrast however, this combination reported the second lowest score against S. epidermidis. 

While the individual concentrations were quite low, the reported synergy scores were also 

quite low. An interesting observation of this combination, is that it was also predictable from 

the two-drug combinations of nisin-chitosan, nisin-ZnO and chitosan-ZnO, which produced 

synergy scores averaging very closely to that of the nisin-chitosan-ZnO synergy score. 

Concentrations versus S. aureus indicate that ZnO was enabling the effects of chitosan and 

AgNO3 however concentrations versus S. epidermidis do not indicate any single bioactive to 

be enabling another, displaying an even distribution of activity between the three bioactives. 

Nisin-AgNO3-ZnO demonstrated strong synergy versus both Gram-positive bacteria. While the 

reported synergy was particularly high against S. epidermidis, the reported inhibitory effects 

were quite low. Two-drug reports show nisin-ZnO to interact very poorly, which implies that 

influences from AgNO3 were causing the three-drug combination to interact more favourably, 

which is also predictable considering the synergy scores of nisin-AgNO3 and AgNO3-ZnO.  
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6.4.5 Four-Drug Combinations 

Four-drug combinations reported a marked increase in efficacy of all four bioactives in 

comparison to their individual capabilities against each bacterial strain. The combination of 

chitosan-nisin-AgNO3-ZnO against E. coli exhibited some predictable results, with synergy 

scores comparable to scores from two-drug and three-drug combinations. While 

concentrations of each bioactive in the highest scoring combinations were lower than their 

individual MICs, concentrations of chitosan and AgNO3 were still quite moderate. 

Furthermore, only the highest scoring combination reported complete inhibition while also 

using a high concentration of nisin, which was quite expected due to nisin’s inability to target 

Gram-negative species. 

The reported four-drug synergy scores against S. aureus and S. epidermidis were very high in 

comparison to other scores determined during this study. Concentrations versus S. aureus 

were notably lower than their individual MICs with strong inhibitory effects. While S. 

epidermidis reported the highest synergy score of this study, its highest scoring combination 

reported low inhibition. When compared to the other two reported combinations, a slight 

increase of either chitosan or ZnO was sufficient in pushing the effects to complete inhibition, 

while still remaining well below their individual MICs. 

6.5 Conclusion 

While it would stand to reason that combining two or more already well known and effective 

treatments would produce a greater gross effect than that of each individual treatment, 

previous studies of drug combinations have shown this to not be the case, as has the results 

presented here (Yadav et al. 2015; Torres et al. 2018; Chen et al. 2015).  Drug antagonism is 

a well-documented occurrence in pharmaceuticals, and while there are a number of models 

under development for its prediction, in many cases it is difficult to determine which 

treatments may interact negatively without pre-clinical or clinical studies. Though it is 

important to find compatible combinations of drugs, another key goal should be focused on 

finding combinations in which the individual drugs are more effective within a combination 

than they are on their own. Determining synergy scores is an efficient method for screening 

many combinations of treatments and deduce the most effective. It is evident from results 

presented here that treatment interactions cannot be accurately predicted and that they can 
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differ greatly between bacterial strains. Furthermore, increasing combination number has 

also been shown to have unpredictable effect, wherein two-drug combinations cannot 

predict the effect of three-drug combinations of the same components, and likewise two and 

three-drug combinations cannot predict the effect of four-drugs. Findings show that 

previously used models for predicting drug combinations cannot be wholly trusted, as there 

are aberrant results that go against such models. 

The four chosen bioactives, AgNO3, ZnO, nisin and chitosan, have successfully been 

characterised in terms of their combinational interactions. From this data, we can accurately 

develop materials which contain the most effective concentrations of each compound, 

limiting the amount needed to inhibit bacterial growth while also holding broad-spectrum 

effect, which is presented in Table 6.6. While it is important that the appropriate amount of 

each compound be utilised to inhibit microbial growth, it is also crucial that the 

concentrations used have no effect upon treated tissue and cells. It is vitally important in 

terms of the overall project aim, that the bioactives hold no toxicological effect upon 

mammalian cells. Furthermore, if the compounds were to elicit an inflammatory response, 

this could cause greater harm to the treated animal, particularly due to the fact that mastitis 

also causes inflammation (Argaw 2016; Contreras and Rodríguez 2011; Deb et al. 2013). In 

order to address these concerns, a toxicological assessment of the bioactives will be carried 

out to determine their effects upon bovine mammary epithelial cells. Additionally, an immune 

response assay will also be conducted in order to determine the inflammatory response of 

these cells to each bioactive.  
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6.6 Tables 

Table 6.1 Three highest Bliss scoring two-drug combinations against E. coli,showing 
individual concentrations (Conc 1, Conc 2), % inhibition of bacterial growth, synergy score 
and average synergy score. 

  

Drug 1-Drug 2 Concentration 1 
(µg/mL) 

Concentration 2 
(µg/mL) 

% Growth 
Inhibition 

Bliss 
Synergy 

Score 

Average 
Synergy 

E.
 c

ol
i 

AgNO3-Chitosan 

7.81 156.25 75.49 0.49 

0.40 15.63 156.25 85.56 0.40 

7.81 312.50 97.31 0.31 

Nisin-AgNO3 

6.25 8.49 67.40 0.34 

0.32 3.13 8.49 68.26 0.33 

1.56 8.49 64.05 0.29 

AgNO3-ZnO 

5.00 125.00 98.46 0.24 

0.23 5.00 62.50 77.63 0.23 

5.00 31.25 66.38 0.21 

Nisin-Chitosan 

0.39 312.50 97.73 0.11 

0.10 0.20 312.50 97.12 0.10 

0.78 312.50 96.40 0.10 

Chitosan-ZnO 

312.50 31.25 98.78 0.14 

0.11 312.50 15.63 93.97 0.10 

312.50 62.50 98.79 0.09 

Nisin-ZnO 

31.25 62.50 47.39 0.09 

0.08 15.63 500.00 100.00 0.07 

31.25 500.00 100.00 0.07 
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Table 6.2 Three highest Bliss scoring two-drug combinations against S. aureus, showing 
individual concentrations (Conc 1, Conc 2), % inhibition of bacterial growth, synergy score 
and average synergy score. 

  

Drug 1-Drug 2 Concentration 1 
(µg/mL) 

Concentration 2 
(µg/mL) 

% Growth 
Inhibition 

Synergy 
Score 

Average 
Synergy 

S.
 a

ur
eu

s 

AgNO3-Chitosan 

15.63 156.25 69.00 0.39  

0.31 

 

7.81 156.25 62.75 0.35 

15.63 78.13 36.23 0.20 

Nisin-AgNO3 

1.56 4.25 77.46 0.27  

0.24 

 

0.78 4.25 58.17 0.24 

0.78 8.49 98.98 0.20 

AgNO3-ZnO 

10.00 125.00 82.23 0.41  

0.26 

 

20.00 62.50 95.47 0.20 

5.00 125.00 60.83 0.17 

Nisin-Chitosan 

3.91 156.25 50.04 0.31  

0.25 

 

1.95 78.13 18.98 0.22 

3.91 78.13 27.05 0.21 

Chitosan-ZnO 

78.13 7.81 3.05 0.11  

0.09 

 

78.13 15.63 2.60 0.10 

156.25 125.00 73.85 0.06 

Nisin-ZnO 

0.24 31.25 14.02 0.06 

0.06 1.95 15.63 3.69 0.06 

0.98 15.63 6.10 0.05 
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Table 6.3. Three highest Bliss scores of each two-drug combination versus S. epidermidis, 
showing individual concentrations (Conc 1, Conc 2), % Inhibition of bacterial growth, synergy 
score and average of synergy score. 

 Drug 1-Drug 
2 

Concentration 1 
(µg/mL) 

Concentration 2 
(µg/mL) 

% Growth 
Inhibition 

Synergy 
Score 

Average 
Synergy 

S.
 e

pi
de

rm
id

is 

AgNO3-
Chitosan 

2.50 4.88 29.61 0.31  
0.25 

 
10.00 78.13 99.08 0.22 

2.50 19.53 56.96 0.21 

Nisin-AgNO3 

1.95 10.00 78.07 0.69  
0.68 

 
0.49 10.00 40.90 0.68 

0.24 10.00 39.81 0.66 

AgNO3-ZnO 

5.00 62.50 88.24 0.50  
0.44 

 
10.00 62.50 95.40 0.44 

5.00 31.25 69.25 0.38 

Nisin-
Chitosan 

7.81 156.25 87.28 0.11  
0.04 

 
1.95 156.25 71.93 0.01 

15.63 0.00 97.82 0.00 

Chitosan-
ZnO 

4.88 15.63 22.15 0.29  
0.27 

 
9.77 15.63 31.35 0.28 

4.88 31.25 26.47 0.24 

Nisin-ZnO 

1.95 125.00 83.63 0.16 

0.14 3.91 125.00 91.79 0.15 

0.24 31.25 17.39 0.10 
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Table 6.4. Three highest Bliss Synergy Scores of each three-drug combination versus E. coli, 
S. aureus and S. epidermidis, showing individual drug concentrations (Conc 1, Conc 2, Conc 
3), % inhibition of bacterial growth, combination synergy score and average score. 

   

Drug 1-Drug 2-Drug 3 Conc 1 
(µg/mL) 

Conc 2 
(µg/mL) 

Conc 3 
(µg/mL) 

% 
Inhibition 

Synergy 
Score 

Average 
Synergy 

E.
 c

ol
i 

Chitosan-AgNO3-Nisin 

80.00 4.00 3.91 99.13 0.40 

0.38 160.00 2.00 3.91 98.66 0.37 

80.00 4.00 7.81 98.92 0.36 

Chitosan-AgNO3-ZnO 

40.00 4.00 20.00 100.00 0.15 

0.14 40.00 4.00 20.00 99.55 0.14 

80.00 0.50 20.00 97.15 0.13 

Nisin-AgNO3-ZnO 

31.25 1.00 31.25 77.38 0.48 

0.36 31.25 1.00 62.50 74.84 0.31 

31.25 0.50 62.50 58.62 0.29 

Nisin-Chitosan-ZnO 

3.91 312.50 125.00 100.00 0.21 

0.20 0.98 9.77 31.25 26.64 0.19 

3.91 312.50 62.50 97.72 0.19 

S.
 a

ur
eu

s 

Chitosan-AgNO3-Nisin 

78.13 8.00 0.63 99.26 0.64 

0.56 78.13 16.00 0.63 99.32 0.59 

39.06 8.00 0.63 76.57 0.46 

Chitosan-AgNO3-ZnO 

39.06 4.00 62.50 98.24 0.29 

0.28 39.06 8.00 62.50 98.32 0.29 

78.13 8.00 62.50 97.55 0.27 

Nisin-AgNO3-ZnO 

0.31 8.00 39.06 98.32 0.40 

0.38 0.63 8.00 39.06 98.39 0.40 

1.25 8.00 39.06 100.00 0.35 

Nisin-Chitosan-ZnO 

3.91 39.06 62.50 98.66 0.93 

0.83 0.98 156.25 62.50 99.39 0.84 

0.98 78.13 62.50 71.45 0.71 

S.
 e

pi
de

rm
id

is 

Chitosan-AgNO3-Nisin 

39.06 16.00 0.63 95.12 0.51 

0.43 78.13 16.00 0.63 96.15 0.43 

39.06 8.00 1.25 92.17 0.35 

Chitosan-AgNO3-ZnO 

40.00 2.00 10.00 95.99 0.36 

0.35 20.00 4.00 10.00 87.95 0.35 

40.00 4.00 10.00 98.40 0.32 

Nisin-AgNO3-ZnO 

1.25 2.00 5.00 33.58 0.63 

0.53 1.25 4.00 5.00 46.64 0.52 

2.50 4.00 5.00 72.31 0.45 

Nisin-Chitosan-ZnO 

0.98 39.06 31.25 99.36 0.22 

0.17 1.95 39.06 31.25 99.42 0.21 

1.95 625.00 31.25 99.22 0.08 
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Table 6.5 Three highest Bliss Synergy Scores and the average of each four-drug combination 
versus E. coli, S. aureus and S. epidermidis, showing individual concentrations (Conc 1, Conc 
2, Conc 3, Conc 4), % Inhibition of bacterial growth, synergy score and average synergy score 
of the three. 
 

 Drug 1-Drug 2-
Drug 3-Drug 4 

Conc 1 
(µg/mL) 

Conc 2 
(µg/mL) 

Conc 3 
(µg/mL) 

Conc 4 
(µg/mL) 

% 
Inhibition 

Synergy 
Score 

Average 
Synergy 

E.
 c

ol
i 

Chitosan-Nisin-
AgNO3-ZnO 

80.00 31.25 8.00 40.00 98.90 0.44 

0.36 80.00 1.95 8.00 40.00 76.61 0.34 

80.00 1.95 8.00 10.00 69.13 0.30 

S.
 a

ur
eu

s 

Chitosan-Nisin-
AgNO3-ZnO 

78.13 0.39 4.00 62.50 98.15 1.04 

0.91 19.53 0.39 4.00 62.50 85.02 0.85 

78.13 1.56 4.00 62.50 98.52 0.85 

S.
 e

pi
de

rm
id

is 

Chitosan-Nisin-
AgNO3-ZnO 

20.00 1.25 8.00 10.00 24.96 1.30 

1.11 20.00 1.25 8.00 40.00 99.12 1.13 

80.00 1.25 8.00 10.00 98.77 0.90 

 

Table 6.6 Most effective concentrations of the four bioactive compounds in combination 
against E. coli, S. aureus and S. epidermidis. These concentrations were established by 
evaluating the highest scoring combinations against each bacterial species and determining 
the lowest concentrations of each that would cause complete inhibition of all three bacterial 
species. 
 

Bioactive 
Most effective 

concentration (µg/mL) 
Chitosan 80 

Nisin 2 

AgNO3 8 

ZnO 60 
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6.7 Figures 

 
Figure 6.1 AgNO3-Chitosan Synergy Heat Map.  
Graphs show heat map of synergy between silver nitrate (AgNO3) and Chitosan in inhibiting 
E. coli, S. aureus and S. epidermidis growth as determined by broth microdilution and 
absorbance readings. Inhibition results were analysed with the synergy python package 
using the bliss synergy model. The synergy python package produced the heatmap graphs of 
each combination results, giving visual presentations of combinations of high (green) 
synergy or high (purple) antagonism. N=3. 
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Figure 6.2 AgNO3-Nisin Synergy Heat Map.  
Graphs show heat map of synergy between silver nitrate (AgNO3) and Nisin in inhibiting E. 
coli, S. aureus and S. epidermidis growth as determined by broth microdilution and 
absorbance readings. Inhibition results were analysed with the synergy python package 
using the bliss synergy model. The synergy python package produced the heatmap graphs of 
each combination results, giving visual presentations of combinations of high (green) 
synergy or high (purple) antagonism. N=3. 
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Figure 6.3 AgNO3-ZnO Synergy Heat Map.  
Graphs show heat map of synergy between silver nitrate (AgNO3) and zinc oxide (ZnO) in 
inhibiting E. coli, S. aureus and S. epidermidis growth as determined by broth microdilution 
and absorbance readings. Inhibition results were analysed with the synergy python package 
using the bliss synergy model. The synergy python package produced the heatmap graphs of 
each combination results, giving visual presentations of combinations of high (green) 
synergy or high (purple) antagonism. N=3. 
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Figure 6.4 Chitosan-Nisin Synergy Heat Map.  
Graphs show heat map of synergy between Chitosan and Nisin in inhibiting E. coli, S. aureus 
and S. epidermidis growth as determined by broth microdilution and absorbance readings. 
Inhibition results were analysed with the synergy python package using the bliss synergy 
model. The synergy python package produced the heatmap graphs of each combination 
results, giving visual presentations of combinations of high (green) synergy or high (purple) 
antagonism. N=3. 
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Figure 6.5 Chitosan-ZnO Synergy Heat Map.  
Graphs show heat map of synergy between Chitosan and zinc oxide (ZnO) in inhibiting E. 
coli, S. aureus and S. epidermidis growth as determined by broth microdilution and 
absorbance readings. Inhibition results were analysed with the synergy python package 
using the bliss synergy model. The synergy python package produced the heatmap graphs of 
each combination results, giving visual presentations of combinations of high (green) 
synergy or high (purple) antagonism. N=3.  
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Figure 6.6 Nisin-ZnO Synergy Heat Map.  
Graphs show heat map of synergy between Nisin and zinc oxide (ZnO) in inhibiting E. coli, S. 
aureus and S. epidermidis growth as determined by broth microdilution and absorbance 
readings. Inhibition results were analysed with the synergy python package using the bliss 
synergy model. The synergy python package produced the heatmap graphs of each 
combination results, giving visual presentations of combinations of high (green) synergy or 
high (purple) antagonism. N=3. 
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Figure 6.7 Synergy score results of top three two-drug combinations: Bar graphs presenting 
the concentrations of each drug and their respective synergy scores from the top three two-
drug combinations (A – F) against E. coli, S. aureus and S. epidermidis. (A) AgNO3/Chitosan, 
(B) Nisin/AgNO3, (C) AgNO3/ZnO, (D) Nisin/Chitosan, (E) Chitosan/ZnO and (F) Nisin/ZnO. 
Bars show drug concentrations as indicated on the left y-axis and the line/symbols show 
each combination (combo) synergy score as indicated on the right y-axis. 
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Figure 6.8 Synergy score results of top three three-drug combinations: Bar graphs 
presenting the concentrations of each drug and their respective synergy scores from the top 
three three-drug combinations (A – D) against E. coli, S. aureus and S. epidermidis. (A) 
Chitosan/AgNO3/Nisin, (B) Chitosan/AgNO3/ZnO, (C) Nisin/AgNO3/ZnO and (D) 
Nisin/Chitosan/ZnO. Bars show drug concentrations as indicated on the left y-axis and the 
line/symbols show each combination (combo) synergy score as indicated on the right y-axis. 
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Figure 6.9 Synergy score results of top three four-drug combinations: Bar graphs presenting 
the concentrations of each drug and their respective synergy scores from the top three four-
drug combinations (Chitosan/Nisin/AgNO3/ZnO) against E. coli, S. aureus and S. epidermidis. 
Bars show drug concentrations as indicated on the left y-axis and the line/symbols show 
each combination (combo) synergy score as indicated on the right y-axis. 
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Chapter 7 Cytotoxicological and Inflammatory 

Response Assessment of Bioactives 

7.1 Introduction 

The pressing interest in discovering new antimicrobial compounds is considerable given the 

global AMR crisis. However, the inclusion of appropriate bioactives into medicinal treatments 

requires extensive study and safety screening to ensure they hold no negative effects upon 

treated individuals. Such studies can be divided into two stages: pre-clinical (toxicological) 

and clinical. Preclinical studies involve the collection of preliminary data involving a 

compounds characteristics and effects. Such data includes pharmacokinetics, efficacy versus 

the designed target and cytotoxicity. Initial preliminary studies are most commonly carried 

out using cell culture specimens (in vitro) to simulate conditions similar to real-world infection 

without the need to use animals or other in vivo infectivity models. . While it is difficult to 

completely simulate all variabilities and conditions, in vitro studies are indispensable for 

understanding efficacy of pharmaceutical investigations.  For pre-clinical studies involving 

antimicrobials, with a future prospect of being used in the treatment of bacterial infections, 

it is not only important to assess their efficacy versus microbial pathogens, but also their 

effects against animal cells and tissue. The primary effects that are determined from such 

studies are cytotoxicity (i.e. the degree to which a substance can cause damage to a cell) and 

inflammatory response (i.e. the degree to which a substance can affect an cellular immune 

response) (LI, ZHOU, and XU 2015). In order to perform an accurately representative study, it 

is important to choose appropriate cell lines to use during the experimental phase. For 

example, studies which aim to development oncological treatment of cervical cancer should 

utilise a cervical cancer cell line such as CaSki cells (Abidin et al. 2020). Cytotoxicological assays 

follow standard measurements of cytotoxicity, including distorted cellular morphology, 

altered metabolic activity and general loss of cell viability (LI, ZHOU, and XU 2015). One of the 

most commonly used means of determining cellular viability is through the use of metabolic 

assays which utilise tetrazolium salts such as MTT or WST (Stockert et al. 2012). These salts 

can vary in their approach but are common in their mechanisms. The salts are metabolised 

by cells, producing formazan products which have a strong colour which can be quantified by 



Chapter 7 Toxicological Assessment of Bioactives 

216 

dissolving in a suitable solvent and measuring their absorbance. Cells unable to carry out such 

metabolic activities are generally considered to be un-viable. Standard protocols and 

guidelines have been published throughout the years to aid researchers in unifying methods 

and definitions, in order to unify safe international assessment, such as those for biomedical 

devices which defines cytotoxicity as a compound which induces ≥ 70% cell death 

(International Organization for Standardization 2018).  

As previously mentioned, during the experimental design of an in vitro assay, it is essential to 

select cell lines appropriate for the study. Inflammation can be studied through a number of 

methods, with the most commonly used involving quantification of cellular immune response 

messengers, known as cytokines (Zheng et al. 2016). Cytokines are the medium by which a 

cell can activate the local host immune response upon receiving certain stimuli, such as 

stresses or detection of secreted signalling proteins (Zheng et al. 2016; Lahouassa et al. 2007). 

Measurement of the immune response by cytokine analysis can fall into two major paths, 

quantification of produced cytokines or quantification of gene activation related to cytokine 

production (Favre, Bordmann, and Rudin 1997). The primary means of cytokine quantification 

utilised in many modern research facilities is the enzyme-linked immunosorbent assay 

(ELISA). The basis of an ELISA involves preparing or using microtiter plate coated with 

antibodies targeted towards a specific antigen (in the case of immune response assays, a 

particular cytokine). There are a number of different ELISA designs such as direct, indirect, 

competitive or sandwich, which vary upon their detection method but all involve use of 

enzymes which react to a substrate, producing a quantifiable colour change relative to the 

amount of bound antigen (Alhajj and Farhana 2023).  

The principal means of determining gene activation involves the use of polymerase chain 

reaction (PCR) assays. PCR has been a hugely important technique used for many years and 

has seen a many numbers of developments over this time. The principle of PCR involves the 

use of polymerase, a naturally occurring intracellular enzyme which assembles nucleic acids 

strands based a template. In its most basic form, PCR involves denaturing a nucleic acid, such 

as DNA, to produce two individual single-stranded DNA (ssDNA) sequences. Primers, which 

are short nucleic acids, are designed specifically to bind both sides of a genetic sequence of 

interest. Primers are introduced and bind their designated sites and set a template for 

polymerase to bind. Polymerase is then introduced which binds this site and reassembles the 
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DNA, producing two DNA strands identical to the original DNA strand, with the target gene 

sequence. Conditions can be tailored and manipulated to induce this cycle many times, 

causing exponential amplification of the target gene sequence. Some of the previously 

mentioned developments includes modifying the polymerase enzyme, which will then 

integrate a specific fluorescent reporter molecule into newly formed nucleic acid sequences. 

This allows quantification of the PCR products and is known as quantitative-PCR (qPCR).  

In the following study, four chosen bioactives compounds, silver nitrate (AgNO3), chitosan, 

zinc oxide (ZnO) and nisin shall be assessed for their cytotoxicity against a mammalian cell line 

relevant to the onset of bovine mastitis. The chosen cell line, bovine mammary epithelial 

(BME) cells, represent the specific area within the mammary gland where chronic mastitis 

infections are known to occur. The BME cells will be treated with varying concentrations of 

each bioactive, and analysis of cellular viability will then be used to determine their cytotoxic 

against the cell line. Furthermore, the bioactives will also be assessed in order to determine 

their effect upon BME cell lines immune response. While it is important to determine a 

compounds effect upon a host immune response, mastitis in itself is an inflammatory disease, 

which can elicit significant inflammation, which is known to be the primary cause of tissue 

damage in individuals (Günther et al. 2016; Zheng et al. 2016; Contreras and Rodríguez 2011; 

Gomes, Saavedra, and Henriques 2016). As such, it will be important that the bioactives do 

not cause further inflammation, and it may even be beneficial in treatment if they are found 

to cause an anti-inflammatory response. In order to ascertain this, cells will be pre-treated 

with lipopolysaccharide (LPS), a bacterial compound which is known to stimulate a full 

immune response in the majority of mammalian cell lines (Gilbert et al. 2013; Tomasinsig et 

al. 2010). Following pre-treatment, cells will be co-treated with an individual bioactive and 

LPS. Cells will be harvested and used for reverse-transcriptase-quantitative PCR (RT-qPCR). 

This form of PCR involves using reverse-transcriptase (RT) to produce DNA from messenger-

RNA (mRNA) allowing quantification of this mRNA which is directly related to the amount of 

a target compound being produced withing the cell. For the purposes of this study, the 

cytokines chosen to be quantified are TNFα, IL-1β, IL-6 and IL-8, which are commonly targeted 

cytokines in a number of immune response assays (Gilbert et al. 2013; Zheng et al. 2016). In-

order to quantify whether the cytokine production is up-regulated or down-regulated, they 
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will be compared to a common housekeeping gene, β-actin. β-actin production should remain 

consistent in all cells, regardless of treatment and so acts as a baseline.  

7.2 Aims and Hypothesis 

The aim of this study is to perform a toxicological assay of silver nitrate (AgNO3), chitosan, zinc 

oxide (ZnO) and nisin against BME cells. BME cells were chosen to represent the internal tissue 

of bovine mammary gland as this is the primary area of mastitis infection and therefore, 

treatment exposure. Cells will be grown in culture and exposed to varying concentrations of 

each bioactive to assess their effects. Cells will also be processed for use in RT-qPCR in order 

to determine their inflammatory response to each bioactive. The bioactive solutions will be 

prepared as per bacterial assays (see Chapter 4.6).  

It is hypothesised that both AgNO3 and ZnO, being composed of heavier inorganic materials, 

will hold an adverse effect upon the cells. Although, considering the low MIC of AgNO3 (see 

Chapter 4.2.2) it is possible that it will not exhibit a significant effect in a range that may still 

hold it effective against bacterial species. Nisin, being solely a bacterial targeting peptide, will 

have little to no effect. Similarly, due chitosan’s relatively safe nature it will also have little 

effect. However, since both nisin and chitosan are prepared at lower pH, the acidic properties 

of the solution will mostly have negative effect on cell viability and immune response.  

7.3 Results  

7.3.1 Cytotoxicity Assessment 

o Silver Nitrate 

BME cells were treated with silver nitrate (AgNO3) at a concentration range of 1.95 – 1000 

µg/mL for 18 hours. The treatment system also included wells treated with the AgNO3 -

treatment vehicle (Tv) consisting of 28% (v/v) Poly(ethylene glycol), average molecular weight 

400 (PEG-400) and 26% (w/v) d-sorbitol. The AgNO3 treated wells exhibited 100% cell death 

(CD) (+/- 5%) at concentrations from 1000 – 31.3 µg/mL and ~50% cell death at 15.6 µg/mL 

(see Figure 7.1). AgNO3 concentrations below this figure did not induce death, but in contrast, 

promoted a marginal increase in viability when compared to that of the untreated cells (UT). 

As seen in Figure 7.1, the AgNO3-Tv induced CD at higher concentrations with approximately 

100% CD at concentrations relative to 1000 µg/mL AgNO3, but this reduced in a linear fashion 
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with concentration. In comparison to AgNO3, the AgNO3-Tv exhibited a lesser toxic effect. The 

highest test concentration of AgNO3 determined to be non-cytotoxic is 7.81 µg/mL.  

o Chitosan 

BME cells were treated with chitosan at a concentration range of 9.77 – 5000 µg/mL for 18 

hours. The treatment system also included wells treated with the chitosan-Tv consisting of 

1% acetic acid (AcOH), pH 5.5. Both chitosan and the chitosan-Tv exhibited complete CD at 

the highest concentrations (5000 µg/mL chitosan). However, as seen in Figure 7.2, at 2500 

µg/mL, chitosan exhibited significant changes in viability, resulting in ~ 30% cell viability 

compared to the chitosan-Tv treated cells which exhibited ~90% viability (p <0.001). There 

were no noteworthy reductions in cell viability seen at any other treatment concentration; 

thus the highest non-cytotoxic test concentration was determined to be 1250 µg/mL chitosan 

(International Organization for Standardization 2018). 

o Zinc Oxide 

BME cells were treated with zinc oxide (ZnO) at a concentration range of 4 – 2048 µg/mL for 

18 hours. There was no Tv included in this assay as the ZnO was suspended in BME growth 

media (BMEM) and as such would have no impact on results. As seen in Figure 7.3, ZnO 

treatment showed negative effects upon the BME cell viability, causing significant cell death 

at test concentrations of 32 – 2048 µg/mL (P < 0.01). Treatment at concentrations of 4 – 16 

µg/mL was seen to have a lesser effect upon cell viability (99 – 87% viability). The highest non-

toxic ZnO treatment was determined to be 16 µg/mL. 

o Nisin 

BME cells were treated with nisin at a concentration range of 0.244 – 125 µg/mL for 18 hours. 

A nisin-Tv was also included, consisting of dH2O (400 mM NaCl, pH 3.25). As seen in Figure 

7.4, both nisin and the nisin-Tv induced notable CD at the highest concentrations (125 µg/mL), 

with ~20% and ~40% cell viability respectively. These values were significantly different (P < 

0.001) suggesting nisin was producing a major effect itself. As evident from Figure 7.4, nisin 

has slight effect upon cell viability at all test concentrations between 3.9 – 62.5 µg/mL 

(approximately 10 – 12% CD), whereas the nisin-Tv ceases to hold any noteworthy effect from 

31.3 µg/mL. The highest non-cytotoxic test concentration of nisin was determined to be 62.5 

µg/mL. 
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7.3.2 Cell Immune Response Assay 

Results are presented in Figures 7.11 – 7.14 as bar graphs showing mean cytokine expression 

relative to β-actin expression, with 1 hour pre-treatment of LPS followed by 24-hour exposure 

of BME cells with LPS alone or in co-treatment with one of the other stated treatments. 

Untreated (UT) cells were not exposed to any compounds. Mean relative cytokine expression 

greater than that of LPS alone indicates an increased inflammatory response whereas 

expression lower than that of LPS indicates a reduction of inflammation, which suggests an  

anti-inflammatory effect. 

o TNFα  

Mean TNFα expression is represented by bars in Figure 7.11. Results indicate reduced 

cytokine expression in BME cells following exposure with each bioactive and PVP. The 

greatest reduction seen with AgNO3 exposure, causing a 2.47-fold reduction in TNFα 

expression relative to LPS alone. ZnO also caused strong reduction, reporting a 2.04-fold 

decrease in TNFα expression. Chitosan, nisin and PVP also held moderate effects with 1.41-

fold, 1.75-fold and 1.64-fold reductions respectively.  

o IL-1β  

Mean IL-1β expression is presented as bars in Figure 7.12. Results show treatment with AgNO3 

and ZnO to cause reduced IL-1β expression up to 2.50-fold and 1.98-fold respectively relative 

to LPS alone. Chitosan and nisin was also noted to cause reduction of cytokine expression, but 

to much lower intensity with 1.23-fold and 1.13-fold reductions respectively.  PVP held very 

little effect upon IL-1β expression.  

o IL-6 

Mean relative IL-6 expression following treatment is presented in Figure 7.13. Results show 

reduced IL-6 expression from 24-hour exposure with AgNO3 (1.37-fold) and nisin (1.59-fold), 

while chitosan, PVP and ZnO were seen to cause 1.11-fold, 1.49-fold and 1.13-fold increases 

of expression respectively, relative to LPS alone.  

o IL-8 

Mean relative IL-8 expression is presented in figure 7.14. AgNO3 treatment was noted to cause 

reduced IL-8 expression, with a 1.22-fold reduction in expression relative to LPS alone. There 
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was no mean change in expression following exposure with nisin. Chitosan, ZnO and PVP 

exposure was seen to cause minor increases in expression, with 1.16-fold, 1.20-fold and 1.09-

fold increases respectively.  

7.4 Discussion  

Silver nitrate (AgNO3) exhibited severe toxicity towards BME in a range of 31.3 – 1000 µg/m 

L, while inducing ~50% CD at a concentration of 15.6 µg/mL. The AgNO3 -Tv also exhibited 

toxicity, but from comparison of calculated cell viabilities, it did not have an overly substantial 

effect as part of the AgNO3 treatment. The highest non-cytotoxic test concentration was 

found to be 7.81 µg/mL, which is lower than the mean MIC values determined previously (See 

Figure 7.5 for comparisons). The observed toxicity of AgNO3 was somewhat expected due its 

composition and effects, however it was expected to be less severe towards mammalian cells 

than bacterial cell. While AgNO3 did exhibit somewhat cytotoxic effects, its influence upon 

cellular inflammatory response were much more favourable. When cells were exposed to co-

treatments of AgNO3 and LPS, it was found that the inclusion of AgNO3 caused a notable 

reduction the expression of TNFα, IL-1β, IL-6 and IL-8, all of which are pro-inflammatory 

cytokines. Similar reductions in cytokine production have been noted in other cell lines (S. H. 

Shin et al. 2007). The ability to reduce inflammation would be quite beneficial in the 

treatment of infections and inflammatory diseases such as mastitis, where the high 

inflammatory response can cause sever tissue damage to the host (Zheng et al. 2016; Garcia 

2004). 

Nisin and chitosan exhibited the lowest toxic effects towards BME cells, in terms of their effect 

on cell viability. While chitosan was exhibiting noticeable toxic effects in a range of 2500 – 

5000 µg/mL, concentrations below this did not induce any noteworthy effect. However, while 

nisin only appeared to cause cell death at the highest concentration (125 µg/mL), it still 

exhibited a slight toxic effect at all test concentrations. This noted occurrence could be due 

to the presence of macromolecules in the treatment solution, as seen in Figure 7.9. The small 

black molecules, which may be by-products from the commercial nisin powder, are only 

visible in image A and B, which are cells treated with nisin (125 µg/mL) at time-points 0 and 

18 respectively. These molecules may have disrupted the cell viability through steric effects, 

which could explain the minor effect across all concentrations.  
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Immune response studies show chitosan to have varying effects upon cytokine expression, 

with IL-1β and IL-6 expression remaining relatively similar to LPS only treated cells, while IL-8 

expression was seen to increase and TNFα expression was noted to decrease. Similar 

reductions were noted in other studies, however the IL-6 expression reduction was much 

more notable (Yoon et al. 2007). Other studies have also show that the effect of chitosan 

upon cytokine production, particularly TNFα, can vary depending on the grade of chitosan 

used (Davydova et al. 2016). Such variance in effects cannot conclude whether chitosan is pro 

or anti-inflammatory, as all test cytokines are heavily involved in the inflammatory response 

cascade. Similar effects were noted from nisin, which was seen to cause reduced expression 

of TNFα and IL-6. Mean expressions of IL-1β and IL-8 were slightly less or similar to that of LPS 

alone. As there were no notable increases in expression, it could be established that nisin is 

somewhat anti-inflammatory, as supported by other similar studies (Jia et al. 2019; 

Małaczewska and Kaczorek-Łukowska 2021). 

Zinc oxide (ZnO) exhibited very severe toxicity towards BME cells, from a concentration range 

of 32 2048 µg/mL. Unlike the toxicity range exhibited by AgNO3, ZnO toxicity does not fall 

within a satisfactory range in comparison to its mean MIC value versus the bacterial strains 

(Figure 7.5). As can be observed in Figure 7.10, ZnO formed a heavy precipitate on top of the 

cell layer. This precipitate is the most likely cause for the reported cell viability at the 

concentration range of 1024 – 2048umg/mL as it’s actual presence would interfere with 

absorbance readings of the MTT assay, and the linear decline in absorbance would also 

reinforce this assumption. Furthermore, as per images shown in Figure 7.10, the envelopment 

of the cells with the ZnO compound would cause the cells great stress which would cause 

decline in viability. Immune response results indicate ZnO to have favourable effect in 

reducing expression of TNFα and IL-1β, however it was also noted to cause increases in IL-6 

and IL-8 expression, however it is worth noting that the decreases in expression are much 

greater than the increases. Other similar studies have noted a decrease in TNFα expression 

from ZnO exposure to cells, but they have also noted decreases in IL-6 expression, which may 

be due to the cell type or even the form of ZnO used (Hu et al. 2013). Other studies have also 

suggested that the ZnO form can greatly alter the effects upon cytokine expression, 

particularly the ZnO-NP size . 
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7.5 Conclusion 

Of the four bioactives assessed during this study, AgNO3, chitosan and nisin showed promising 

results in terms of their toxicity status towards BME cells. While AgNO3 did exhibit toxicity at 

a concentration lower than the mean MIC, previous combinational studies have shown that 

it can have a significant effect in aiding the antimicrobial abilities of the other, less toxic 

bioactives, especially nisin (See Figure 7.5). Furthermore, its ability to reduce expression of all 

four test cytokines give its greater value as a potential therapeutic for inflammatory diseases. 

Both chitosan and nisin showed very promising potential due to their low cytotoxic effects, 

especially in comparison with to their mean MIC values. Furthermore, they were noted to 

both reduce TNFα and IL-1β expression. The previous synergy studies have also clearly 

indicated their suitability for combinational together, and also with the other bioactives. 

While the results of ZnO show severe loss of cell viability, this could be challenged due to the 

nature of the chosen cell viability assess. Images taken of cells show a heavy later of 

precipitate which could easily interfere with the successful implementation of the MTT assay. 

It could also be hypothecated that if a solid carrier for ZnO was utilised, it could stop such 

accumulation and prevent such mammalian cell death, while still leaving ZnO available to 

interact with bacterial cells.  

In conclusion, final findings show the four bioactives to vary greatly in the effects exhibited 

upon BME cells, however in conjunction with results of previous studies, there is a clearer 

idea of how they can be implemented and incorporated into a treatment successfully and 

safely. 
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7.6 Figures 

MTTAssay Results: AgNO3
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Figure 7.1 MTT Results of Silver Nitrate and Bovine Mammary Epithelial Cells.  
Bars represent the mean viability of bovine mammary epithelial (BME) cells following 18-
hour treatment with silver nitrate (AgNO3) at a range of concentrations (µg/mL). The silver 
nitrate treatment vehicle (AgNO3-Tv) was also included. Cell viability determined by use of 
MTT assay. Error bars represent standard error of the mean (SEM). Significance between 
effects of AgNO3 and AgNO3-Tv was determined by use of two-way ANOVA with Sidak's 
multiple comparisons test and expressed in terms of a P value following the APA style. P = 
0.002 (**), P < 0.001 (***). N = 3  
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MTT Assay Results: Chitosan
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Figure 7.2 Dose Response curve of Chitosan and Bovine Mammary Epithelial Cells.  
Bars represent the mean viability of bovine mammary epithelial (BME) cells following 18-
hour treatment with chitosan at a range of concentrations (µg/mL). The chitosan treatment 
vehicle (chitosan-Tv) was also included. Cell viability determined by use of MTT assay. Error 
bars represent standard error of the mean (SEM). Significance between effects of chitosan 
and chitosan-Tv was determined by use of two-way ANOVA with Sidak's multiple 
comparisons test and expressed in terms of a P value following the APA style. P < 0.001 
(***). N = 3  
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MTT Assay Results: Zinc  Oxide
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Figure 7.3 MTT Results of Zinc Oxide vs. Bovine Mammary Epithelial Cells. 
Bars represent the mean viability of bovine mammary epithelial (BME) cells following 18-
hour treatment with zinc oxide (ZnO) at a range of concentrations (µg/mL). Cell viability 
determined by use of MTT assay. Error bars represent standard error of the mean (SEM). 
Significance was determined by a two-way ANOVA with Sidak's multiple comparisons test 
which was used to compare % viability of treated and untreated (i.e., 100% viability) to 
show significant effects of treatment. P < 0.001 (***). N = 3  
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Figure 7.4 MTT Results of Nisin vs. Bovine Mammary Epithelial Cells. 
Bars represent the mean viability of bovine mammary epithelial (BME) cells following 18-
hour treatment with nisin at a range of concentrations (µg/mL). The nisin treatment vehicle 
(nisin-Tv) was also included. Cell viability determined by use of MTT assay. Error bars 
represent standard error of the mean (SEM). Significance between effects of nisin and nisin-
Tv was determined by use of two-way ANOVA with Sidak's multiple comparisons test and 
expressed in terms of a P value following the APA style. P = 0.002 (**). N = 3  
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Figure 7.5 Mean Bacterial Minimum Inhibitory Concentrations vs. BME IC70 
Bars represent the mean bacterial minimum inhibitory concentrations (MIC) and the mean 
bovine mammary epithelial cell (BME) cytotoxic concentration (IC70) of silver nitrate 
(AgNO3), chitosan, zinc oxide (ZnO) and nisin. P<0.001 *** 
 

 
Figure 7.6 Images of Untreated Bovine Mammary Epithelial Cells. 
Images showing untreated (UT) bovine mammary epithelial cells. A: UT (t = 0), B: UT (t = 18) 
M = 100X. 
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Figure 7.7 Images of AgNO3 Silver Nitrate Treated Bovine Mammary Epithelial Cells. 
Images showing bovine mammary epithelial cells following treatment with silver nitrate 
(AgNO3). A: AgNO3 [1000 µg/mL] (t = 0), B: AgNO3 [1000 µg/mL] (t = 18). M = 100X. 
 
 

 
Figure 7.8 Images of Chitosan Treated Bovine Mammary Epithelial Cells. 
Images showing bovine mammary epithelial cells following treatment with chitosan. A: 
Chitosan [5000 µg/mL] (t = 0), B: Chitosan [5000 µg/mL] (t = 18) C: Chitosan-Tv [equivalent 
5000 µg/mL] (t = 18). M = 100X. 
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Figure 7.9 Nisin Treated Bovine Mammary Epithelial Cells. 
Images showing bovine mammary epithelial cells following 18-hour treatment with nisin. A: 
Nisin [125 µg/mL] (t = 0), B: Nisin [125 µg/mL] (t = 18), C: Nisin Treatment Vehicle 
[equivalent 125 µg/mL Nisin] (t = 18). M = 100X. 
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Figure 7.10 Images of Zinc Oxide Treated Bovine Mammary Epithelial Cells. 
Images showing bovine mammary epithelial cells following treatment with zinc oxide (ZnO). 
A: ZnO [2048 µg/mL] (t = 0), B: ZnO [2048 µg/mL] (t = 18), C: ZnO [1024 µg/mL] (t = 0), D: 
ZnO [1024 µg/mL] (t = 18). M = 100X. 
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Figure 7.11 Relative ratio of TNFα expression in Bovine Mammary Epithelial Cells.  
Bars represent mean TNFα ratio of expression relative to housekeeping β-actin gene 
expression following 1 hour pre-treatment with LPS and 24-hour treatment of LPS alone, or 
in combination with either AgNO3, chitosan, Nisin, PVP or ZnO. Untreated cells (UT) also 
shown. Two sets of Bovine mammary epithelial cells were treated in replicates of 2. 
Following RNA extraction/isolation and cDNA synthesis, cytokine expression was 
determined by use of qRT-PCR. Line intercept at mean result for LPS. 
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Figure 7.12 Relative ratio of IL-1β expression in Bovine Mammary Epithelial Cells.  
Bars represent mean IL-1β ratio of expression relative to housekeeping β-actin gene 
expression following 1 hour pre-treatment with LPS and 24-hour treatment of LPS alone, or 
in combination with either AgNO3, chitosan, Nisin, PVP or ZnO. Untreated cells (UT) also 
shown. Two sets of Bovine mammary epithelial cells were treated in replicates of 2. 
Following RNA extraction/isolation and cDNA synthesis, cytokine expression was 
determined by use of qRT-PCR. Line intercept at mean result for LPS. 
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Figure 7.13 Relative ratio of IL-6 expression in Bovine Mammary Epithelial Cells.  
Bars represent mean IL-6 ratio of expression relative to housekeeping β-actin gene 
expression following 1 hour pre-treatment with LPS and 24-hour treatment of LPS alone, or 
in combination with either AgNO3, chitosan, Nisin, PVP or ZnO. Untreated cells (UT) also 
shown. Two sets of Bovine mammary epithelial cells were treated in replicates of 2. 
Following RNA extraction/isolation and cDNA synthesis, cytokine expression was 
determined by use of qRT-PCR. Line intercept at mean result for LPS. 
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Figure 7.14 Relative ratio of IL-8 expression in Bovine Mammary Epithelial Cells.  
Bars represent mean sIL-8 ratio of expression relative to housekeeping β-actin gene 
expression following 1 hour pre-treatment with LPS and 24-hour treatment of LPS alone, or 
in combination with either AgNO3, chitosan, Nisin, PVP or ZnO. Untreated cells (UT) also 
shown. Two sets of Bovine mammary epithelial cells were treated in replicates of 2. 
Following RNA extraction/isolation and cDNA synthesis, cytokine expression was 
determined by use of qRT-PCR. Line intercept at mean result for LPS. 
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Chapter 8 Conclusion and Implications for Future 

Research 

The pressing need to find new appropriate antimicrobial compounds as safe alternatives to 

antibiotics has triggered intensive research, particularly in the cross-cutting areas of novel 

compound characterization, in vitro screening methods and drug (bioactive) delivery vehicles. 

This present novel study has contributed to addressing these needs by developing 

appropriate  methods that support effective testing and screening of candidate bioactive 

compounds including assessing antimicrobial and antibiofilm performance, polymer 

incorporation suitability, and cytotoxic and inflammatory effects. The latter relates to 

important biocompatibility efficacy.   

The chosen bioactive compounds, silver nitrate (AgNO3), chitosan, zinc oxide (ZnO) and nisin 

were selected as their chemical structures support heat stability that has been well described 

in the literature. This is important for appropriate incorporation into carrier polymers for 

bioactive delivery and will also inform effectiveness of smart coatings for preventing future 

biofilm development on medical devices for veterinary and potentially human applications. 

These four bioactive exhibited encouraging results in terms of their microbial inhibitory 

effects against the various microbial pathogens selected for the project, including for the 

future addressing of complex mastitis infections in dairy cattle. The ability to incorporate 

these thermotolerant compounds into a polymer matrix opens many possibilities in terms of 

their delivery method and how a final product can be designed for ease of production, access, 

and use. The test polymer, PVP-VA64, also demonstrated great suitability towards a final 

polymer treatment for bovine mastitis. Its low melting temperature ensured low effect upon 

incorporated compounds. As well as this, its’ hard brittle extruded form allowed the product 

to be easily ground into a water-soluble powder.  

The extensive biofilm studies have shown very in-depth capabilities of the bioactives against 

Gram-negative and Gram-positive bacterial species. As biofilms represent a major cause of 

antibiotic resistance, any ability of an alternative antibiotic treatment to disrupt formation of 

biofilms holds huge economic and societal importance. Antibiotics alone are very ineffective 

in tackling biofilm-mediated infections, as biofilms by complex design diminish or negate the 
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effects of front-line antibiotics. While individual bioactives developed for this novel project 

showed promise at different stages of biofilm development, their use in combination could 

prove to have vastly greater effect, such as demonstrated by combinational antimicrobial 

growth studies. This too can hold importance with regard to the bioactives cytotoxicity, 

wherein combinational studies have shown that very small amounts of each in combination 

can produce desirable outcomes. Moreover, use of smaller amounts of bioactives via a 

combinational approach could by-pass the cytotoxic effects reported in this present project.  

Thus, these GRAS grade bioactives characterized in this novel project were shown to reduce 

many of key indicators of inflammation in vitro highlighting their biocompatibility potential 

supporting more intensive studies during a future in vivo infection model phase. 

Mastitis remains a major hinderance in the dairy industry worldwide, and antibiotics remain 

the main treatment method. Intramammary infusions is the principal means that farmers use 

in order to treat bovine mastitis. This approach involves dissolving a powder containing 

antibiotic mixtures (supplied in large containers) into a liquid solution, which can then be 

injected directly into the teat of an infected mammary gland. A multi-compound polymer, 

developed to hold the most effective concentrations of each bioactive (as determined by the 

combination studies) ground into a fine powder, would provide a simple substitute for this 

well-established method. With such a small alteration of the procedure, there would be no 

need for additional training or knowledge, allowing a streamline introduction to farms 

globally. This simple change could eliminate a huge proportion of antibiotic exposure to our 

food chain as well as the amount of antibiotics released into the natural environment. 

 

Implications for future work  

Technical domain 

• While the current project has answered many of the initial questions regarding the 

bioactives and their suitability as antibiotic alternatives for the use in treating mastitis, 

there does remain a select few before implementation. Future studies will be required 

to determine the effects of the bioactives in combination in vitro against the bovine 

mammary epithelial cells, as well as potentially further in vivo trials.  
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• The bioactives must also be assessed for their antimicrobial and antibiofilm 

capabilities when incorporated into the polymer matrix together, as combinational 

studies of bioactives outside of the polymer have indicated that they do hold altered 

efficacy and even possibly altered mechanisms in microbial growth reduction. Results 

of post-HME analysis of individual bioactives also indicate some alterations of their 

abilities. With these considerations, it would be prudent to further assess the 

combined bioactives once they are incorporated into a polymer matrix.  

• The combination of bioactives showing greatest efficacy will require broader 

applications for antimicrobial including potential for anti-fungal therapies where the 

WHO declared many fungal pathogens as priority for new innovations and solutions 

• Future studies on the stability and functionality of these polymer-based bioactives 

post sterilization modalities (including Sterility Assurance Level) for smart coatings on 

medical devices that can be used to address complex infection scenarios, including for 

small animals 

Policy Domain 

• Dissemination findings including additional social media (LinkedIn) outputs in terms of 

creating a greater awareness of the potential of this HME polymer-bioactive approach 

to inform top-down policies to address AMR crisis including many of the UN SDGs.   

• Presentations to Health Service Executive through linked Department of Nursing and 

Health Science for regional impact and awareness 

• Adopt a Quadruple Helix approach (combining academia-industry-society and 

healthcare) at the interface for testing solutions for end-user engagement and 

acceptance  

• Publish in appropriate policy journals  

• Adopt a OneHealth Approach that embraces interface between health and the 

environment to inform policies and decision-making for new innovations.  

Societal Domain 

• Create a greater awareness of the emergence of AMR and the need for effective 

solutions such as potentially this HME-polymer delivery option to inform and enable 
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behavioural change including reduction on the use of antibiotics through Citizen 

Science 

• Greater outreach to schools such as what is delivered in TUS under the Science 

Foundation Ireland Cell Explorers Programme 

• Greater network and communication between veterinary and healthcare on 

challenges presented by AMR with dialogue with communities to promote change. 

• Consider new digital technological to inform rapid dissemination and communication 

Environmental Domain 

• Highlight the benefit of novel food grade bioactives as alternative to antibiotics where 

resistance to latter therapeutics is evident in the environment (such as antibiotic 

resistance genes found in aquatic settings) 

• Consider circularity of new products such as biobased bioactives from a life cycle 

assessment perspective and environmental footprint  
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Chapter 9 Publications  

9.1 Peer Reviewed and Published 

Development of a low-temperature extrusion process for production of GRAS bioactive-

polymer loaded compounds for targeting antimicrobial-resistant (AMR) bacteria.  

Masterson, K., Meade, E., Garvey, M., Lynch, M., Major, I., & Rowan, N. J. (2021). Science of 

The Total Environment, 800, 149545. 

https://doi.org/https://doi.org/10.1016/j.scitotenv.2021.149545 

9.2 Submitted for Peer Review 

Synergy Assessment of Four Antimicrobial Bioactive Compounds for the Combinational 

Treatment of Bacterial Pathogens 

Kevin Masterson, Ian Major, Mark Lynch, Neil Rowan 

Biomedicines 2023, 11(8), 2216;  

https://doi.org/10.3390/biomedicines11082216 

9.3 Currently On-going 

Assessment of antibiofilm capabilities of polymer loaded compounds for the treatment of 

antimicrobial resistant, biofilm forming bacteria. 
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