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ARTICLE INFO ABSTRACT

The design, synthesis, fundamentals and evaluation of 2D/3D antimicrobial surfaces are addressed in detail in
the current review. Recent advances in the antimicrobial mechanism, kinetics and properties of Ag, Cu and Ag-
Cu surfaces in the dark and under light irradiation are described and discussed. The structure-reactivity relations
in the catalyst/photocatalyst layers were described by way of the surface characterization and the observed
antibacterial kinetics. Escherichia coli (E. coli) and Methicillin resistant Staphylococcus aureus MRSA bacteria are
selected as model pathogens to evaluate the antimicrobial inactivation kinetics. The separate antimicrobial
properties of ions and the antimicrobial surface-contact effects are presented in a detailed way. The interfacial
charge transfer (IFCT) mechanism and the identification of the most relevant reactive oxygen species (ROS)
leading to bacterial disinfection are considered. The recently developed monitoring of the changes of the film
surface potential (Eigenvalues) during bacterial inactivation and the redox reactions associated with catalyst/
photocatalyst surfaces are also presented. The potential for practical applications of these innovative 2D films
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and 3D sputtered medical devices in health-care facilities are accounted for in the present review.

Part 1: Ag based materials as antibacterial agents
1. Introduction
1.1. Ag as antimicrobial particles

Since decades, nano-silver has been used as an antibacterial mate-
rial. Ag-nanoparticles cannot be compared to conventional chemicals or
bulk materials when trying to elucidate its bactericide action. Products
containing nano-silver particles have been commercially available for
over 100 years and have been used in different applications [1]. The
medical uses of Ag-suspensions, Ag-healing pads and Ag-ions have been
reported for the last few decades. Lately, there has been a renewed
interest in silver coatings for antimicrobial purposes due to the in-
creased resistance of bacteria to antibiotics [2]. The bacterial in-
activation by Ag proceeds by the release of silver-ions penetrating the
bacteria cytoplasm through the bacterial porins and by the silver na-
noparticles in contact with the bacterial outer-wall [2]. Also, silver
nanoparticles (Ag-NPs) have been reported to inactivate bacteria and
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other pathogens through the oligodynamic effect involving the diffu-
sion of 107%-10"° mol/1 (ppm-ppb) amounts in contact with the bac-
terial outer cell envelope [2-6]. Ag-NPs disinfection proceeds in sus-
pension or deposited on films through the destruction of cell wall by
reactive oxygen species (ROS) [1-9]. The Ag-toxicity towards bacteria,
viruses and fungi is significantly higher compared to the toxicity re-
ported for mammalian cells [4,5].

Silver ions have an affinity towards sulfhydryl groups located at the
cell wall, interfering with the electron transport chain through the cell
wall porins diffusing to the interior of the bacteria. Ag-ions have also
been reported to block the respiratory chain of microorganisms without
inducing resistance to silver ions with a few exceptions [7]. The con-
centrations required for bactericidal activity are in the ppb range (10~°
mol/1). Metallic silver particles react with moisture, releasing highly
oxidative Ag-ions. These Ag-ions complex with DNA and RNA, which
inhibit the microorganism replication [8]. Recent reviews report that
the size, shape and concentration of Ag-NPs control their antimicrobial
kinetics and efficiency [9]. Treatment of thermal burns by Ag-NPs to
preclude infections during the healing process has been known for over
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100 years [10].

The ability of Ag-NPs and Cu-NPs associated ions to destroy biofilms
is based on their ability to penetrate the biofilm due to their small size.
The hindrance to the biofilm formation due to the fast bacterial in-
activation kinetics of metal Ag-NPs is an important focus of current
research. In contrast to traditional antibiotics, M-NPs have small di-
mensions < 100 nm and present a larger surface area-to-mass ratio [1].
Toxic biofilms spread highly toxic pathogens in healthcare facilities and
public places. Biofilms provide protection to bacterial strains by em-
bedding them in a polymeric network structure. This hinders the pe-
netration of most antibiotics. Bacteria biofilms produce extracellular
polymeric substances (ESP) when sticking to surfaces that subsequently
protect the biofilm. This allows the film matrix to remain stable for a
long-time [11]. The hydrophilic-hydrophobic balance between the
surface of polymer films and the bacteria envelope has a great influence
on the release of Ag-NPs-ions deposited on a polymer network [12].

The current review presents: a) basic principles on the action of Ag
and Cu-nanoparticles and b) the modus operandi of Ag and Cu-nano-
particles fixed on a substrate. Subsequently, we also address the bac-
terial inactivation by Ag-Cu films including the film preparation, ki-
netics evaluation and surface properties in the dark or under light
irradiation. Only few bacterial inactivation mechanisms under light
have been reported until now and this review presents in detail the
recent developments in this area.

1.2. Surface Ag-NPs characteristics

The kinetics and bacterial inactivation mechanism is strongly re-
lated to the Ag-size [13], shape [14] and surface charge [15] of the Ag-
NPs. This consideration is also valid in the case of Cu-NPs [16]. Factors
determining the kinetics/performance of Ag-NPs during bacterial in-
activation involve the specific surface area, the surface energy, the
nature of the ligands and Ag-NPs aggregation size. The release of Ag-
ions in contact with E. coli leads to bacterial inactivation and is a
function of the of Ag-NPs concentration, pH and surface potential [17].
Ag-NPs have been reported to generate ROS [18,19]. When Ag-NPs
contact E. coli, the cell wall disruption occurs not only due to effect of
the Ag-ions but also due to the Ag-NPs in contact with the bacterial cell
wall envelope (surface-contact effect) [20-23]. The speciation of Ag-
NPs plays an important role in the bacterial inactivation and is a
function of the temperature, media pH, concentration, particle size,
surface potential/charge and ionic strength [24]. In Gram-negative
bacteria, the cytoplasm protein acts as an Ag-ion reducing agent [25].
Metal-species interfere with the nutrient assimilation and induce in
some cases genotoxicity. This is the case for example of Cr(VI) and As
(IlD-ions [26]. The effects of the Ag-particle size, shape, roughness,
zeta-potential and surface potential on the bacterial inactivation are
briefly described in Section 1.2.1.

1.2.1. Effect of Ag-NPs size on the kinetics of bacterial inactivation

The size of metal Ag-NPs prepared by sol-gel methods affects their
adhesion and antibacterial activity. The production of Ag-NPs is ex-
pensive, involves hazardous chemicals and leads to many cases to non-
reproducible Ag-NPs formulations. Particles between the range of
1-10 nm were reported to attach easily to the E. coli cell wall compared
to micron sized Ag-NPs [13]. Furthermore, the mechanism of Ag-NPs
leading to bacterial inactivation with sizes ca. 25 nm was recently re-
ported by Sondi and Sondi [27]. Many reports show that electrostatic
attraction between the negatively charged bacterial cell wall and the
positively charged nanoparticles is crucial for the bactericidal activity
of nanoparticles. However, Sondi and Sondi used TEM images to show
that negatively charged silver particles interact with the E. coli cell wall
leading to cell death [27]. The bacterial membrane showed a significant
increase in cell wall permeability for ionic and related low size-species
leading to an increased/uncontrolled transport through the cell wall,
release of LPS molecules leading to cell death. The Ag-NPs preparation
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Table 1

Sizes of sol-gel prepared Ag-NPs used to inactivate E. coli.
References Size Material
Choi and Zu [28] 5-21 nm AgNO; reduction by NaBH,
Xiu, Thang et al. [23] 3-10 nm AgNO; dilution
Lu and Chou [29] 22-24nm Ag>CO3 hydrolysis
Kim, Kuk et al. [30] 8-16 nm AgNO; reduction by NaBH,4
M. Raffi et al. [31] ~16nm Gas condensation
Smetana et al. [32] 100-150 nm Solvated meta-atom dispersion
Kvitek et al. [33] 50 nm -1 micron Tollens Process
Raffi et al. [34] 5nm Ag-surfactants
Navarro, et al. [35] 11-200 nm Ag/carbonate hydrolysis
Panacek et al. [36] 25-450 nm [Ag(NHs),]" complex
Morones et al. [13] 5+ 2 Ag-surfactants
Wei et al. [37] 20-40 nm EDTA reduction of Ag-ions
S. Pal et al. [14] 10 nm AgNO; dilution
Prabhu et al. [9] 8-10nm Ag-PVP
Sondi et al. [27] 1-10nm AgNO3

by sol-gel from different laboratories is presented below in Table 1. This
Table also shows the diverse routes for the preparation of these Ag-NPs.
The bacterial inactivation kinetics cannot be directly correlated with
the particle size of Ag-NPs as shown in Table 1. The experimental
conditions during the Ag-NPs preparation, reaction media, pH and
concentration varied considerably from one laboratory to another and
this makes it difficult to compare the bacterial inactivation kinetics as a
function of the Ag-NPs size in Table 1. Table 1 summarizes results on E.
coli inactivation by Ag-NPs presenting different sizes and prepared by
different synthetic routes using various precursors. Most of the previous
studies did not report any bacterial inactivation times a seen in Table 1.
These reports address the shape, size, ionic concentration of the media,
the leaching of the Ag-ions minimum inhibitory concentration (MIN),
the diffusion of the Ag -NPs in solution and other physical character-
istics of the Ag-NPs. No time frame for the bacterial reduction is re-
ported in many cases since this depends on the initial E. coli con-
centration, the initial Ag-NPs concentration and other suspension/
solution parameters. Consequently, the references selected in Table 1
address particle preparation, transformation of the Ag-NPs during the
disinfection process, isoelectric point (IEP) and other material aspects,
and not the bacterial inactivation kinetics under conditions that would
allow a comparison between samples prepared by different methods/
laboratories. Therefore, there is a need to work out standard guidelines
to compare the bacterial inactivation kinetics and efficiency of Ag-NPs/
Ag-films leading to bacterial inactivation.

Biological methods have been developed to synthetize Ag-NPs using
suitable reducing and stabilizing agents and solvents [9]. The ad-
vantages of using plant extracts are related to their availability, safety,
non-toxicity and easy reduction by common reducing agents leading to
Ag-ions. Flavones, organic acids and quinones are water-soluble phy-
tochemicals that readily reduce Ag-ions. Some of the silver synthesizing
plants and the resulting particle sizes of Ag-NPs are shown below in
Table 2. A recent review on synthesized Ag-NPs “green” method and
their antimicrobial properties has been reported [43].

1.2.2. Effect of the Ag-NPs shape on bacterial inactivation
The shape of Ag-NPs is an important factor controlling/regulating

Table 2

Silver-synthesizing plants and Ag-particle sizes.
Serial number Organism Ag-particle size (nm) Ref.
1 Medicago sativa 2to 20 [38]
2 Azadirachta indica 50 [39]
3 Cinnamomum camphora leaf 55 to 80 [40]
4 Cinnamomum zeylanicum bark 50 to 100 [41]
5 Jatropha curcas 10 to 20 [42]
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Fig. 1. a) Factors affecting bacterial inactivation by Ag-NPs: size, particle ag-
glomeration, charge and shape, b) scheme of bacterial inactivation by Ag-films.

their antimicrobial activity. Ag-NPs with different shapes induce a very
different degree of bacterial damage when interacting with the cell wall
envelope [44]. Triangular shape particles have been reported to induce
a higher antibacterial activity compared to spherical particles due to
the exposure of Ag-NPs presenting an increased atomic density [13].
The more effective shapes of the Ag-NPs leading to bacterial inactiva-
tion require a lower solvation energy [45], and at the same time present
a large surface area for the AgOH/Ag>0/Ag layers [46]. Cube-shaped
Ag-NPs exhibit stronger antibacterial activity than sphere-shaped and
wire-shaped Ag-NPs with similar diameters. It was suggested that the
shape effect on antibacterial activity was related to the particle specific
surface area and facet reactivity [47-49]. Ag-NPs with a rod-like shape
were more effective than Ag-NPs with a spherical shape (Fig. 1)
[13,44-50]. Layers made up by Ag-NPs were seen to have particle
boundaries containing impurities, imperfections and dangling-bonds.
These imperfections are partly responsible for the distinct electron
polarizability on Ag-NPs presenting different shapes.

1.2.3. Effect of the Ag-NPs roughness on bacterial inactivation

Ag antibacterial surface present peaks and valleys. These are the
attachment sites of the bacteria to the surfaces. The roughness of these
surfaces is the distances between the peaks and the valleys and this
value is determined by atomic force microscopy (AFM). A higher peak
density allows for a larger interaction between the M-NPs (metal = M)
and bacteria leading to faster bacterial inactivation kinetics. Few stu-
dies have addressed the correlation of surface roughness and bacterial
inactivation kinetics.

1.2.4. Effect of zeta-potential on bacterial inactivation

Recent studies have demonstrated that the zeta potential of M-NPs
has a strong influence on bacterial adhesion. Due to electrostatic at-
traction between the positively charged Ag-NPs and the negatively
charged E. coli cell membrane, the Ag-NPs interact electrostatically with
the negatively charged bacterial cell wall.
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1.2.5. Surface potential and pH changes on bacterial inactivation

The interface potential of the Ag films in contact with bacteria shifts
during the bacterial inactivation time in the dark and under light
[51,52]. This is the evidence for the change in the permeability of the E.
coli cell wall in contact with Ag films. The surface potential decrease is
associated with an increase in cell permeability [51-54]. Rtimi et al.,
reported recently changes in surface potential for a variety of films in
contact with bacteria [51,52] leading to the loss of the cell barrier
control. Therefore, no more cell wall related constrains regulate the ion
species diffusing in and out of the bacteria cytoplasm. Carboxylic acid
intermediates are produced during bacterial degradation leading to
changes in the pH surrounding the bacteria. This drives the Ag-film
interfacial values to a more acidic pH, which subsequently leads to
bacterial loss of viability. After the carboxylic acids decompose to CO,
as noted below in Eq. (1), the pH recovers to its original level in the
dark (Kolbe reaction) or under light (Photo-Kolbe reaction) [54,55].

RCOO™ + Ag-NPs (dark) = R + CO, @

1.3. Ag-NPs leading to bacterial inactivation in the dark

1.3.1. Suggested mechanism of bacterial inactivation by Ag-NPs in the dark

Silver in its metallic state reacts with air (O,) leading to Ag,O. This
Ag,0 generates of Ag™-ions as shown by Egs. (2)-(3). These are 4
electron processes:

4Ag® + 0, — 2Ag,0 (2

2Ag,0 + 4 H" — 4Ag* + 2H,0 3

Henglein et al. [56] reported that Ag® dissolution in the presence of
air (0,) leads to Ag release. The released Ag chemisorbs on the Ag-NPs
cell wall inducing antibacterial effects and this effect can also take place
in anaerobic conditions. Ag-NPs with smaller sizes increased the anti-
bacterial effect due to the higher amount of Ag™-ions present per unit
weight of Ag. Ag,0 was observed on the surface of Ag-NPs due to the
spontaneous decomposition of AgOH as noted in Eq. (4) [57]. The core
of the Ag-NPs was reported to be made up by Ag, while the AgOH is
present in the 1-3 atomic surface layers (< 0.6 nm) [58].

2 AgOH — Ag,0 + H,0 (pk = 2.87) 4

Ag-NPs in anaerobic atmosphere penetrate the cell membrane
porins and interact with the cell wall LPS mercapto(-SH), amino(-NH),
and carboxyl(—COOH) functionalities. Fig. 2 shows schematically the
interaction of the ROS or Ag-ions leading to the protein bacterial dys-
function in the cysteine Fe-binding sites. Evidence is available to sup-
port this mechanism [5,8,9,19,26,59]. The bacterial inactivation by Ag-
NPs has been generally attributed to the following reactions: a) the
binding and translocation of Ag-ions into the cell cytoplasm and b) the
damage of DNA/RNA and other cytoplasm cell components [60]. Bac-
terial inactivation in aerobic conditions in the dark leads to: a) Ag-
oxygenated species, and b) Ag-DNA/RNA interactions [61,62]. Park
et al., showed the bacterial inactivation by ROS accounted for about
50% of the total damage by Ag-ions in aerobic and anaerobic media
[63].

1.3.2. General considerations for the Ag-NP mediated disinfection on 2D/
3D surfaces

The loading of colloidal particles or precast Ag-NPs powders on heat
resistant substrates such as quartz, glass, metal plates, and ceramics
involves calcination carried out at temperatures between 300 °C and
higher to anneal Ag on the substrate. Colloidal suspensions of Ag are
stabilized by two different mechanisms as described by the DLVO
theory (Derjaguin, Landau, Verwey, and Overbeek) [64]. The first route
is based on electrostatic repulsion of the Ag-positive suspensions by the
addition of citrate-ions or other negative anion to preclude the Ag-ag-
gregation by attractive forces and van der Waals forces. The second
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route is based on the addition of steric blockers such as long-chain
polymers like PVA or PVP. The stable and adhesive loading of Ag-NPs
colloids on polymers/textiles with high adhesion is not possible since
these materials are not heat-resistant. For this purpose, organometallic
silver (I)-complexes on polyamide and polypropylene (PP) [12] and
chitosan-Ag surfaces have been employed [65]. In polyurethane (PU)
the Ag-submicron particles were deposited by sol-gel methods at rela-
tively low temperatures [66]. Polyurethane is hygroscopic and the in-
teraction with electrolyte solutions releases silver-ions at a slow rate
[67]. The change in pH surrounding the bacterial outer cell wall (LPS)
is an additional factor leading to bacterial loss of viability. Ag coating
increases the hydrophilicity of catheters since the latter are made up
from PU or silicon, both highly hydrophobic materials. Ag-coated ca-
theters by sol-gel are effective for short times [68] and loose Ag as
confirmed by analytical means. Due to this Ag-detachment, the Ag-
deposition is carried out by chemical vapor deposition (CVD) or
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sputtering techniques [69]. Most of the loadings of Ag-colloids on
textiles/polymer films presenting a low heat resistance have led to Ag-
films not being robust, uniform, reproducible or adhesive [70]. There-
fore, CVD and diverse forms of sputtering are used to coat different
substrates and devices. In the CVD chamber, Ag composites/complexes
are heated, decompose and subsequently condense on the substrate
positioned in a different zone of the reactor at a lower temperature. The
disadvantages of the CVD deposition are the high investment costs, the
high temperatures needed precluding film deposition on polymers such
as PES, PE, PU and PET and the amount of heat requiring costly cooling
systems. Ag-films (6 to 50nm) deposited by CVD led to bacterial in-
activation under UV/Vis light irradiation as reported by Page et al.
[71,72], Foster et al. [73], Dunlop et al. [74], Yates et al. [75] and Kelly
et al. [76,77]. Adhesive, robust and reproducible films were obtained
by this approach. Magnetron sputtering was also used to prepare uni-
form and adhesive Ag/Ag-oxide ultrathin films. The sputtered films
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released Ag-aggregates/Ag-nuclei//Ag-ions. The amounts released
were a function of the added Ag and the speciation of Ag.

1.4. Ag-NPs surfaces leading to bacterial inactivation

1.4.1. Mechanism of Ag-NPs charge generation under band-gap irradiation
leading to antibacterial surfaces with potential application in healthcare
facilities

Various bacterial inactivation mechanisms involving Ag-ions/Ag-
NPs have been suggested in recent reviews [1-16,18-37]. In this Sec-
tion, we focus on the bacterial inactivation mediated by light induced
Ag-NPs under ban-gap irradiation. This area has attracted little atten-
tion in the last decade in the field of Ag-mediated disinfection. In the
presence of air (O,) and humidity, Ag-films are covered by AgOH layers
(seen 1.3.1, Eq. (4)). This layer decomposes spontaneously to Ag,0:

(5)

This Ag,0 is thermodynamically stable in the region of pH 6-8. The
same pH stability domain is required for the survival of E. coli and for a
wide range of bacterial species. Visible/actinic light irradiation acti-
vates Ag,0 with 1.46 < bg < 2.25eV [5-9,20] as noted next in Eq. (6):

©

In the presence of a semiconductor such as TiO,, ZnO, Fe,03 the
photo-generated electrons (e-) by the semiconductor under band gap
irradiation react as shown in Eq. (7):

2AgOH — Ag,0 + H,O (pKa = 2.87)

Agy0 + light = h™ + e~

Ag,0 +e” —2Ag° + 1% 05~ @)

While the photo-generated holes (h™) in Eq. (6) react with H,0 as
suggested in Eq. (8). This reaction runs parallel with Eq. (9) generating
"OH radicals:

h* + H,0 - 'OH + H* (8
Agt + Hy0—>AgO™ + 2H* + 2e” ©)
Agt + H,0—>AgOH + H* (10)
2Ag" + 20H™ — Ag,0 + H,0 an
e~ + H0+ 0, — OH + OH™ 12)
e” + 0y —> 0y — 13)

The irradiation of Ag-NPs induces an accelerated bacterial in-
activation compared to runs in the dark [78-81]. This is possible due to
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the fact that the photo-activated species generated at the surface of the
Ag-NPs release Ag-ions as suggested in Fig. 3. Recent studies reported
that light activated bacterial inactivation due to Ag-NPs involves redox
reactions as detected by X-ray photoelectron spectroscopy (XPS)
[82-88]. A larger application in health care facilities of the Ag-NPs
should be possible by Ag-films grafted on surfaces/devices through the
following ways:

a) Heating of Ag-NPs on the substrate within the limits of the substrate
thermal stability to adhere the Ag-particles on the substrate.

b) Radio-frequency plasma (RF-plasma) pre-treatment of the polymer
substrates to increase the number of negatively charged carboxylic
sites able to attach the positive Ag-ions.

¢) Chemical vapor deposition (CVD) by way of thermal decomposition
of an Ag- precursor.

d) Ag-NPs direct current magnetron sputtering (DCMS) or high-power
impulse magnetron sputtering (HIPIMS) of Ag-NPs [89-92]. In-
activation of Gram-negative and Gam-positive bacteria resistant to
antibiotics have been addressed during the last few years by M-NPs
[94]. The Ag,0 is a p-type semiconducting oxide with the same
crystallographic structure as Cu,O (cubic-cuprite) presenting a
band-gap of 1.3 + 0.3eV [95,96].

1.4.2. Importance of the 'OH-radicals generated by Ag-NPs under light
irradiation

The AgOH noted above in Eq. (10) generates a larger amount of ‘OH
radicals under light compared to runs in the dark due the reaction noted
in Eq. (14) below

AgOH + light — Ag® + "OH as

The optical absorption of Ag coated Ag°/Ag-0 surfaces presents an
absorption edge up to ~1000nm [97]. For Fe-based disinfection pro-
cesses, light activation leads to "‘OH-radicals as reported by Bauer et al.
[98] due to the light absorption of the Fe(OH)?>* bands in aqueous
solution in Eq. (15).

Fe(OH)?>* + light — Fe 2™ + "OH (15)

Bolton et al., reported Fe-hydrated/soluble organic complexes with
a spectral range up to 440 nm. The visible absorption of these com-
pounds is important in Fenton type processes [99]. The generation of
"OH-radicals as noted in Egs. (12),(14) by Ag-NPs is important leading
to the radical "OH, that undergoes the reaction "'OH/OH ™ at a potential
of +1.90 V. This potential is significantly higher compared to the HO»/

Surface oxidation
and ions release

OZ/HZOvapour
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Ag

Humidity-dependent
oxidation

0 >—®®-‘ D o B> B> B> B>
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Fig. 3. Ag-NPs mediated bacterial inactivation in the dark.
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HO,™~ potential of +0.75V vs NHE [100]. The two potentials were
estimated from theoretical considerations by Stanbury, since the elec-
trochemical determination of radical species soluble in aqueous media
is not possible [100]. The "OH radical is reported as the most effective
oxidant among the ROS [101,102]. The lifetime of this radical in so-
lution is a function of the pollutant or bacteria concentration in contact
with the Ag-NPs and can be determined by fast kinetic spectroscopy
[103]. The estimation of the associated solvation energies for Ag-NPs
have been reported and discussed by Gerischer [104].

1.4.3. Ag-NPs coated textiles and polymer films inducing bacterial
inactivation

Preparation of more advanced and effective antimicrobial films is a
topic of increasing attention. These films are designed to reduce/
eliminate infectious bacteria biofilms leading to hospital-acquired in-
fections (HAI) [105]. 2D-Textile surfaces and 3D-surfaces (such as ca-
theters or medical tools) related research is increasing at the present
time to combat pathogenic bacteria becoming more resistant to syn-
thetic antibiotics [106]. Work on antibacterial films by DCMS/DCPMS
sputtering of metals, oxides and semiconductors attaining effective,
stable and uniform bactericide films have been reported [107,108]. The
high-power impulse magnetron sputtering (HIPIMS) allows the pre-
paration of films showing a higher compactness and resistance against
oxidation/corrosion.

Ag-based hospital textiles have shown to be able to reduce the
contamination by E. coli and MRSA in hospital facilities. The level found
for these bacteria in many UK hospitals is higher than the level allowed
in hospital rooms. For example, the contamination of 10° CFU/cm? was
observed in a diabetic wound dressing [71,51]. However, in the vicinity
of the patient, a microbial density of about 10> CFU/cm? was found
[72,51]. The use of Ag-textiles should be sufficient to decrease the
bacterial concentration, since the initial concentrations are not high
[109-111]. The Ag-modified textiles prepared by traditional methods
show a significant release of Ag-cations in the washing process and this
is a serious drawback for their use [112]. The release of Ag into water
bodies through furtive emissions is a recurrent problem when used in
different industrial processes. The fate of the environmental transfor-
mation of Ag-NPs released in to the environment and their associated
toxicity is not fully known [113].

Sputtering of Ag reduces considerably the leaching observed of Ag-
deposited on textile wound-pads by sol-gel methods [114,115]. The
DCMS and the more recent direct current pulsed magnetron sputtering
(DCPMS) have been carried out in the unit shown in Fig. 4. Leaching of
Ag occurs from cotton and other hydrophilic textiles used in medical
facilities. These textiles are able to uptake a considerable amount of
water providing an effective brewing media for bacterial colonization
[21]. The leaching of Ag-TiN-polyester textiles (polyester = PES)
leaching up to the 8 cycle is shown in Fig. 5. The leaching proceeds at
a lower level compared to the Ag-leaching from textiles where Ag was
sputtered alone (in the absence of TiN) [116]. Fig. 5 presents the release
of ions from PES sputtered by Ag, TiN-Ag and TiN. For Ag-sputtered
samples up to the 8" cycle, the level of Ag-release is seen to be 6 and
8 ppb/cm?. In the case of TiN-Ag samples, the Ag-release was observed
to decrease with the number of recycling down to 5 ppb/cm?. A release
of Ag-ions > 0.1 ppm had a significant antimicrobial effect. Higher Ag-
ions concentrations > 0.35 ppm can be toxic to human cells [116]. The
TiN polyester samples lead to a release of ~14 ppb/cm? of Ti-ions as
shown in Fig. 5. The excellent biocompatibility of TiN is certainly an
advantage for antibacterial applications and has been documented in
biomedical applications [117]. Acceptable bactericidal kinetics coupled
with low cytotoxicity are the two essential requirements for effective
bactericide surfaces. With some Ag-compounds, the bacterial inactiva-
tion was observed to proceed through an oligodynamic effect in the
dark [118,119]. The leaching of Ag in the ppb concentration range
inducing an oligodynamic effect was observed to be a few orders of
magnitude below the values reported for colloidal grafted Ag-textiles.
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1.5. Microstructure of nanoparticles on surfaces sputtered by DCMS,
DCPMS and HIPIMS: Critical issues

Sputtered films on surfaces are formed involving nucleation and
growth. Atoms coalesce into small clusters and later form anisotropic or
isotropic agglomerates leading to films with thicknesses that are a
function of the sputtering time. Two main interactions determine the
sputtered film microstructure: 1) the interaction of the clusters with
each other and the interaction of the sputtered particles with the sub-
strate leading to the film epitaxial growth, and 2) the Ag and Cu-con-
densation on the surface binding to each other rather than to the sub-
strate. This leads in some cases to near-spherical compact clusters not
presenting a crystallographic network [120-123]. Low-energy sput-
tering either by DCMS or DCPMS increases the mobility of the ad-atoms
diffusing/coalescing on the substrate surface [121]. The temperature of
the sputtered film is determined by the sputtering time and the energy
of the impinging atoms/metal/ions [124].

The distribution of the sputtered metal/metal oxide films on the
substrate depends on the nanoparticle polarization, electrostatic inter-
particle effects, diffusion of the surface species, adhesion to the surface
and cohesive forces binding the M-NPs to the substrate. Generally, the
adhesive forces - an important parameter in Ag-NPs - are a function of
the physical interaction with the substrate, the chemical bonding or
chemisorption to the substrate and the mechanical interlocking with
the substrate [120-125].

Intimate bonding between antibacterial metals like Ag, Cu, Ag-Cu
and the substrate is not attained if the substrate presents an irregular
surface morphology/roughness. A. P. Ehiasarian has reported nitrides
sputtered surfaces showing highly aligned coalescent layers. This leads
to smooth/flat films without formation of grain boundaries [125].
During the last few years, sputtering of Ag on sputtered nitride under-
layers was reported. An intimate bonding to the substrate by the M-
nitride layers was obtained and the bacterial inactivation kinetics and
film properties investigated. The Ag-nitride films presented a uniform
microstructure, adhesion and uniformity [116,117,126-128]. In some
cases, the sputtered nitrides closely duplicated the substrate structure.
Epitaxial growth by the nanoparticles on top of the film led to a strong
adhesion of the sputtered layers to the substrate [129].

Similar beneficial effects for the adhesion of metals on a selected
substrate have been obtained by sputtering TiO, under-layers to pre-
pare adhesive films active in pollutant and bacteria degradation
[102,130]. The TiO, adhesive properties lead to a higher adhesion of
the top-most sputtered metal/ metal oxides on the TiO, under layers.
This induced a synergistic interaction between the metal/oxide and the
TiO, favorable in bacterial inactivation and pollutant degradation
processes [131-133]. Ag-antibacterial coated polymers leading to
bacterial inactivation have shown some stability problems during their
use as reported by K. Vasilev [134,135].

Low-energy sputtering either DCMS or DCPMS on substrates in-
creases the mobility of the surface ad-atoms coalescing on the substrate
surface [120,121]. These simultaneous processes are described gra-
phically in Fig. 6. The low rate of DCMS-deposition is proportional to
the applied power to the target. To overcome this disadvantage, elec-
tromagnets are placed behind the target(s) and this process is referred
to as direct current magnetron sputtering (DCMS). The orientation of
the electric and magnetic fields forces the electrons to follow a hopping
trajectory close to the target leading to more collisions with the gas
atoms. As consequence, a higher flow of ions is produced in the di-
rection of the target. This increased ion flow increases the deposition
rate.

To prevent arc formation during the deposition, pulsed discharges
can be introduced by neutralizing the surface charges. This process is
called direct current pulsed magnetron sputtering (DCPMS). Positive
charges accumulate near the target hindering the deposition. Periodic
interruption of the negative DC-voltage eliminates the accumulated
positive charges on the target. This process is attractive because it offers
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Fig. 5. Ion-coupled plasma spectrometry (ICPS) determination of Ag-ions and
Ti-ions released during the recycling of (a) sample sputtered with Ag for 30's
(trace 1), (b) TiN-Ag (3 min-20s) sputtered sample and (c) TiN sample sput-
tered sample for 3 min (trace 3). Reprinted with permission of S. Rtimi et al.,
(2012). Other details are given in the respective reference [116].

stable arc free deposition of films on architectural and automotive glass,
or antireflective/antistatic substrates. The applied power in DCPMS
mode is limited by the heat resistance of the target used.

High power impulse magnetron sputtering (HIPIMS) is a recent
development designed to prepare denser coatings. HIPIMS uses very
short pulses with power densities exceeding the DC power density by
about two orders of magnitude. The sputtered material creates metal-
based plasma in contrast with gas plasma for conventional DCMS. By
the application of HIPIMS to coat surfaces in the car and plane in-
dustries, the anticorrosive Fe-Cr HIPIMS coatings lead to high-density
coatings due to the increased ionization of the sputtered species. In
addition, HIPIMS improves the direction of the flow of the metal-ions in
the sputtering chamber. Furthermore, the plasma density of the con-
ventional magnetron discharges increases with the applied power to the
cathode. To avoid the heating limitation, the duration of the high-
power pulses can be shortened. A dead recovery period is introduced in
a repetitive way that is sufficiently long so that the heat accumulated on

the surface of the target dissipates. It should be noted here that the
HIPIMS sputtering requires time-consuming calibrations before it can
be applied.

1.6. Nitride selection when using antimicrobial metal nitrides under light
irradiation: TEM-microstructure of Ag-nitride films

The significant role of the metal in the Ag-nitride bacterial in-
activation kinetics is readily seen next in Fig. 7. This Figure shows the
accelerated bacterial inactivation kinetics induced by Ag-TaN com-
pared to Ag-ZrN and Ag-TiN [128]. The 20 min bacterial reduction time
induced by Ag-TaN represents a drastic decrease compared with Ag-TiN
inactivating bacteria within 100 min and Ag-ZrN inactivating bacteria
within 90 min under low intensity indoor light (4 mW/cm?, Lumilux/
Osram LW18 W/827). The initial induction period in Fig. 7 was ob-
served to last for around 100 min for Ag and 60 min for Ag-TiN and Ag-
ZrN. However, it was only 15 min for Ag-TaN. This induction period is a
low kinetics bacterial inactivation phase followed by faster kinetics in a
later stage.

To find an explanation for the shorter bacterial inactivation kinetics
induced by Ag-TaN, (Ta®* 0.73 A) compared to Ag-TiN (Ti** 0.64 A)
and Ag-ZrN (Zr** 0.87 A) is challenging. The sizes of the cations do not
provide a plausible explanation. Due to the similarity in ionic radii, it is
possible to discard nitride cation size to rationalize the observed ki-
netics. However, there is a significant difference in the potentials of TaN
undergoing Ta*/Ta®* redox reactions compared to TiN and ZrN un-
dergoing M3+ /M** reactions [36]. The redox potential values for the
Ta, Ti and Zr-nitrides depend heavily on the nature of the composite
compound. The redox potentials in these composites are not known and
this is why they are not cited here. The indicative potentials reported
for the reduction of the metals in solution are not valid. The exact value
of the reduction potentials in the Ag-nitrides presented in Fig. 7 is not
known. The chemical species and the oxidation state of the Ta, Ti and
Zr in the composite nitrides cannot be determined. One possible ex-
planation for the bacterial inactivation kinetics induced by the different
M-nitrides is the higher electrostatic charge of Ta®* compared to Ti*™*
and Zr**. This point has never been addressed and needs further in-
vestigation.

The overall reaction for the bacterial inactivation shown in Fig. 7
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Fig. 7. Comparative bacterial inactivation kinetics of E. coli on the following
supports: 1) Ag-TaN-PES, 2) Ag-ZrN-PES, 3) Ag-TiN-PES and 4) Ag-PES under
indoor actinic light. Reprinted with permission of O. Baghriche, et al., (2015).
Other details are given in the respective reference [128].

induced by the Ag-TaN PES can be written up in a simplified form as:

Bacteria + [PES-(Ag-TaN)] + light — [bacteria*...(Ag-TaN*]PES —
[bacteria™ ...(Ag-TaN*] PES + cbe™ (16)

The term cbe- refers to the conduction band electron of Ag,O (cb
—1.3 eV NHE) that transfer to Ta,Os under low intensity solar /actinic
light.

Reactions mediated by Ag/Ag,O generating ROS leading to bac-
terial inactivation have been described above by Egs. (2)-(15). During
the bacterial inactivation processes reported in Fig. 7, a pH decrease of
0.2 units was observed. This is the equivalent to the doubling in the
concentration of long-lived cations or to the H* present in the system.
In some cases, the shift to more acidic pH-values suggests the minor role
of the OH/OH™ (1.90¢€V) in the reaction sequence [136]. This is in-
dicative of the presence of the HO,/H™ + O, ™ (0.75 eV) participating
in the reaction mechanism [136]. This later radical couple with a lower
potential is frequently present at the physiological pH 6-8 at which the
bacteria exist [102,137-139].

Fig. 8a presents the microstructure of Ag-TiON determined by TEM
Bright Field (BF) [140]. Conventional TEM (not shown) revealed a dark
continuous coating 100 nm thick for TION-Ag samples. These samples
were sputtered for 4 min from a Ti-target in reactive O, atmosphere to
deposit TiON followed by Ag-sputtering for 30 s on the PES substrate.
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The Ag-Ag,0 particles presented sizes between 20 nm and up to 40 nm
in the ~70nm thick topmost layer of TiON-Ag. These Ag-Ag,0O nano-
particles will not penetrate/translocate through the bacterial cell wall
porins with a diameter of 1.1-1.5nm [141,142]. This suggests that the
Ag-induced bacterial inactivation proceeds only partially by way of Ag-
ions with sizes < 1.1-1.5 nm. Therefore, a surface-contact mechanism
involving Ag-NPs intervene in bacterial inactivation. Fig. 8b presents
the TEM of co-sputtered ZrON-Ag (90s) samples on PES. In the left-
hand side the Zr and Ag are shown to be immiscible when co-sputtered
on PES since two well-defined bands for ZrON (90 s) and Ag (20 s) were
formed. The right-hand side of Fig. 8b shows the Zr and Ag-nano-
particles contrasted by high angular annular dark field (HAADF). The
sizes of the ZrO, and Ag nanoparticles in co-sputtered ZrNO-Ag (90 s)
film were 8-13 nm and 8-15 nm, respectively. The co-sputtering of Zr
and Ag stabilizes the ZrON-Ag composite and slows down the release of
Ag.

1.7. Evidence for the interfacial charge transfer (IFCT) mechanism in
semiconductors under light leading to bacterial inactivation

The mechanism of bacterial inactivation mediated by TiON-Ag is
suggested in the scheme shown in Fig. 9. Visible light reaches TION-Ag
and leads to the formation of Ag,O. This can be due to: a) the partial
oxidation of Ti/TiON and Ag in the presence of the residual H,O vapor
in the sputtering chamber at a pressure of Pr = 10~ * Pa. This pressure
corresponds to about 10'®> molecules/cm? of H,0. This is equivalent to
a water monolayer and is sufficient to generate the oxidative-radicals
required for the partial or total oxidation of the TION-Ag composite film
forming Ag,O and TiO,, b) the TiON-Ag films can also oxidize after
being taken out of the sputtering chamber and c) when exposed to
humidity during the sterilization process when autoclaved at 121 °C.

The Ag film when exposed to air (0,) and humidity (H,0,) leads to
Ag->0 as mentioned previously in Egs. (5)-(10) (see Section 1.3.1 and
1.3.2). Ag,0 is stable at pH 6-7, the pH-region where the bacterial
inactivation of E. coli is investigated. Light irradiation in the UV /visible
range activates Ag,O presenting a band gap (bg) of 1.3 = 0.3eV
[95-97] and TiO, with bg 3.2 eV [102]. The charge transfer in Ag,0/
TiO, is related to the size of the nanoparticles [143] and is facilitated by
the position of the electronic energy bands of Ag,O and TiO,. Under
visible light irradiation, the transfer of charge from Ag,O to TiO, is
thermodynamically favorable. The position of the Ag,O cb at 1.3eV
NHE at pH 0 and the vb of Ag,O +0.2eV NHE at pH 0 lie above the
TiOocb -0.4V vs NHE and of the TiO,vb at + 3.2V NHE respectively.
The Ag,Ocb electron injection into the TiO,cb hinders partially the
electron-hole recombination in Ag,0. The transfer of Ag,O electrons to
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Fig. 8. Transmission electron microscopy (TEM) of Ag-TiON and b) Ag-ZrON sputtered on PES. For other details, see text. Reprinted with permission of S. Rtimi et al.
(2012). Reprinted with permission of S. Rtimi, et al., (2012). Other details are given in the respective reference [116].
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Fig. 9. Suggested reaction mechanism for the visible light photo-induced
electron injection by Ag,O into TiO,. Reprinted with permission of S. Rtimi,
et al., (2016). Other details are given in the respective references [144,145].

O, also decreases the charge recombination enhancing the photo-
catalytic activity leading to bacterial inactivation. The right-hand side
in Fig. 9 shows the generation of the ROS intermediates leading to
bacterial inactivation. The values for the position of the electronic po-
tential energies of the cb and vb in Ag,0 and TiO, are only indicative,
since in quantum size nanoparticles, the position of the electronic band
potentials shifts to more energetic values [144]. The potential of the cb
in Ag,0 nanoparticles would be at a more negative value compared to
the standard —1.3 eV found in the electrochemical tables. This would
provide a higher driving energy (potential) for the electron injection
into TiO, leading to a faster rate of reaction. Coupled semiconductors in
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close contact present increased surface defects and this may or may not
accelerate the charge transfer under light [145,146].

1.8. Dependence of the Ag-nitride mediated bacterial inactivation kinetics
on the applied light dose

Fig. 10 presents the bacterial inactivation kinetics mediated by the
photocatalyst Ag-TaN as a function of the applied light dose. The bac-
terial inactivation kinetics is seen to be dependent on the applied light
dose [128]. This is a proof for the semiconductor character of the Ag-
TaN. In the presence of oxygen, the Ag-TaN becomes Ag,0/Ta,Os.
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Fig. 10. E. coli bacterial reduction kinetics on Ag-TaN PES co-sputtered for 20 s
on PES as a function of the applied light dose. Irradiation source L18 W/827
Lumilux/Osram (4 mW/cm?). Reprinted with permission of O. Baghriche, et al.,
(2015). Other details are given in the respective reference [128].
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Semiconductors like Ag,0, TiO5 and Ta,Os photo-generate charges as
function of the applied light intensity. TaN shows a faster bacterial
inactivation kinetics compared to Ti and Zr-nitrides [128]. In a similar
way, Ag-TiON is transformed to Ag,O/TiO, due to the residual H,Oy,
which decomposes to O, in the magnetron chamber. Moreover, the
nitride exposure to air before use leads to surface oxidation.

1.9. Effect of the sputtering energies on the film microstructure and the
bacterial inactivation kinetics

Magnetron sputtering has been applied with high energies to en-
hance the film quality, adhesion and compactness [146]. High impulse
magnetron sputtering (HIPIMS) induces a higher plasma density and
ionization. The increased arrival energy of the metal-ions on the sub-
strate leads to higher alignments of the metal-ions. This in turn induces
a different growth of the sputtered crystallites leading to a more com-
pact surface coverage and adhesion of the metal (or metal oxide) films
[147]. The average energy of the ions in the HIPIMS chamber is 3 times
higher compared to the ones induced by conventional DCMS/DCPMS.
HIPIMS generators providing higher energies to the target surface (with
different target dimensions) have been developed during the last few
years [148]. The first HIPIMS was reported in the seminal article by
Petrov et al. who demonstrated an improvement in the adhesion, wear,
smoothness, oxidation resistance and structure of sputtered layers on a
variety of surfaces [125,149]. Enhanced film adhesion is of much in-
terest in antibacterial coatings and is related to the promotion of epi-
taxial growth on the selected substrate [150]. The elimination of
growth defects in the crystals sputtered by HIPIMS was observed in
some cases [151]. In a recent study, the inactivation time of E. coli by
DCMS and HIPIMS has been reported on sputtered Ag-polyester (PES)
[152]. Fig. 11 shows the inactivation time of E. coli as a function of the
thickness of the prepared films/coatings by DCMS, DCPMS or HIPIMS.
Fig. 11 shows a significant reduction of the Ag-layer thickness sputtered
by HIPIMS compared to Ag-layers sputtered by DCMS. This means that
a lower amount of Ag is needed to inactivate bacteria. Transmission
electron microscopy (TEM) showed a larger coverage of the PES fibers
by HIPIMS sputtered Ag nanoparticles reaching > 70% coverage com-
pared to the case when the sputtering was carried out using DCMS. The
HIPIMS was applied at a current density of 260 mA/cm? vs a current
density of 15mA/cm? in the case of DCMS-sputtered samples. The io-
nization observed for the Ag-ions exceeded several times the 1-3% level
by DCMS-sputtering. The higher density of the residual Ag-ions left on
the HIPIMS Ag-PES surface is possibly the cause for the better
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Fig. 11. Bacterial inactivation time of E. coli as a function of nominal thickness
of the Ag coated PES sputtered by: DCMS, DCPMS or HIPIMS. Reprinted with
permission of O. Baghriche, et al., (2012). Other details are given in the re-
spective reference [152].
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performance of the HIPIMS sputtered films accelerating bacterial in-
activation compared to the DCMS/DCPMS samples. Several recent
studies have reported on the HIPIMS coating of different substrates such
as cotton, polyester, and polyethylene [153-155].

Part 2: Cu-based antibacterial materials
2. Introduction
2.1. Cu as antimicrobial particles (Cu-NPs) and Cu-films: Critical issues

The use of copper in bacterial inactivation is addressed in this sec-
tion. The interest in Cu-NPs has grown in the last decade since ex-
tremely low amounts of Cu induce bacterial inactivation in the dark.
The reason for this is the high cytotoxicity of Cu per unit weight
compared to Ag. In addition, illuminated Cu shows accelerated bac-
terial/fungi inactivation kinetics concomitant to the low cytotoxicity
toward mammalian cells.

Copper is number 29 of the periodic table of elements. The Cu
atomic structure consists of negatively charged electrons in completely
filled orbitals close to the positively charged atomic nucleus. The
electrons of the unfilled orbitals 4s' 3d'° require a small input of energy
to activate chemical reactions. Cu(I) (4s° 3d'®) and Cu(Il) (4s° 3d°)
oxidation states require a much lower one electron redox potential
compared to Fe(II)/Fe(IlI) electron transfer needing higher potentials.
Many gram-negative bacteria include Cu in the periplasm and are able
to handle the toxicity of copper cations up to a certain level in meta-
bolic reactions. Excess cytoplasmic/periplasmic copper cations are re-
moved by efflux of glutathione or Cu*t or oxidized to the less toxic
Cu?*. Inactivating bacteria on metallic copper surfaces is associated
with the release of copper-ions and to the surface-contact of the bac-
teria with Cu-nanoparticles. Copper is essential for a variety of bio-
chemical reactions involving O, such as terminal oxidases or Cu/Zn
superoxide dismutase. Unbound copper cations participate in Fenton-
like reaction leading to rapid oxidative cellular damage involving ROS.

Some years ago, Karlin and Salomon [156] published a series of
articles on the role of Cu-enzymes as terminal electron acceptors in the
respiration cycle. Cu in the enzymes alternates during their reactions
between Cu(I) and Cu(Il) [157]. Cu is of crucial importance in the
electron transfer in biological structures being present at ppb con-
centrations. Its cytotoxicity in the human body leads to the excessive
generation of oxidative radicals. Above certain concentrations when the
rate of Cu-uptake exceeds the rate of Cu-ions release, the amount of Cu-
present hinders the functioning of the cell-enzymes regulating the cell
respiration/replication/metabolism/viability. The use of Cu-nano-
particles to treat skin infections and skin wounds is being intensively
explored at the present time. The chronic treatment of wounds is today
a major problem in the healthcare sector at a worldwide scale. Cu can
be used safely under the condition that the Cu-particles should present a
size > 100 nm. This is the average size of the skin pores and Cu-parti-
cles above this size will not diffuse through the skin into the blood
stream. If the Cu diffuses in to the blood, Cu-ions catalyze the pro-
duction of ROS and induce DNA and protein damages especially on
histidine and proline leading to their cleavage [158]. Cu-particles are
also known for their antimicrobial activity, although they have been
investigated to a lesser degree compared to silver. There are no clear
proofs suggesting the antimicrobial resistance to Cu. This involves a
mechanism not completely understood at the present time. Cu-presents:
a) a higher cytotoxicity by unit weight compared to Ag, b) a lower cost
compared to Ag and c) higher availability in nature. Cu/CuO in the ppb
range induces cytotoxicity to pathogens in amounts below the sanitary
limits stipulated by regulations for their use in human cells. On this
basis, the Cu uses in the medical field are today highly investigated
mainly for external applications.

The antibacterial effect of Cu has been mainly assigned to: a) sur-
face-contact killing, b) Cu-ions, and c¢) ROS generated by Cu in the
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presence of O,. Bacterial inactivation induced by Cu has been recently
reported to take place under aerobic and anaerobic conditions [159].
Antibacterial agents are very important in the textile industry, water
disinfection, medicine, and food packaging and involve Cu-related
materials [160,161]. Antibiotics have some disadvantages, including
toxicity to the gastrointestinal microbiota in human body. The interest
in inorganic antimicrobial agents such as metal oxide nanoparticles
(Cu-NPs) is in their potential use in HAIs prevention [162,163]. This
section of the review focuses on the properties and applications of Cu-
textiles and polymers. In addition, it presents features of the Cu-medi-
ated bacterial inactivation under light accelerating the bacterial in-
activation kinetics [164-166] Polymer surfaces containing different
amounts of Cu nanoparticles have been prepared by the melt mix
method. With only 1% Cu by weight, these surfaces were able to in-
activate > 99.9% of the bacteria after 4 h contact [167]. What makes
Cu-formulations important is that they inactivate E. coli and Methicillin-
resistant Staphylococcus Aureus (MRSA) in the dark within acceptable
times [167-170]. Some bacterial strains are resistant to the effect of
antibiotics and survive high concentrations of antiseptic/antibiotics.
However, these bacteria do not generally survive the Cu-induced cy-
totoxicity. This is the case for bacterial strains of the S. aureus variety
[5,171,172].

2.2. Cu-surfaces and catheter devices obtained by sol-gel methods

The bactericide properties of Cu colloids and Cu-NPs in the dark and
under light have been known for a long time as reported by Borkow
et al., [164-166] and Espirito-Santo/Grass et al. [173-176]. These re-
search groups reported that Cu-NPs on dry metallic surfaces were able
to inactivate bacteria not needing the presence of ROS-radicals in so-
lution. Hashimoto et al. [177,178], reported seminal work on Cu-NPs
leading to bacterial inactivation under light irradiation and also under
dark conditions. Inactivation in the dark is important since this is a
continuous process not needing an outside energy source implying
additional costs. Elguindi et al. [178], reported the kinetics of Pseudo-
monas aeruginosa inactivation by Cu, and Keevil et al., [179-181] re-
ported the inactivation of several bacterial germs on Cu-surfaces. Ge-
danken et al., has lately reported innovative sonochemical methods to
load Cu-NPs on antibacterial textile surfaces [182,183]. It is beyond the
scope of this review to cite in a comprehensive way all the references
related to the Cu biomaterials and Cu-NPs preparations, nonetheless
relevant references were reviewed. Recently, Cu-NPs have been re-
viewed by Cioffi et al. [184]. Chloride salt-based synthesis of Cu-NPs
with a high antibacterial activity was reported [185,186]. Several other
Cu antibacterial preparations have been reported [187-191]. Con-
trolled Cu-release from silica and glass biomaterials mediating disin-
fection have been reported by Aina et al. [192], and Cu self-disinfecting
surfaces in orthopedic implants have been addressed by Fritsche et al.
[187-191,193]. The incipient research of Cu-nanoparticles for anti-
fungal paint formulations has been recently reported [194].

2.3. Sputtered films leading to bacterial inactivation in the dark and under
light

The Cu-coating of antibacterial surfaces on non-heat resistant sub-
strates (textiles and polymers) is an active field of research. DCMS has
been used for the deposition of metals, metal oxides and doped metal-
semiconductors on polymers and textiles. Furthermore, sputtering on
glass and iron plates were reported by Kelly et al. [195], Sarakinos et al.
[196], Lin et al. [197] Bandorf et al. [198] and Rtimi et al. [199]. In a
recent study, Cu-sputtered cotton by DCMS was shown to induce fast E.
coli inactivation in the dark and under light irradiation [200,201].
Fig. 12 shows the set-up used to irradiate the sputtered Cu-cotton
samples leading to the observed bacterial inactivation [201].

XPS was carried out during the bacterial inactivation time to iden-
tify changes in the surface content, the generation of new species and
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Fig. 12. Scheme of the experimental set-up to monitor the bacterial inactiva-
tion under low intensity solar simulated light.

the redox changes in the surface composites. The observed changes in
the peak intensity and shifts in the binding energies (BE) of Cu’, Cu™
and Cu?* provide the evidence for redox reactions taking place during
the bacterial inactivation time [202]. The Cu* /Cu° peaks found by XPS
for Cu sputtered PES centered at 930.2 eV could not be unambiguously
deconvoluted without introducing a large approximation when as-
signing the peaks for Cu® and Cu* (932.8 eV). The XPS of Cu-sputtered
PES peaks in the samples a) before, and b) after bacterial inactivation
were observed to shift in the XPS-spectrogram [203]. The Cu,O content
in the PES was reduced from 80% to 68% after 60 min. Concomitantly,
the CuO (Cu?*) peak at 934.32 eV increased from 13.67% to 31.76%
after bacterial inactivation. The Cu® peak at time zero at 931.5eV at
6.6% vanished after the bacterial inactivation. This is the evidence for
Cu redox reactions occurring during the time of bacterial inactivation.

The Cu-ions produced in the Ar-plasma can lead to Cu-films by
epitaxial growth through nucleation processes and agglomerates are
necessary to attain the size of Cu-NPs showing metallic character [120].
The condensation of Cu nuclei leads to Cu-atoms binding to other Cu-
atoms and giving raise to agglomerates [121]. Depending on the Cu-
sputtering time and energy, Cu-clusters are formed but they are not
necessarily crystalline. This last step depends on the affinity between
the Cu-atoms and the substrate. Once on the substrate, the Cu-species
interact with O, (air) leading to CuO or CuyO. CuO under light irra-
diation photo-generates charges as a function of the applied light dose
[144]. Grafted Cu on diverse surfaces presenting antibacterial proper-
ties have been reported elsewhere [204-206].

2.4. Cu bacterial inactivation under light and in the dark: Scientific bases

CuO-films show a band-gap (bg) ~1.7 eV, with the conduction band
(cb) at -0.3V SCE and a valence band (vb) at +1.4 SCE. The photo-
catalytic mechanism of CuO films under band-gap irradiation, is sug-
gested next in Egs. (17)-(21) [170].

CuO + hv — CuO(cbe ™) + CuO(vbh™) 17)

Under photon energies exceeding the CuO band-gap, the cb-elec-
trons react directly with the O, forming O, as noted in Eq. (18) or
reduce the Cu®>* to Cu* as shown below in Eqgs. (19)-(21)

CuO(cbe™) + O, = CuO + O, (18)
CuO(cbe ™) — CuO(Cu™) 19)
CuO(Cu™) + 0, — CuO(Cu®*) + 0, (20)
CuO(Cu™) — CuOyacancy + Cu™ 21
Cu* + Hy0, — Cu®>* + OH™ + 'OH (22)
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Studies report bacteria being rapidly inactivated by Cu-ions/Cu-
NPs, but the specific role of the Cu-species during the redox reactions is
not clear. Cu-ions are highly oxidative radicals in Haber-Weiss/Fenton-
like reaction mechanisms [175-180] leading to the generation of ROS
and inducing DNA toxicity/mutations [207].

Cu(Il) associate with the protein sulthydryl (R—SH) groups as
function of their affinity [160,161]. The reactions involving Cu-S lead
to radicals as shown in Egs. (23)-(24). Cu-ions have been reported to
reduce R—SH (sulfhydryl) in cysteine (see Eq. (23)).

2Cu®?* + 2RSH — 2Cu* + RSSR + 2H™ (23)

2H* + 2Cu™ + 0, — 2Cu®* + H,0, 24

These radicals lead to DNA cellular toxicity/mutations. The Cu-S
dehydratase exposed to excess Cu disintegrates. These Fe-S and Cu-S
groups are essential for the cell metabolism [208]. The reactive "OH-
radical oxidizes the cell-envelope protein [161,175]. The H,O, gener-
ated in Eq. (24) participates in reactions of the type shown in Eq. (22),
but cells have enzymes to keep H,O, at a very low level. Studies on
antimicrobial Cu-surfaces involving mechanistic aspects have been
compiled recently [209]. Fenton-like reactions in biological and mi-
crobial environments have been reported [210-215]. The lipid perox-
idation linked to Cu-toxicity has been described recently by Lemire
et al. [161]. A simplified representation of the Cu-induced cellular
toxicity is suggested in Fig. 13.

Recently, a study by Miyauchi et al., reported Cu(II)-rutile under-
going hydrophobic-hydrophilic conversion under visible light up to
90% within a few hours. However, TiO,-rutile by itself was only able to
degrade 20% of the initial oleic acid under similar experimental con-
ditions [216]. Fig. 14 shows the beneficial effect of the Cu-doping of
TiO, enhancing the effects of the photo-generated charges in TiO,
under light and accelerating the super-hydrophilic conversion. Rtimi
et al., reported TiO, sputtered polyethylene (PE-TiO,) undergoing hy-
drophobic to super-hydrophilic conversion under light within 60 min
[217]. This time was similar to the one needed for the inactivation of E.
coli under the same light dose. A recent publication [218] reported TiO5
films sputtered on polymers/textiles leading to bacterial inactivation
within the time needed to attain TiO, super-hydrophilicity or beyond
this time. This gives rise to the possibility that some reaction(s) on the
polymer surface lead to a delayed bacterial inactivation occurring after
the time needed for the film hydrophobic to hydrophilic conversion
[218]. The dye methylene blue (MB) [219,227] was degraded within
120 min on PE-films needing 60 min to attain super-hydrophilicity. The
effect of Cu in ppm amounts decorating semiconductor films and
leading to bacterial inactivation will be addressed next in Section 2.5.
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Fig. 14. Evolution in time of the super-hydrophilicity induced by visible light
irradiation of a Cu(Il)-TiO, grafted film where the TiO, was prepared by sol-gel.
Reproduced from Reference [216].

2.5. Features of antimicrobial Cu-decorated surfaces under light and in the
dark

2.5.1. Mechanism and kinetics in aerobic media

Decorating inorganic semiconductor-oxides such as TiO, with me-
tals like Ag and Cu leads to a significant acceleration in the bacterial
inactivation kinetics. Decoration means adding few amounts of any
selected metal on the semiconductor surface. The decoration of the
TiO5-ZrO, binary semiconductor oxides by Cu in ppm amounts has
recently been reported to enhance the bacterial inactivation [220]. This
study reports the TiO,-ZrO, sputtering on PES followed by the sput-
tering of Cu for 5 or 10 s introduced Cu in amounts < 0.01% that is at
ppm levels. The bacterial inactivation proceeded within 120 min on the
TiO5-ZrO, films. This inactivation time was reduced by a factor of two
by the addition of ppm amounts of Cu. The band-gap of the samples was
determined from the diffuse reflectance spectroscopy (DRS) by Tauc’s
method [221] plotting the optical absorption in Kubelka-Munk units vs
the spectral energy (eV). The band-gap found for TiO,-ZrO, was de-
termined by the tangential straight-line extrapolations in the Kubelka-
Munk plots. The TiO»-ZrO, band-gap was narrower compared to the
values reported for the TiO, and ZrO, of 3.2 eV and 4.5 eV, respectively
[222]. Optical spectra are commonly analyzed by the Tauc’s method.
Semiconductors present both direct and indirect inter-band transitions.
The direct band gap is common on thin films, whereas indirect band-

(1) Cu-NPs adhesion to the cell membrane: - Aiter membrane structure and permeability
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Fig. 13. Scheme showing the mechanism of Cu-induced bacterial cytotoxicity processes. Schematic illustration made use of some motifolio templates (www.

motifolio.com).
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Fig. 15. Interfacial charge transfer on TiO,-ZrO, PES sample co-sputtered for
8 min and TiO,-ZrO,/Cu PES co-sputtered for 8 min/10 s under low intensity
solar light (50 mW/cm?).

gap transitions are generally found for relatively thick films. For in-
direct transitions, the Tauc’s relations can be written as:

a= E(hv — Eg)?
v

h
Where: B is the Tauc constant, hv is related to the photon energy, Eg
is the optical band-gap of the material, a is the absorption coefficient
extracted from the transmittance (T) and reflectance (R) measurements
for the sample using the equation:

_1, T -RY
d T

Where: d is the thickness of the film; Q and S refer to quartz or the
sample, respectively. Tauc’s treatment of the data holds for
a>10"cm™ L

The indirect transition is obtained by plotting (a x hv)"/“ versus hy,
Eg corresponds to the intercept of the linear fit with the abscissa. The
direct transition is obtained by plotting (a x hv)? versus hv.

Fig. 15 shows the interfacial charge transfer (IFCT) mechanism for
TiO, -ZrO, and Cu- decorated TiO,-ZrO,. It can be suggested that the
TiO,-ZrO,-Cu presents more O, reduction sites compared to TiO5-ZrO,.
The Cu intra-gap level in the TiO, in Fig. 15 has been estimated from
theoretical analysis [223,224]. The transfer of charge mechanism in
Fig. 15 follows the band model (band positions) of the conduction and
valence bands. The Cu acts as an intra-gap site precluding charge re-
combination. The Cu' */?" sites can also intervene as electron acceptors
enhancing the bacterial inactivation kinetics. The one electron oxygen
reduction is shown in Fig. 15 and involves the following reactions:

)1/2

e + 0, —=o0r0Oy — at —0.16V (25)

and is followed by the generation of the primary HO,  radical

O, + H* + e~ — HO, —0.05V [225] (26)

The Cu*-ion reduces O, consuming electrons or is oxidized to Cu®*
by the TiO, holes [180].

2.5.2. Mechanism of bacterial inactivation/mineralization in aerobic
/anaerobic media

Recently, anaerobic reactions leading to cell damages have been
reported to be comparable to the inactivation occurring under aerobic
conditions [160,161,226]. Binary oxides such as TiO,-ZrO, and TiO-
ZrO»-Cu sputtered on polyester (PES) were irradiated under low in-
tensity solar light and led to bacterial inactivation in aerobic media and
at a lower rate in anaerobic media [159]. However, bacterial miner-
alization was only observed by TiO,-ZrO,-Cu in aerobic media. The
hole generated on the TiO»-ZrO, films was the main species leading to
bacterial inactivation and was identified by scavenging with EDTA-2Na,
an effective hole-scavenger. Repetitive bacterial inactivation was
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obtained by TiO»-ZrO,-Cu showing the stability of these films.

Local pH and interfacial potential changes during bacterial in-
activation were carried out in the dark and under light. Changes in the
surface potential during the bacterial inactivation process increased the
cell wall-permeability due to the loss of the cell envelope integrity. The
TiO5-ZrO,-Cu/PES interfacial potential and pH changes observed in the
dark were less marked compared to the changes observed under light.
The pH changes were due to the generation of short chain carboxylic
acids (branched or not) with pK, values around ~ 3 during the time of
bacterial inactivation. In the later stages of the reaction, the pH re-
covered up to the initial pH ~6 due to the mineralization of the in-
termediate acids to CO, [228]. The CO, generation under light in
aerobic media, is a typical photo-Kolbe CO, elimination reaction [228]:

RCOO™ + TiO,—ZrO,-Cu/PES + hv — R" + CO, (27)

Changes of pH concomitant to the interfacial potential changes
shifted the pH surrounding the bacteria away of the natural physiolo-
gical range 6-8 contributes and thus contributing to the bacterial in-
activation. The bacterial inactivation was due to the damages in the cell
wall envelope regulating the ions exchange in and out of the cell [229].
This increases bacterial cell wall permeability damage leading to cell
death. The TiO»-ZrO, under band-gap irradiation gives rise to an un-
stable short-lived bacterial cationic species as shown in Eq. (28) below
followed by the reactions in Egs. (29)—(33) leading to ROS generation
and bacterial inactivation:

bacteria + [PES-TiO,-ZrO,] + light— [PES-TiO,- ZrO-,*] bacteria —
bacteria®” + PES — (TiO»-ZrO,) cbe — (28)

PES-(TiO5-ZrO,) cbe™ + O, + H* — HO," E, -0.05 NHE [225] (29)

PES-(TiO2-ZrOy) cbe ™ + Ozags — Oz~ ags Eo -0.16 NHE [225]  (30)
PES-(Ti04.Zr0O,) vbh* + OHgz4, — "OH Eq -1.90 NHE [101] (31)
PES-(TiO2.Zr05) vbh™ + Hy0.qs — OHags + H (32)
0,” + H' & HO, pK, 4.8 (33)

In a separate study TiO,/Cu was sputtered on PES and the inter-
mediate radicals leading to bacterial inactivation identified in aerobic/
anaerobic media [230]. By the use of appropriate scavengers, oxidative
radicals like "OH /HO, " and holes were identified in solution in aerobic
media. However, no oxidative radicals were found under anaerobic
conditions as shown in Fig. 16.

2.6. Effects of the Cu/TiO; films microstructure on bacterial inactivation
kinetics

2.6.1. Targeted design of the photocatalyst microstructures
There is a need to find innovative more advanced films presenting

Aerobic media \ Anaerobic media "\

Bacteria Bacteria

' TiO,/Cu-PES Ti0,/Cu-PES

Fig. 16. Intermediate species and radicals generated on TiO,/Cu-PES films
leading to bacterial inactivation in anaerobic and aerobic media [230].
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accelerated (quasi-instantaneous) bacterial inactivation kinetics and at
the same time being stable and adhesive to the substrate. Simultaneous
deposition from two targets (co-sputtering) each being made up by a
different metal has been used to deposit composite metal/oxide coat-
ings for diverse applications. This is followed by the optimization of the
sputtering parameters in the magnetron chamber to attain composites
leading to the fastest antibacterial kinetics [231]. Two different mi-
crostructures of Cu- sputtered Ti-oxides on polyethylene (PE trans-
parent 0.1 mm thick) with a similar atomic composition were observed
to induce different bacterial inactivation kinetics [231]. Co-sputtered
CuO4-TiO»-PET films were obtained by sputtering simultaneously Cu
and Ti in an Ar/O, atmosphere. This leads to the formation of films with
mainly CuO in the upper layers of about 10 nm as determined by XPS.
The co-sputtered films led to bacterial inactivation within 20 min under
low intensity actinic light (0.5mW/cm?). The sequential sputtered
CuO,/TiO,-PET samples were obtained by sputtering of Ti followed by
Cu. These films presented mainly Cu,O in the top-most upper layers
leading to bacterial inactivation within 90 min. Fluorescence micro-
scopy was carried out to monitor the bacterial inactivation on the co-
sputtered CuOy-TiO,-PET. Fig. 17 shows the fluorescence microscopy of
the E. coli where the green color stains correspond to living E. coli cells.
Fig. 17 shows the red color fluoro-chrome stained dead cells developed
when the E. coli biofilm was contacted with the CuO,-TiO,-PET sample.
The density of the red dots increased progressively after 10 and 20 min
contact with the sample. By atomic force microscopy (AFM), the
roughness (Rg) of the co-sputtered (CuO) and sequentially sputtered
samples (Cuy,0) were found to be respectively 1.63 nm and 22.92 nm
[231,199]. Roughness is a measure of the vertical deviations of the
valleys and peaks from an ideal flat surface. The CuO,-TiO5-PET with
an Rg value of 22.92 nm reflects a high frequency of peaks positioned at
short distances between each other allowing multiple contact points
with the bacteria. These contact points allow the charge transfer be-
tween the E. coli bacteria ellipsoid in shape (1 pm) and the CuOx-TiO»-
PET surface. The sequentially sputtered CuO,/TiO»-PET films with (Rg)
1.63 nm present contact points further apart from each other. Due to
this, less sites/bridges are available for the redox exchange between the
sputtered film surface and the bacterial cell envelope. This is one of the
factors leading to slower bacterial inactivation kinetics. The increase in
roughness favors the attachment of bacteria to a surface. This phe-
nomenon cannot be extrapolated to surfaces leading to the oxidation of
pollutants [132,218].

40 um

Uncoated PET CuOx-TiO,-PET at time zero
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2.6.2. IFCT mechanism on samples with a similar composition but with a
different microstructure

The bacterial inactivation on co-sputtered CuO,-TiO,-PET and se-
quentially sputtered CuO,/TiO5-PET samples is shown in Fig. 18a and
b. CuO was found mainly in the upper layers of the co-sputtered sam-
ples. The sequentially CuO,/TiO,-PET catalyst presented mainly Cu,O
in the upper layers. The photocatalytic mechanism of TiO, leading to
bacterial inactivation has been widely reviewed and will not be ad-
dressed here in detail [102,137]. The mechanism for the sequential
sputtered films is suggested below in Egs. (34)-(37) and involved
mainly Cu,0. The attack by Cu,Ovbh™ leads to the oxidation of bac-
teria as noted in Eq. (34) and the thermodynamically favorable electron
transfer from Cu,Ocb to the TiOocb in Fig. 18b is noted in Eq. (35):

Cu,0 + hv — Cu,0 (cbe ™), Cu,0 (vbh™) 34
Cuy0(cbe™) + TiO; —=TiO,~ or (Ti**) + Cu,0 (35)
TiOy~ + Oy — TiOy + Oy~ (36)
Cu,O(vbh™) + bacteria — (CO,, H,0, N,S) + Cu,0 37)

2.7. Protection of the Cu-ion release in sputtered films increases the sample
stability

The Cu use as antimicrobial agent is based on the high Cu-cyto-
toxicity per unit weight presenting concomitantly an acceptable bio-
compatibility with mammalian cells. Excessive Cu leaching during the
bacterial inactivation has been a source of concern for applications in
health-care facilities since they are strongly detrimental to metabolic
processes in the human body. Fig. 19 presents the data for the Cu-
leaching out of TiO,/Cu sequentially sputtered films up to the gth cycle
[232]. Fig. 19 (trace 4) shows that the 10 min TiO, sputtered samples
deposit a TiO, coating protecting Cu-release. The amounts of Cu re-
leased in Fig. 19 are within the limits permitted by sanitary regulations
[233,234]. The concomitant Ti-release during bacterial inactivation in
Fig. 19 varied between 4-8 ppb. This is a very low level and consistent
with the high chemical stability of TiO,. The observed level for the TiO,
released was seen to be much lower than 1.3 mg/1 set by the US En-
vironmental Protection Agency [235-237].

2.8. Inactivation of Gram-positive methicillin resistant staphylococcus
aureus (MRSA) and other pathogens on Cu-surfaces

Many metals are toxic to almost all type of bacteria at

CuOx-TiO,-PET at time=10 min

40 pm

CuOx-TiO,-PET at time=20 min

Fig. 17. Fluorescence stereomicroscopy of E. coli under low intensity actinic light showing the biofilm on: PET (time zero) CuO,-TiO»-PET time zero (dark reaction),
and for CuOx-TiO,-PET co-sputtered samples after 10 and after 20 min irradiated under 0.5 mW/cm? actinic light. Green-dots refer to living cells and red-dots refer to
dead cells. Reprinted with permission of S. Rtimi, et al., (2017). Other details are given in the respective reference [231] (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article).
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Fig. 18. a) Mechanism suggested for the antibacterial activity of co-sputtered CuO-TiO,-PET on E. coli, and b) Mechanism suggested for antibacterial activity of
sequentially sputtered Cu,O/TiO,-PET. Reprinted with permission of S. Rtimi, et al., (2017). Other details are given in the respective reference [231].
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concentrations above the ppb range [199]. Because bacterial and eu-
karyotic cells have a variety of metal/ions transport systems, these cells
can selectively discriminate in their reactions with specific ions/metals/
oxides [160,161]. The Staphylococcus-type of pathogens in addition to
Pseudomonas aeruginosa account for more than half of the deaths by
hospital acquired infections (HAIs) killing 5-10% of hospital treated
patients [18-21]. During the last decade studies have been directed on
the use of Cu to reduce infections due to Staphylococci as described in
the studies reported by Weaver et al. [238], Liu et al. [239], Nakano
et al. [240], Kuhn et al. [241], von Kriegen et al. [242], and Pham et al.
[243]. Gram-positive bacteria present walls with thicknesses 20-80 nm.
The gram-positive bacteria present generally a thick peptidoglycan
barrier compared to gram-negative bacteria. The peptidoglycan com-
ponent makes up 50% of the thickness containing lipid/protein up to
4%. The Gram-negative cell envelope present thicknesses of about
10nm and are made up by 10-20% peptidoglycan, 60% lipid/lipo-
protein and 10-15% lipopolysaccharide. During the bacterial disinfec-
tion processes proceed once this barrier is damaged and made perme-
able by Cu-NPs/Cu-ions, the controlling effect on the ions entering and
leaving the cytoplasm barrier disappears. In some cases, the Gram-

Gram positive bacterium

Techoic acid

Lipotechoic acid

¥ __Periplasmic space
Cell membrane

Membrane protein

Fig. 20. Ultrastructure of the bacterial cell wall: a) Gram-negative bacteria and b) Gram-negative bacteria. (www.microbiologyinfo.com).
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Fig. 21. Transmission electron microscopy (TEM) of Cu-sputtered polyester
showing Cu-nanoparticle of 8-15nm. Reprinted with permission of S. Rtimi,
et al., (2015). Other details are given in the respective reference [24].

negative bacteria cell wall envelope was found to be more resistant to
antibacterial agents due to the synergism and interlocking of the three
layers making up the cell wall. Both type of bacterial structures are
presented in Fig. 20a and b.

DCMS Cu-deposition for 160s led to the formation of Cu-particles
8-15nm in size forming a continuous layer on the polyester (PES)
substrate [244]. This is shown by electron microscopy (TEM) in Fig. 21.
These fabrics were inoculated with 10° CFU of MRSA and incubated for
1h, 2h and 3h. The viability of MRSA was monitored by the direct-
transfer-on-plate method. A 4log;o reduction of the initial inoculum
within 1 h was attained on the sputtered fabrics under light irradiation
(experimental data not shown). A recent study described the ac-
celerated inactivation of MRSA on Cu-CuO/TiO,-PES in the dark. The
samples of MRSA were prepared with an initial concentration 10°-10°
CFU/mL [245]. Unexpectedly, the MRSA inactivation on Cu-CuO/TiO,-
PES was not accelerated under indoor light irradiation (4.65 mW/cm?)
when compared with the bacterial inactivation time observed under
dark conditions. This suggests that the Cu-ions/radicals in the dark
produced by the CuO lead to MRSA inactivation without a meaningful
intervention of the radicals generated under light. Recent studies have
shown an effective antimicrobial and antifungal activity mediated by
Cu-fabrics and catheters under indoor light or in dark conditions
[244-249]. Cu-PES fabrics were recently shown to inactivate C. albicans
and C. glabrata. This inactivation was accelerated under low intensity
indoor/visible light (> 400 nm) compared to dark experiment [248].
The surface-contact between the Cu-PES and the cell membrane has
been shown to be the major mechanism for this fungicidal activity of
the Cu-PES catalyst. Before contact between the Cu-PES and the fungi,
the majority of Cu exists as CuO. After contact with the microorgan-
isms, a significant oxidation of Cu,0 to CuO was detected by XPS [248].

2.9. Cu-sputtered surfaces: Implications of the applied deposition energy

2.9.1. High power impulse magnetron sputtering (HIPIMS) of 2D-surfaces
and 3D-medical catheters

The HIPIMS deposited films present a progress compared to the
films sputtered by more traditional approaches and at lower energies
such as DCMS and DCPMS. HIPIMS employs higher energies and gen-
erates a bigger amount of electrons/cubic meter (e-/m®) in the mag-
netron chamber compared to DCMS and DCPMS. The HIPIMS higher
energies induce a higher degree of ionization percentage of Ag and Cu
in the magnetron chamber. The ionization potential of Cu™ is 7.7 eV.
HIPIMS has been shown in some cases to lead to a smaller number of
film defects, voids and a higher degree of densification of the sputtered
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film [89-93,125]. During the last decade, some developments have
been implemented in the magnetron sputtering deposition in response
to the growing demand for high quality anticorrosive films in aircraft
parts, in the car industry and in other industrial tools. Future devel-
opments need to focus on the increase of the wear resistance, tool
lifetime and resistance to oxidation in surgery instruments and pace-
makers by HIPIMS coatings. For Cu-surfaces, DCMS-sputtering attains a
Cu ionization < 5% and an electronic density of ~10'* e~/m? in the
magnetron chamber. DCPMS-sputtering can attain an electronic density
of ~10'® e~ /m® and a Cu-ionization 10%. In the case of HIPIMS, pulses
from one microsecond up to milliseconds generate current densities of
~10'"® e~/m® and attain a Cu-ionization of 70% [250]. Recently,
Bandorf et al. [155] measured the percentage of ionization of Cu-ions in
the gas/plasma phase generated during the by DCMS deposition. Values
of: 87% Ar™, 5% Ar’>" and 8% Cu* were found. The amount of Cu*-
ions produced by HIPIMS at 6 Amps was 97% along 3% Ar**. At 60
Amps, the HIPIMS generated 17% Ar*, 3% Ar*", 75% Cu* and 5%
Cu?*. In the magnetron sputtering chamber, the primary ionization of
the Argon gas: Ar <> Ar* + e~ leads subsequently to the reaction: e~
+ Cu® < Cu™ + 2e”. In the case of HIPIMS, the higher amounts of Cu-
ions interact more readily with the polyester substrate set at a higher
bias-potential compared to the case of DCMS sputtering leading to more
compact coatings (Fig. 22).

2.9.2. DCPMS and HIPIMS sputtering of Cu-polyester samples

Fig. 22 presents the E. coli loss of viability time vs thickness for DCMS/
DCPMS and HIPIMS sputtered TiO,/Cu films [196]. HIPIMS coated
samples required a thinner TiO,/Cu layer thickness for bacterial in-
activation compared to DSMS/DCPMS. The HIPIMS film with a thickness
of 38 nm inactivated bacteria within ~10 min while DCMS/DCPMS films
600 nm thick induced bacterial inactivation within similar times.

Fig. 23 presents in the left-hand side the DCMS sputtering inducing
Cu-ionization < 5% [250]. The DCPMS in the middle section shows
schematically ionization of Cu-ions ion the order of 10% [89,251].
Fig. 23, right-hand side shows the denser HIPIMS induced sputtering
Cu-ionization of ca. 70% (~10'8'° e-/m?®). Higher energetic Cu-ions
allow an increased alignment and density of the Cu-ions on the polye-
ster sometimes concomitant with the reduction of the surface-rough-
ness. The polyester 2D-surface roughness could not be quantified by
atomic force microscopy (AFM) since it was beyond the AFM range of
measurements of 10 microns.

Table 3 presents the data for the inactivation time of bacteria and
fungi, the type of Cu, Cu/TiO, NPs and surfaces and the NPs sizes re-
ported recently in the open literature. The data in Table 3 do not allow
for a quantitative comparison for the work carried out in different la-
boratories since these studies were carried under different experimental
conditions. However, the data are useful for a qualitative comparison of
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Fig. 22. Bacterial inactivation time vs nominal thicknesses for HIPIMS sput-
tered TiO,/Cu films and by DCMS/DCPMS sputtered layers under solar simu-
lated irradiation. Reprinted with permission of S. Rtimi, et al., (2013). Other
details are given in the respective reference [196].
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the bacterial/fungi inactivation kinetics mediated by diverse Cu-cata-
lysts/photocatalysts.

Mn base their antibacterial activity on : a) the metal-ion diffusion and
cell internalization through the porin channels into the bacterial cyto-
plasm, b) surface contact effects between the metal/metal-oxide and the
bacteria envelope due to electrostatic attraction and magnetic interac-
tions, c) the envelope modifications due to the shift in the physiological
pH surrounding bacteria, d) changes in the interfacial potential during
the bacterial inactivation time [145], and finally e) the destruction of
the functional groups of the cell envelope as followed by infrared
spectroscopy (ATR-IR) [252,253]. Cell contour modifications occur in E.
coli leading to lysis/disaggregation during their interaction with TiO»-
NPs, oxides, metals, double-oxides under light irradiation as recently

Part 3: Cu-Ag Bimetal materials for bacterial inactivation

3. Introduction
3.1. Ag-Cu as antibacterial bimetal materials

3.1.1. Preliminary considerations on Ag-Cu suitable antimicrobial films

Metal oxides with antibacterial properties such as Ag, Cu, Zn, Ti and

Table 3
Bacterial inactivation times of Gram-negative and Gram-positive bacteria on Cu, CuO, and Cu/TiO, surfaces.
Authors Microorganism Catalyst/Photocatalyst Inactivation time Catalyst size / configuration Ref.
S. Rtimi et al., E. coli TiO5-ZrO,-Cu 30 min Thin film [159]
G. Borkow & J. Gabbay E. coli, MRSA, C. Albicans Cu-impregnated textile 60 min 0.1-0.2 microns [164]
D. Quaranta et al., C. Albicans Cu/CuO plate 30-60 min [173]
Espirito-Santo et al., E. coli Cu/CuO plate 150-180 min [174]
Sunada et al., E. coli Cu/TiO, films 4 h Films [177]
Qiu et al., E. coli CuO,/TiO, 60 min [178]
J. Elguindi et al., P. aeruginosa Cu-surface 120 min Surfaces [179]
Noyce et al., MRSA, C. Albicans Cu-surfaces 24-60 min Surfaces [180]
Noyce et al., E. coli Copper-alloys 75 min Alloys [181]
N. Cady et al., A. baumani Cu-cotton 10 min 2-5nm colloids [185]
D. Sun et al., S. aureus Stainless Steel-Cu 24 h 0.2-2 microns [188]
O. Akhavan et al., E. coli Cu-Cu0/SiO, 15-30 h 20 nm [189]
S. Rtimi et al., E. coli TiO,-Cu HiPIMS 5-10 min Thin films [196]
TiO,-Cu DCMS

S. Rtimi et al., E. coli Cu-polyester: 20 min Thin films [198]

MRSA HIPIMS 120 min

DCMS
Castro et al., E. coli Cu-cotton DCMS Under light: 30 min Thin films 50-200 nm [200]
In the dark: 120 min

Osorio et al., E. coli Cu-polyetser DCPMS 30 min (under light) Thin films 50-80 nm [201]
E. Cubillo et al., S. Aureus, E. coli Cu-sepiolite 24 h 15-30 nm [204]
J. Musil E. coli Al-Cu-N 3h [206]
S. Rtimi et al., E. coli TiO5-Zr0O,-Cu 45 min under light Thin films [220]
S. Rtimi et al., E. coli Cu/TiOy 30 min Thin film [230]
S. Rtimi et al., E. coli CuO,-TiO, co-sputtered 20 min Thin film [231]
S. Rtimi et al., E. coli CuO,/TiO, sequentially sputtered 75 min Thin film [231]
L. Rio et al., MRSA Cu-polyester 1h Thin film 10-15nm [244]
M. Ballo et al., MRSA Cu-polyester 15-20 min Thin films [246]

S. epidermis

P. aeruginosa

A. baumani
M. Ballo et al., C. glabrata Cu-polyester 30 min Thin films [248]
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reported [254,199]. The advantages for Ag-Cu films over Ag- and Cu-
films applied independently will be discussed in this section. The use of
two highly oxidative metal/metal oxide nanoparticles such as Ag-Cu
NPs amalgamated on the same film offers additional potential couples
(or catalytic sites) compared to the redox couples of Ag and Cu by
themselves. These additional potentials drive/catalyze/photocatalyze
the surface microbial inactivation. A typical example is found in pet-
roleum chemistry: the Ru/SiO, with the Ru presenting five different
valences between + 3 and + 8. This provides the Ru/SiO, surface with
several potentials. This is important in reactions for the catalytic
cracking of fuels in the petroleum industry [255]. The E. coli negatively
charged surface interaction with the positively charged metal-ions is
due to the predominance of carboxylic groups over the positive Amide
(I)/Amide (II) groups in the E. coli envelope. Photocatalytic processes
leading to bacterial inactivation are favored by the increased light ab-
sorption of the Ag and Cu bands in the Ag-Cu films. This increases the
molar absorption coefficient of the films in the visible range up to
700-800 nm [152,200]. In addition, CuOy has been reported to be more
effective in dark inactivation processes [256] compared to Ag,O [21].
Dark processes have been reported to proceed through an oligodynamic
effect. Synergistic effects when Ag and Cu are applied together in Ag-Cu
antibacterial films involve the high Cu-cytotoxicity per unit weight and
the biocidal activity of Ag-NPs as described in Sections 1 and 2 in this
review.

3.1.2. Biofilm adhesion and film hydrophobi C-H ydrophilic properties

When microorganisms attach to a surface, they secrete extracellular
biopolymers leading to the formation of biofilms. These biopolymers
attach the bacterial colonies through polysaccharides and proteins
[1-5]. Pathogenic biofilms act as a pump spreading bacteria/fungi/
viruses into the environment and constitute the most dangerous type of
infectious agents [7-9,199,116,245]. A special worrisome feature of the
biofilms pumping bacteria and other pathogens into the environment is
the long-span lifetime of these processes. During their lifetime, these
biofilms take in nutrients from the surroundings and release byproducts
after the biofilm formation ensuring their stability [134,160]. The ad-
herence of bacteria to the surface is a feature controlling the transfer of
charge between the surface and the bacteria. The surface adherence of
the bacteria to the substrate is mainly a function of the hydrophobic-
hydrophilic interaction between the surface and the bacterial envelope.
Only a few negatively charged bacteria such as E. coli have been re-
ported to adhere to negatively charged surfaces [161,214]. Both hy-
drophobic and hydrophilic bacteria can be found on any kind of surface
in hospital facilities. Most of the polymers and artificial polyester (and
combinations thereof) comprising 70% of the textiles reaching the
market in Europe are hydrophobic in nature [257]. Bacteria with hy-
drophilic properties such as S. aureus have been reported to adhere to
hydrophilic surfaces [258]. S. epidermis adheres preferentially to hy-
drophobic surfaces [259]. The polyethylene (PE) thin polymer allows
bacterial growth due to the relatively strong cell adhesion to the PE-
surface and presents a real problem in commercially food wrapped PE-
packages [260]. The adhesion of bacteria to PE is facilitated by the PE
low surface energy [261].

Two approaches have been investigated to hinder the bacterial
surface adhesion: a) addition of F- in the form of fluoropolymers to PE
increasing the surface free energy [262] and b) increased adhesion of
Ti0,/Si0O, to the substrate compared to TiO, alone. [263,264]. TiOy/
SiO, surfaces have been reported to increase the surface area of TiO,
layers. This favors the amount of photo-generated ROS reaching the
bacteria.

This section addresses Ag-Cu films presenting almost instantaneous
antibacterial kinetics intended to preclude the formation of toxic bio-
films from the outset. The design, synthesis, inactivation kinetics and
bacterial inactivation mechanism of Ag/Ag>O-Cu/CuOy films is ad-
dressed below. Polymer films and textiles loaded with highly oxidative
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metal/metal ions have recently been found to be suitable candidates to
reduce/preclude the formation of biofilms.

3.2. Colloidal loaded Ag-Cu NPs and films leading to bacterial inactivation

During the last years, colloids of Ag and Cu have been impregnated
or ion-exchanged on many supports such as clays and zeolites. These
colloids then diffuse into the support matrix. Sol-gel methods have been
used during the last few decades to prepare bioactive Ag-Cu composite
and sometimes coated on glasses. These gels are reacted thermally on
non-heat resistant substrates at 50-90 °C or on glasses resisting higher
temperatures. Reports on the preparation of Cu and Ag-nanoparticles
and bimetal particles by sol-gel methods have recently increased. M-
NPs deposition/adhesion on polymer/textiles is poor and the M-NPs
films obtained are not mechanically stable, not reproducible and their
distribution on the substrate is not uniform. It is not possible to heat the
textile, polymer substrates to a few hundred °C to anneal the metal/
oxides on non-heat resistant supports. To remedy these drawbacks M-
NPs films are sputtered at temperatures in the range of 110-130 °C.
Metal/ bimetal and oxides sputtered on a wide variety of supports
show: 1) uniform distribution, 2) good adhesion to the substrate, 3)
large antibacterial spectrum, 4) only low amounts of metals are needed
to inactivate bacteria, and 5) higher mechanical resistance than films
prepared with other methods. These film properties lead to a stable and
long operational lifetime for the sputtered films.

In some cases, the adhesion of Ag-Cu films needs to be improved to
increase their mechanical resistance and stability when used in the
disinfection of blood streams. This is possible by introducing an inter-
mediate layer to increase the adherence of the topmost antibacterial
film to the substrate. These under layers are made of: a) TiO, films
[170], b) TiN and other nitrides presenting aligned flat surface micro-
structures [247,128], and c) hydroxyl-apatite (HA) porous films [266].
These layers, due to their porous network, increase the adhesion of the
metal/oxide NPs to the substrate. The subsequent sputtering of CuOy-
films enables the Cu-species to penetrate in the porous HA-network.
The reduction in the leaching of the metal/oxide during the bacterial
inactivation is essential for the: a) increase of the useful operational
time of the sputtered films and b) stabilization of the film long-term
cytotoxicity leading to bacterial inactivation.

The Ag-Cu film composition obtained by sol-gel showing anti-
bacterial properties is listed below in Table 4. Table 4 reports the
bacterial inactivation parameters by Ag-Cu materials. This is an im-
portant observation since the infection level in intensive care units by
MRSA has recently reached > 50% [265-267]. Ag-Cu prepared by sol-
gel methods have been deposited on diverse substrates. Mclean et al.,
reported MRSA inactivation on Ag-Cu /silicon rubber sputtered disks
within 10-50 hours [268]. When only Ag was coated on the same disks,
the bacterial inactivation required longer times. Slambarova et al., re-
ported Ag-Cu-TiO, coatings from sol-gel suspensions able to reduce
MRSA [269]. Antimicrobial suspensions of Ag-Cu have also been re-
ported to inactivate bacteria in suspension [270]. Heffelfinger et al.
[273] reports a partial destruction of Legionella by way of mono-
chloramine in aqueous media in hospital bodies/effluents. This result
motivated an interesting study by Stout et al. [274] reporting the in-
activation of Legionella by Ag-Cu membranes leading to their dis-
appearance up to 5 years. This study reported that the positively
charged Ag and Cu-ions interact electrostatically with the negative cell
wall of Legionella, leading to protein denaturation followed by lysis and
cell death. Hsieh et al. [278] recently reported that co-sputtered TaN-
Cu/Ag films inactivated bacteria much faster compared to either Ag-
nitride or Cu-nitride films when applied separately. Description of re-
cent work on Ag-Cu sputtered films leading to the inactivation of pa-
thogens is described below.
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Table 4

Size and inactivation times by Ag-Cu bimetals (deposited or not) leading to the inactivation of diverse Gram-positive or Gram-negative bacteria.
Authors Microorganism Catalyst/Photocatalyst Inactivation time Catalyst size/configuration Ref.
R. McLean et al., S. aureus Ag-Cu sputtered silicon rubber 10-50 h Thin film [268]
Slamborova et al., MRSA Methyl methacrylate 100 nm 1-2 microns [269]
Ruparelia et 1., MRSA Colloid Ag/Cu 10 h 3-9 nm [270]
G. Rao et al., E. coli Cu-Ag-TiO, membrane 30 min Membrane [271]
A. Eremenko et al., E. coli Cu-Ag impregnated cotton 20-30 nm [272]
J. Heffelfinger Legionella Nano-chloramine Days/partial reduction [273]
J. Stout and V. Lu Legionella Cu-Ag salts Days/full reduction [274]
H. Amir et al., E. coli Ag-Cu-PVA Ag 48 nm/Cu 39 nm [275]
M. Paszkiewicz E. coli / C. Albicans Ag, Cu NPs Ag 150nm / Cu 250 nm [276]
Mironda-Rios et al., E. coli Ag;0/Cu0 30 min [277]
J. Hsieh MRSA/E. coli TaN(Ag,Cu) on Si 13 h [278]

3.3. Ag-Cu films leading to bacterial inactivation with a quasi-instantaneous
kinetics

The first evidence for Ag-Cu (50%/50%) sputtered films on poly-
urethane (PU) catheters leading to a quasi-instantaneous bacterial in-
activation in the dark < 5 min were recently reported [51,52]. Ag and
Cu coated PU samples were also able to inactivate bacteria but within
longer times up to ~30 min. Hydrophobic to hydrophilic transforma-
tion of the Cu-Ag PU-catheter surface under light was observed within
the 30 min bacterial inactivation period. The release of Cu- and Ag-ions
was followed by inductively coupled plasma mass-spectrometry (ICP-
MS). The amounts of Cu and Ag-ions released were well below the
cytotoxicity levels permitted by sanitary regulations. Fig. 24 show that
the bacterial inactivation times became longer as the amount of Ag was
increased in the Cu-Ag film.

Films made up of 50%/50% Ag-Cu were sputtered by DCMS for one
minute in the magnetron chamber shown previously in Section 1, Fig. 4.
Similar bacterial inactivation kinetics were observed under light irra-
diation or in the dark. Unexpectedly, this allows the conclusion that the
cytotoxicity of the Ag>0-CuO, films and not the semiconductor nature
of the Ag,0-CuOy film is the predominating effect leading to bacterial
inactivation.

E. coli cells damage was monitored by stereomicroscopy on a 50%/
50% Ag-Cu PU samples as indicated by red dots in Fig. 25. The fluoro-
chrome dye stains the cell DNA of the damaged cells due to the ab-
normal high permeability of these damaged cells [279]. Fig. 25 shows
that after 2 min, no living E. coli bacteria could be detected. The me-
chanism leading to the fast inactivation kinetics is due to the presence
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Fig. 24. E. coli inactivation on sputtered Cu-Ag PU the effect of the atomic ratio
of Cu : Ag on the bacterial inactivation time under low intensity indoor actinic
light (3 mW/cm?). Reprinted with permission of S. Rtimi, et al., (2016). Other
details are given in the respective reference [51].
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of the Cu and Ag potential couples sputtered on the film mediating the
bacterial inactivation will be discussed next in Section 3.4.

3.4. Mechanism suggested for the bacterial inactivation of Ag-Cu films

The acceleration of the bacterial inactivation kinetics induced by
Ag-Cu-PU films is due to the film amalgamated Ag-Cu-PU layers. Due to
the difference in their redox potentials, the Ag displaces Cu due to its
position in the galvanic scale. The Ag-Cu films comprise the couples:
Ag°/Ag™ -0.80V SHE and Cu®**/Cu™ 0.15V SHE. Therefore, the Ag-Cu
galvanic cell reaction is driven by a potential of -0.65V SHE [137]. In
the Ag-Cu-PU film, Ag acts as the cathode and Cu as the anode. The
contact between Ag and Cu increases the atomic disorder in the Ag-Cu
amalgam [281,282]. The reaction between Ag and Cu leading to Cu-
and Ag-ions release (corrosion) is noted in Eq. (38):

Ag® + Cu®t — Agt + Cu” (38)

The determination of the amounts of Cu and Ag-ions was carried out
by ICP-MS in a Finnigan™ ICPS unit equipped with a double focusing
reverse geometry mass spectrometer. The washing solutions from the
sputtered samples were digested with nitric acid 69% (1:1 HNO3. H,0)
to remove the organics in solution and to guarantee that there were no
remaining ions adhered to the flask wall. In this method, the sample
droplets are introduced trough a peristaltic pump to the nebulizer
chamber at high temperatures. This allows the total sample components
evaporation and ionization. The Cu and Ag-ions are soluble within the
ppb range found for Ag and Cu during bacterial disinfection. The re-
leased ions lead to the bacterial inactivation observed in the dark. An
oligodynamic effect was suggested for the intervention of the Ag-Cu
nanoparticle films due to the ppb amounts released during the bacterial
inactivation processes [51,168-170].

3.5. Surface potential and pH-changes during bacterial inactivation

The interfacial potential changes during bacterial inactivation of E.
coli were monitored on Cu-Ag 50%/50% films in the dark. The values
found are noted in the left- hand axis in Fig. 26a/b. The pH-shifts were
also monitored as a function of time and are shown in right hand axis in
Fig. 26a/b. The initial pH of 6.8 decreases to 6.4 within 5min. This
suggests the production of intermediate long-lived carboxylic acids
with a pK,~ 3. After 200, the carboxylic acids decompose generating
of CO, trough a Kolbe type CO, elimination reaction [228] Fig. 26b
reporting the data for similar disinfection processes under light irra-
diation show a steeper decrease in the pH-values compared to the va-
lues in Fig. 26a. As shown in Fig. 26b, after the initial decrease, pH
recovery within 15 min was observed up to the initial pH 7.0. This re-
covery is due to a photo-Kolbe type reaction shown in Eq. (39):

RCOO™ + actinic light = R™ + CO, 39

The decrease in the interfacial potential during bacterial
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Time 2 min Time 10 min

Fig. 25. Monitoring of the live/dead E. coli after 2 and 10 min in the dark on Cu-Ag (50%-50%). The images show uncoated catheters and sputtered catheters at times
zero, 2min and 10 min. Reprinted with permission of S. Rtimi, et al., (2016). Other details are given in the respective reference [196].

8.0
601 [ -
-
1 \\ L75
40 LW
L F7.0
e VI
> 20 > =
€ Les =
Lt
0_
6.0
——mV
~201 ——pH 5.5
-40 -+ T T T T 5.0
o] 200 400 600 800 1000
contact time with bacteria (s)
60 ——mV 18.0
¥ ——pH
| 47.5
40+
- {7.0
20} :
= 1655
ok —46.0
20} 122
415.0
40 L L ) L L L
0 200 400 600 800 1000 1200

contact time with bacteria (s)

Fig. 26. a Interfacial potential and local pH shifts of the bacterial culture
contacted with Cu-Ag 50%/50% on PU-catheter in the dark.b Interfacial po-
tential and local pH of the bacterial culture contacted with Cu-Ag 50%,/50% on
PU-catheter under a 3 mW/cm? actinic light. Reprinted with permission of S.
Rtimi, et al., (2016). Other details are given in the respective reference [51].

inactivation is attributed to the increase in the cell wall envelope per-
meability as the reaction times become longer. This implies for pro-
cesses in the dark or under light irradiation. The interfacial potential
flattens when the cell wall destruction is complete. An actinic light
source was used in Fig. 26b. A decrease of 3logio for the E. coli CFU
required a light dose of 1 mJ/cm?. In the case of MRSA a dose 2-4 mJ/
cm? was necessary to achieve similar inactivation kinetics [279,280]. In
Fig. 26a, the initial surface potential in the dark is seen at 65mV.
Fig. 26b shows an initial surface potential 18 mV for runs under light
irradiation. The initial “Eigenvalues” refer to the intrinsic interfacial
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potential characteristic of each film surface and reflect the surface make
up, microstructure, surface tension, nanoparticle size and composition.

3.6. TEM imaging and XPS analysis of Ag-Cu films

Fig. 27 presents the Cu- and Ag-nanoparticle distribution on the PU-
films by scanning transmission electron microscopy in (STEM) mode.
The mapping of Cu and Ag in the Ag-Cu PU samples (with different
Cu:Ag atomic ratios) was carried out to determine the atomic dis-
tribution in the sputtered films. The first row in Fig. 27 shows a uniform
distribution of Cu nanoparticles with particle sizes of 2-4nm. The
second row shows the images for a Cu-Ag film made up by Cu 0.05%
and Ag 0.03% by weight. The loadings of Cu and Ag have been de-
termined by X-ray fluorescence (XRF). The third row shows the images
for a Cu-Ag sample with a ratio 33%: 67%. Most of the Cu and Ag-metal
clusters were < 5 nm in size. The small size of the nanoparticles favors
the charge transfer due to large surface area per unit mass. The charge
transfer between Cu and Ag in light activated reactions would be lim-
ited by the size of the grains in the thin layers without taking into ac-
count the variability of the inter-particle contact area. A size reduction
in the space charge layer has been reported to decrease the electronic
potential levels for metals [279-287]. The last row in the image shown
in Fig. 27 shows that an increase in the percentage of Ag in the Cu-Ag
films leads to the formation of bigger agglomerates. The second and
third columns in Fig. 27 show the uniform distribution of the Cu and Ag
nanoparticles proportional to the Ag-Cu present in the sputtered films.
The nanoparticles are seen to be uniformly distributed on PU fabrics.
The PU is an electronegative and hygroscopic material that rapidly
attracts water. This is a beneficial feature in the release of Ag- and Cu-
ions followed by the solubilization of these ions leading to bacterial
disinfection.

Table 5 presents the Cu- and Ag-oxides on Ag-Cu films with different
ratios of Cu: Ag. The content in Table 5 obtained by XPS shows: a) that
metallic Cu exists as a metal only in the Cu-Ag (50%-50% sample) and
plays an important role in the charge transfer from the film to the
bacteria leading to fast bacterial inactivation, b) Ag,O is absent in the
Cu-Ag (50%-50%) sample. AgO was detected in these films being the
most active Ag-oxide leading to E. coli inactivation. This confirms the
results reported in a recent study [51,288], c) Ag® metal is a necessary
component in films with different Cu: Ag ratios and d) the Ag,Cu,O4
composite is present in Cu-Ag (50%-50%) and Cu-Ag (33%-67%), the
two most active samples. The Ag,Cu,0, would then play an important
role in the charge transfer [289,290]. A scheme of the E. coli
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Fig. 27. EDX microanalysis/distribution of the Cu and Ag nanoparticles on the PU-films with different Cu: Ag atomic ratios. Reprinted with permission of S. Rtimi,

et al., (2016). Other details are given in the respective reference [52].

Table 5
Cu and Ag species present of Cu-Ag films with different atomic ratios of Cu: Ag
[292].

Cu-Ag (50%-50%) Cu-Ag (33%-67%) Cu-Ag (25%-75%)

Cu species CuO, Cu,0, Cu CuO, Cu,O CuO, Cu,O
Ag species AgO, Ag AgO, Ag,0, Ag AgO, Ag,0, Ag
Mixed phase Ag>Cuy04 AgoCuy04 -

inactivation by the diverse Ag- and Cu-species reported in Table 5 is
presented in Fig. 28 [291,292].

To estimate the band-gaps of the Cu, Ag and Cu-Ag, a Tauc’s plot of
(F-(R)v)" against the x-axis (eV) was employed. The following values
were found for the band-gaps: a) AgOx (1.52 eV); b) Cu: Ag 50%-50%
(1.63eV); ¢) Cu: Ag (33%-67%) (1.61eV); d) Cu-Ag (25%-75%)
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(1.76 eV) and finally e) CuO, (1.83 eV). The Cu-Ag sample band-gaps
get narrower in the presence of lower Ag-amounts in the Cu-Ag films.
The values for the CuOx band-gap were in agreement with the values
reported by Bard et al., by photo-electrochemical experiments [55].

3.7. E. coli and MRSA inactivation on Ag-Cu films: corrosion of the film
during the bacteria/fungi inactivation

The corrosion releasing Cu-ions (Cu is the cathode) and Ag-ions is
shown next in Table 6. Cu-ion levels reported in Table 6 with a con-
tent < 10 ppb do not induce cytotoxicity in the mammalian cells [169].
Runs in the dark led to bacterial inactivation at a slower rate compared
to runs under actinic light [5,170,214].

Recently, Ag-Cu sputtered catheters were investigated for their ef-
ficacy in preventing methicillin-resistant Staphylococcus aureus (MRSA)
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Fig. 28. Scheme indicating the active species leading to E. coli inactivation by a sputtered Ag-Cu (50%-50%) polyurethane surface. Other details are given in the

respective reference [52].

Table 6
ICP-MS determination of Cu- and Ag-ions released in ppb units from Cu-Ag-PU
sputtered films for 1 min.

Sample Sample washed as  Sample irradiated Sample irradiated
(4cm?) prepared without bacteria with bacteria

Cu Ag Cu Ag Cu Ag
Cu 28.5 - 14.2 - 10 -
Ag - 12 - 9.4 - 4.2
Cu-Ag (25%-75%) 24.57 10.72 12.81 5.74 9 3.9
Cu-Ag (33%-67%) 15 8.8 10.4 5.7 10.8 4.4
Cu-Ag (50%-50%) 15.4 9.9 12.1 5.7 8.7 4.6

infection in vitro and in vivo [247]. In vitro, Ag-Cu-coated prevented
MRSA infections from 79% to 57% compared with uncoated catheters
and the incidence of bacteria was reduced from 68% to 31%. Scanning
electron microscopy (SEM) of coated catheters suggests that the low
activity of Ag-Cu catheters in vivo was due to a formation of a dense
fibrin sheath over the film surface. The disinfection activity of Ag-Cu
films was improved by limiting the plasma protein adsorption on the
film surface. During these trials, animal samples were exposed to un-
coated catheters and Ag-Cu-coated catheters and were inoculated with
107 CFU of MRSA ATCC 43,300. Coatings of Ag on PU devices have
been recently reported [288-292]. The antimicrobial properties of Ag
sputtered or deposits from Ag colloids and moieties on polymer surfaces
have been reported for some years [293,294].

3.8. Effect of the Ag, Cu and Ag-Cu films on normal and porinless E. coli.
Differentiation of ionic and surface-contact effects

Fig. 29 presents the bactericidal inactivation times induced by
sputtered samples of Cu, Ag and for Ag:Cu with different atomic ratios.
Fig. 29a shows that Ag and Cu-films led bacteria inactivation within
longer times compared with Ag-Cu composite films. Cu-samples re-
quired about 30 min and Ag about 60 min to induce complete bacterial
inactivation. The Cu-Ag (33%-67%) and Ag-Cu (50%-50%) samples
present the most suitable Cu- and Ag-loadings leading to the inactiva-
tion of the E. coli inoculum. No bacterial inactivation was observed
when PU alone was irradiated under actinic light.

Fig. 29b presents the bacterial inactivation kinetics of genetically
modified porinless E. coli and compared to normal E. coli strains pro-
vided with porins [291,292]. The porinless bacteria were prepared
following procedures reported in the literature [293-296]. Quantitative
determination of ionic effects induced by Ag-ions and Cu-ions diffusing
though E. coli porins could in this way be compared to porinless E. coli.
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Fig. 29. a Bacterial inactivation of E. coli on sputtered PU- films (1 min) sam-
ples: Cu, Ag, and (25%: 75%) Cu: Ag (33%: 67%) Cu: Ag and (50%: 50%) Cu:
Ag. Light source: Osram Lumilux 18 W/827 (360-700 nm range 3 mW/cm?).
Other details are given in the respective reference [51]. b Bacterial inactivation
on sputtered PU-films (1 min) by Cu: Ag (33%-67%) and Cu: Ag (50%: 50%).
Cu-Ag-ions are seen to induce complete bacterial inactivation on normal E. coli
when diffusing through the porins (d = 1.0-1.3 nm) within short times. Surface
contact effects by Cu and Ag in porinless E. coli lead to bacterial inactivation
within longer times. Initial E. coli: 1.4 X 10° CFU/ml. Actinic light (3 mW/
cm?). Reprinted with permission of S. Rtimi, et al., (2016). Other details are
given in the respective reference [51].

Porinless bacteria do not allow the penetration of Ag and Cu-ions
through the bacterial cell wall. Fig. 29b shows the inactivation of
normal E. coli (with porins) within 4-8 min. This is six times longer the
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time required for the inactivation of porinless bacteria. This is the
evidence that Cu- and Ag-ions are not the only agents leading to bac-
terial inactivation but that surface-contact effects play an important
role [292]. Sample irradiation was carried out under a low intensity
actinic light emitting in the range 360-700 nm (3 mW/cm?).

The observed contact-surface leading to bacterial inactivation of
porinless bacteria is due to: a) changes in the interfacial potential as
shown in Fig. 26a/b, b) the shift of the pH surrounding bacteria away of
pH 6-8 to values where the bacteria do not survive, c) destruction of the
LPS layer functional groups as described below in Section 3.9 by ATR-
FTIR spectroscopy and finally, d) the modification of the cell skeleton
(contour) detected by electron microscopy, not shown hereby but ob-
served for other systems [254]. Since the seminal paper on bacterial
inactivation on TiO, by Matsunaga et al. [297] the mechanism of re-
action has been worked out in many studies but is only partially known
at the present time. No overall mechanism is available up to now. When
seeking a faster bacterial inactivation kinetics, TiO»-M and M—M or
M-O systems are at present investigated and showing promising results
[220,298]. The ionic effects of the Ag-Cu films leading to bacterial in-
activation in Fig. 29b involve: a) Ag and Cu-ions diffusing through the
E. coli 1.0-1.3 porins [141,142], b) bacterial inactivation by the sulf-
hydryl (-SH) groups in the cell envelope interacting with Ag and Cu-
ions and c¢) metal bacteria interactions leading to bacterial damage and
death [1-5,59,159-161,184,298].

3.9. Infrared spectroscopy of the functional groups abatement leading to
bacterial lysis

The progressive damage to the cell wall functional groups during
bacterial abatement in the dark and under light irradiation was mon-
itored by ATR-FTIR spectroscopy. The changes in the E. coli —CH,-
groups comprising > 70% of the C- in the E. coli were followed as a
function of irradiation time. The ATR-FTIR spectra were normalized to
compare the changes in the bands. The C-H band position in the FTIR
spectra of the LPS layers allows to monitor the changes in the fatty-tail
structure of the LPS in E. coli induced by the Ag-Cu films [299-301].
The E. coli cell wall consists of LPS units covalently linked containing
-(CH,) and -(CH3) groups. These groups make up > 70% of the E. coli
cell wall: LPS, peptidoglycan (PGN) and phosphatidyl-ethanolcholine.
The peak positions of the -(CH,) groups in the IR spectral region were
found at 2800-3100 cm™'. A blue shift of LPS 10-15 cm ™' during
bacterial inactivation provides the evidence for the changes/disorder in
the fatty tail structure preceding bacteria abatement. The increase in
the LPS disorder leads to the enlargement of the intermolecular C-H
bond distance leading to a higher LPS fluidity concomitant with the
changes in conformation and packing [299]. The decrease in the initial
E. coli concentration is a reflection of: a) the generation of peroxidation
products during the bacterial inactivation and b) the modification of the
LPS during the bacterial inactivation time. The concomitant reduction
of Amide A was observed to occur faster than the E. coli inactivation.

3.10. Mechanism of the interfacial charge transfer (IFCT) during bacterial
inactivation

A mechanism for the interfacial charge transfer (IFCT) between
Ag-0 and CuO under light irradiation is suggested in Fig. 30. The
mechanism of the charge generation by Ag,0 was addressed before in
this review (see in Section 1.3.1 Egs. (2)-(3) and in Section 1.4.1 Egs.
(5)-(13)). The mechanism of charge generation by CuO has been de-
scribed in Egs. (17)-(21) and Egs. (28)-(33). Fig. 30 shows the hetero-
junction between Ag,0 and CuO. The CuO presents a (bg) ~1.7 eV, a
conduction band (cb) at —0.3 V SCE and a valence band (vb) at +1.4
SCE) [196]. During the IFCT, Ag,0 electrons would hinder the electron-
hole recombination in the CuO. This enhances the interfacial charge
transfer (IFCT) from Ag,O to CuO. Nanoparticle of metal/oxides with
quantum sizes < 10 nm or 10* atoms transfer their charges at potentials
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below the standard values reported in electrochemical tables. Quantum
size nanoparticles like Ag,O to CuO presents a decrease in the space
available for charge separation [288]. The ROS shown in the right-hand
side of Fig. 30 have been reported to participate in the bacterial in-
activation under light irradiation [9-11,16,22,42]. It is likely that small
M-NPs with a large surface to mass ratio enhance the e-transfer in the
IFCT as reported by Snaith [283], O’Haloran [284] and Warren [285].
A shorthand notation for the visible light induced bacterial in-
activation on Cu-Ag-PU films is suggested below by Eq. (40)

bacteria + [Ag,0-CuO-PU] + Vis light — [bacteria...Ag,0*-CuO*]PU
— [bacteria*... Ag,0-CuO]PU — [bacteria™... Ag->0 (cbe™)-CuO]PU
(40)

3.11. Conclusions

One of the recent developments in photocatalyst involves the in-
terfacial charge transfer through two or three binary oxides. This im-
plies electrostatic attraction, van der Waals forces, and hydro-
phobic-hydrophilic interactions. Ag- and Cu-NPs/ions have been shown
to diffuse trough the bacterial membrane through the cell wall porins
damaging the cell. Metal/oxide surface-contact effects with the bac-
terial cell envelope are the other mechanism leading to bacterial in-
activation. This proceeds through changes in the cell shape, surface
potential, pH surrounding the bacteria, cell wall permeability and de-
struction of the bacterial cell wall functional groups. Cu- and Ag-NPs
and recently more advanced Cu-Ag-NPs materials have been presented
in this review. However, the full bactericidal inactivation mechanism is
still not understood. The bacterial cell membrane is both a barrier and a
channel for the inward and outward movement of chemical species
with sizes below the porin diameters. In the gram-negative bacterial
membrane structure, porins allow the passage of molecules < 600 Da,
in and out of the bacteria. Standard methods of analysis are still needed
allowing a quantitative comparison of the inactivation data obtained by
different laboratories

Ag-Cu films present an improved bactericide performance compared
to Ag or Cu films by themselves. Some articles have been published in
the last few years using Ag compounds [302-306] and Cu compounds
[307-309] to drive the inactivation of a variety of bacteria. The small
size of the metal-ions allows the NPs to enter into the biofilm network
compared to antibiotics. Metal/oxide films have advantages over anti-
biotics since they do not develop bacterial resistance over long treat-
ment periods. This review described that Ag-Cu films disinfect bacteria
releasing very small quantities of M-ions (ppb range) while keeping
sufficient reserve to ensure a longtime operational lifetime.

The development of kinetically fast, robust antibacterial 2D-
polymer films, textiles, and 3D-catheters are urgently needed at the
present time. This is also important to hinder the development of in-
fectious biofilms on implants resistant to both the immune system and
antibiotics. Vancomycin and Gentamicin are used to combat infections
caused by biofilms on tissues and implants but their operational time
does not exceed a few days and proceeds by irregular releases of the
active components before dying out completely. The administration of
effective antibiotics associated with ppb amounts of Cu-Ag is not
available nowadays. Such an approach could improve the present si-
tuation due to the small size of the Cu- or Ag-ions able to penetrate
tissues not reached adequately by antibiotics. Nitrides use for a con-
trolled release of Ag-Cu ions may be developed further and lead to
stable and effective antibacterial surfaces. HCAI’s are caused by mul-
tidrug resistant (MDR) pathogens.

The sputtering of uniform, resistant, adhesive and kinetically faster
Cu-Ag films is an innovative way to avoid/preclude biofilm formation
in hospitals and health-care facilities. But more advanced antimicrobial
films are necessary at the present time on catheters and coatings of
medical devices. Improved treatment is critical at the present time since
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Fig. 30. Schematic for the light induced interfacial charge transfer (IFCT) between Ag,O and CuO oxides leading to bacterial inactivation. Other details are given in

the respective reference [51].

in many cases antibiotics are not available or ineffective. Ag-Cu films,
as described in Section 3 of this review, exhibit promising antibacterial
kinetics and can be considered as a potential new approach for the
effective prevention of bacterial infections. This review describes in
detail the potential of light activation to improve the kinetics/efficiency
if 2D/3D devices leading to bacterial inactivation. The application in
commercial applications of light induced antibacterial processes implies
the search of more effective and innovative low-cost antibacterial
composites.

3.12. Outlook

Healthcare-associated infections (HCAIs) represent a major public
health problem worldwide and are increasing in the last decade.
Hospitals go over the bacteria concentration allowed in operation/
dressing/residence rooms and are a reservoir of pathogens leading to a
higher incidence of HCAIs. Also, during the last few years, an increase
in HCAIs has been noticed in hospitals caused by mutant pathogen
strains, especially drug resistant strains.

Future work on the effect of heavy metals on pathogenic micro-
organisms is therefore important. No significant fundamental research
has been carried out focusing on the electrostatic attraction, van der
Waals forces and hydrophobic-hydrophilic interactions between the
bacteria and composite 2D-films and 3D-devices. Care has to be taken
to limit the leaching of metals/oxides into the environment since metal
pollution has a devastating effect on natural soils. Metals can eliminate/
destroy more than 99% of the microbial strains normally found in
pristine soils. Therefore, the use of metals should be reduced to avoid
unintended consequences to the ecosystem.

Future work is also needed need for in vivo imaging of bacterial cells
inactivation. In vitro models do not fully simulate the in vivo conditions
to accurately reproduce the interaction between M-NPs and bacteria.
Recent evidence for the antibacterial effectiveness of silver-alloy ur-
inary catheters has been reported, but more research is needed in this
direction. Given that 30-40% of hospitalized patients will be cathe-
terized according to the UK National Health service (NHS) Quality
Improvement Scotland report in 2004, the use of more effective Ag/Cu
antibacterial catheters should lead to an improved patient treatment.
Future research may be directed towards the preparation of M-NPs with
increased selectivity and stability reducing considerably their
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inherently towards toxicity to mammalian cells while maintaining an-
timicrobial activity. This may be possible by metal encapsulation. The
cytotoxicity reduction in composites of Ag-NPs and Cu-NPs by addition
of C- and nitrides is an objective to be addressed in future work. This is
of interest for the preparation of antibacterial materials in food, storage
containers, kitchenware, food-bags/wrapping, thin films, catheter de-
vices and health-care textiles. Synthetic non-toxic antimicrobial 2D/3D
polymers non-toxic to human health presents a potential for a wide
range of applications in medicine, pharmacy, food and packing mate-
rials. The development of nanoparticles activated by solar/visible/ac-
tinic light is in its infancy.

The deposition of thin, uniform and highly adhesive films able to
reduce bacterial infections in the dark and under light within accep-
table times by new composite materials is urgently needed. This in-
volves more advanced preparation methods (synthesis), an improved
antibacterial kinetics and detailed surface characterization of anti-
bacterial films. Potential applications of innovative films on textiles,
polymers and catheters/implants should be addressed. Long-term
testing of the films performance should validate the application ion
these new materials in hospital facilities.

Despite the recent progress made in this area during the last decade,
improvements will be necessary in the coming years in order to syn-
thesize high-quality functionalized coatings. NPs with a more complex
chemical microstructure, improved morphology and tailor-designed
surface are needed to achieve task-specific functions. The higher sta-
bility of antibacterial films and how to translate the laboratory findings
into large-scale industrial synthesis should be an objective of the future
work in this area.

Surface pretreatments have a high potential to improve coated im-
plants such as the acceleration of osseo-integration and the protection of
antibacterial films from the blood flow in the human body. Future work
in this area must also be focused on the toxicity induced by the bac-
tericide films. More advanced sputtering techniques have the potential
to open new industrial segments in the health sector. Further research
needs include testing of antibacterial devices leading to quasi-in-
stantaneous in-vitro and in-vivo bactericide action.

The future development of films and catheters need also to consider
their mammalian-cell biocompatibility. In addition to the application of
the metal/oxide sputtering of surgical/cutting tools, some industries
recently started technologies to develop tools in the dental surgery and
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in spine/orthopedic implants. The substrates used so far are mainly
heat-resistant. In this case, the novel 2D or 3D coatings can be annealed
on these substrates.
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