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Résumé

Les infections associées au milieu hospitalier demeurent une cause majeure de mortalité et de
morbidité dans le monde, malgré plusieurs décennies dédiées a promouvoir une meilleure
surveillance et des méthodes de désinfection plus completes. La capacité des bactéries
pathogénes a survivre sur des substrats solides a été identifiée comme un facteur clé de la
pathogenese de ces infections, en multipliant les sources de transmission et de contamination.
Au niveau de la recherche, cette situation s’est récemment traduite par un intérét marqué pour
le développement de revétements antibactériens novateurs pouvant constituer une ligne de
défense complémentaire contre la colonisation bactérienne de surfaces, pourvu qu’ils puissent

résister a environnement rigoureux des établissements de santé.

Dans cette these, nous avons émis l'hypothése qu'un revétement antibactérien avec une
stabilité supérieure pouvait étre déposé en utilisant un procédé plasma modulable, de sorte que
les propriétés du revétement résultant pourraient étre adaptées aux exigences de différentes
situations ou applications. Par conséquent, des revétements nanocomposites de carbone
amorphe adamantin contenant de l'argent (Ag-DLC) ont été développés et étudiés comme
plate-forme polyvalente pour des surfaces antibactériennes. L’intérét de ce matériau réside dans
la combinaison des excellentes propriétés mécaniques, de la résistance a l'usure et de l'inertie
chimique du carbone amorphe adamantin avec les propriétés antibactériennes a large spectre

des nanomatériaux d'argent au sein d’'un méme revétement déposé par plasma.

Ce travail a d'abord identifié les défis de conception spécifiquement associés au développement
de revétements antibactériens pour le milieu hospitalier. Des analyses approfondies des
revétements Ag-DLC ont ensuite démontré une bonne efficacité antibactérienne 7z vitro ainsi
qu’une stabilité des propriétés, de la structure et de I’état chimique des revétements dans le
temps. L'étendue de la polyvalence des revétements Ag-DLC a été évaluée au travers de
I'identification des mécanismes de croissance principaux, permettant d’obtenir des
informations essentielles sur la facon dont les propriétés des films, telles que la dureté, la
teneur et la distribution d’argent, pouvaient étre controlées en ajustant des parameétres
spécifiques du dépot plasma. De plus, un traitement de surface iz situ a été développé pour

surmonter les problémes de délamination et a montré la capacité de favoriser 1'adhérence de
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revétements DLC sur des substrats métalliques. Dans I'ensemble, cette étude a mis en évidence
lI'importance de la stabilité dans l'application des revétements antibactériens et a démontré le
vaste potentiel des procédés plasma pour le dépot de revétements antibactériens stables avec

des propriétés adaptables.
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Abstract

Healthcare-associated infections remain a major cause of mortality and morbidity worldwide,
with a substantial financial burden on society, despite decades of monitoring and disinfection
efforts. The ability of pathogenic bacteria to survive on solid substrates has emerged as a key
contributing factor in the pathogenesis of these infections by multiplying the sources of
transmission and contamination. This has prompted investigations into the development of
innovative antibacterial coatings, which could provide a complementary barrier against
bacterial colonization of surfaces provided that they can withstand the harsh operating

environment of healthcare facilities.

In this thesis, we hypothesized that an antibacterial coating with superior stability could be
deposited using a tailorable plasma process, so that the resulting coatings’ properties could be
adapted to match the requirements of different situations or applications. Therefore, silver-
containing diamond-like carbon (Ag-DLC) nanocomposite coatings were developed and
investigated as a versatile platform material for antibacterial surfaces. The interest of this
material lies in the combination of the excellent mechanical properties, wear-resistance and
chemical inertness of diamond-like carbon with the broad-spectrum antibacterial properties of

silver nanomaterials in a single, plasma-deposited coating.

This work first identified the specific design challenges associated with the development of
antibacterial coatings for healthcare environments. Thorough investigations of Ag-DLC
coatings then revealed good antibacterial efficacy zz vitro as well as stability of the coatings’
propertties, structure, and chemistry over time. The extent of the tailorability of Ag-DLC
coatings was also assessed through the identification of the main growth mechanisms,
providing insights on how the film’s properties, such as the hardness, silver content, and silver
distribution, could be controlled by adjusting specific plasma deposition parameters.
Furthermore, an 7 situ interface plasma treatment was developed to overcome delamination
issues and showed the ability to promote the adhesion of high stress DLC coatings on metallic
substrates. Overall, this study highlighted the importance of stability in the application of
antibacterial coatings and demonstrated the vast potential of plasma processes for the

deposition of stable antibacterial coatings with tunable properties.
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Foreword

From the readet’s perspective, the study presented herein could be looked at strictly as a work
on antibacterial surfaces and plasma deposition. However, from the author’s standpoint, it
should also be seen through a broader lens, particularly in regard to the objective and scope of
the research effort. Instead of focusing strictly on an optimisation process, this thesis was
aimed at addressing the challenge of creating a flexible and tunable material platform, capable
of exhibiting multiple properties or functions. As such, its potential resides not only in finding
application in different fields, from water decontamination to antibacterial hospital surfaces,
but also in our ability to adapt the produced materials’ properties to match specific aspects of a
chosen environment. Therefore, this thesis explores the ways in which we can understand,
improve and control the properties of the Ag-DLC nanocoatings rather than evaluating their

performances in a particular setting.

The intrinsic multidisciplinarity and breadth of work that characterize this project called for its
realisation in a strongly collaborative environment. For this reason, this thesis was pursued as a
“cotutelle” between the Laboratory for Biomaterials and Bioengineering (LBB) at Université
Laval (Québec, Canada) and the Laboratoire Procédés, Plasmas, Microsystemes (2PM) at
Université Pierre et Marie Curie (UMPC-Sorbonne, Paris, France). The rich collaborative
history, complementarity of expertise and quality of research teams in both laboratories were

paramount in the realisation of this thesis.

This work is not an extension of previous research from either groups but rather a new
investigation. Therefore, the general objectives of the thesis were to first synthetize Ag-DLC
coatings using a plasma-based deposition process and then investigate their potential as a
material platform through the exploration of four different aspects: i) the interface between

metallic substrates and DLC coatings; ii) the analysis of growth mechanisms and distribution
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of silver; iii) the measurement of silver-release and antibacterial properties; iv) the evaluation of
long-term stability. These results are presented as four published articles making up chapters 3,
4, 5 and 0, respectively, of the current thesis. In addition, the field of antibacterial coatings and
the role that silver and plasma-based coatings like Ag-DLC can potentially play within that
tield have been reviewed and published in a comprehensive review article, presented in chapter
2. Additional unpublished materials that bear relevance to this thesis are presented at the end

of this manuscript in annexes.

Further details on the published articles integrated to this thesis are given below.

Chapter 2: Antibacterial Coatings: Challenges, Perspectives, and Opportunities
Authors: Cloutier, M., Mantovani, D., Rosei, F.
Published October 2015 in Trends in Biotechnology, 33 (11), 637-652.

All authors jointly identified the scope of the review article. MC reviewed the literature and

wrote the manuscript, under the supervision of DM and FR.

Chapter 3: Adhesion enhancement of DLC coatings on 316L stainless steel surfaces by in situ

plasma carburation
Authors: Cloutier, M. Turgeon, S., Chevallier, P., Tatoulian, M., Mantovani, D.
Journal: Applied Surface Science (to be submitted)

MC designed and performed all the experiments, analyzed the data and wrote the manuscript.

MC and ST came up with the original idea for plasma carburation. ST and PC helped with the
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acquisition and analysis of XPS. MT and DM edited the manuscript. All authors discussed the

results and implications and commented on the manuscript at all stages.

Chapter 4: Controlled Distribution and Clustering of Silver in Ag-DLC Nanocomposite

Coatings Using a Hybrid Plasma Approach

Authors: Cloutier, M. Turgeon, S., Busby, Y., Tatoulian, M., Pireaux, J.J., Mantovani, D.
Published July 2016 in: ACS Applied Materials & Interfaces, 8 (32), 21020-21027.

MC designed and performed all the experiments, analyzed data and wrote the manuscript.

MC and ST designed the study. MC, ST and YB planned and performed the XPS experiments
and analyzed the results. MC wrote the manuscript. JJP provided conceptual advice on the
XPS investigation. All authors discussed the results and implications and commented on the

manuscript at all stages.

Chapter 5: On the long term antibacterial features of silver-doped diamondlike carbon

coatings deposited via a hybrid plasma process

Authors: Cloutier, M. Tolouei, R., Lesage, O., Lévesque, L., Turgeon, S., Tatoulian, M.,

Mantovani, D.
Published June 2014 in Biointerphases, 9 (2), 029013.

MC, OL and ST designed the study. MT and DM supervised the project. MC, RT, OL and ST
performed non-biological experiments. LL designed and performed the antibacterial tests and
helped in the results analysis. MC and OL wrote the manuscript. All authors discussed the

results and edited the manuscript.
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Chapter 6: Long-term stability of hydrogenated DLC coatings: Effects of aging on the

structural, chemical and mechanical properties
Authors: Cloutier, M., Harnagea, C., Hale, P., Seddiki, O., Rosei, F., Mantovani, D.
Published September 2014 in Diamond and Related Materials, 48, 65-72.

MC designed the experiments. PH and OS carried out the first set (year 0) of experiments. MC
performed the second set (year 3) of experiment and analyzed the data. CH performed the
friction experiments. MC wrote the manuscript. CH, FR and DM oversaw the redaction and

edited the manuscript.
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1 Introduction

1.1 Context and motivation

Healthcare associated infections (HAIs) continue to be a major public health concern in
healthcare units worldwide and has been attracting the attention of public health stakeholders
for several decades. Although it is difficult to evaluate, their cost, both human and financial,
remains staggering, even in this day and age. The number of HAIs in the US, makes it one of
the most common adverse event in healthcare. A 2011 survey in acute care hospitals revealed
an estimated 725 000 HAIs cases, amongst which 75 000 resulted in deaths [1]. This number
goes up to 1.7 million cases of HAIs and 99 000 death annually, when considering the entire
healthcare system [2]. Similarly high prevalence rates of HAIs are reported throughout
developed countries, 5.4% in France and 8.0 % in Canada, with some units (eg pediatric
intensive care, transplant units) experiencing rates close to 30% [3-6]. In low- and middle-
income countries, the consequences of HAIs are even more dire, with an average prevalence
rate of 15.5% [5]. While negligible compared to morbidity and mortality, the economic impacts
of bacteria related diseases also put an additional burden on the healthcare system and global
productivity of communities. Estimates of annual direct costs of HAIs vary due to differences
in methodologies but remain significant in all cases; between 7 and 23 billion USD [2, 7] and
up to 7 billion € in Europe [5, 8]. Furthermore, the topic of HAIs has become highly
politicised during the last decade, negatively impacting the perception of healthcare systems

and tarnishing the image of medical practitioners around the world [9].

Lately, clinical and epidemiological evidences have further underlined the importance of a new
area of concern in the fight against HAIs [10-12]. Pathogens are capable of surviving for weeks
on environmental surfaces (inanimate objects in the immediate vicinity of a patient such as bed
rails, lavatory sinks, over-bed tables, floors, etc.), which become reservoirs of pathogens.
Healthcare workers, visitors or the patients themselves may contaminate their hands or gloves
by touching contaminated surfaces, thereby multiplying the potential sources of pathogen

transmission to patients [13-15].

The use of antibacterial surfaces has been advocated as a viable solution to reduce the risks
posed by contaminated environmental surfaces. In this case, however, their design entails a

number of stringent requirements, different from those of surfaces intended for medical



devices applications. For them to be effective in near-patient clinical areas, such antibacterial
surfaces must be used in conjunction with, and therefore resist, frequent cleaning and
disinfection procedures. Thus, they must exhibit chemical stability, good wear-resistance, and

superior mechanical properties, in conjunction with long-term antibacterial properties.



1.2 Challenge

1.2.1 Healthcare-associated infections

1.2.1.1 Historical perspective

While many bacteria are either beneficial or harmless to the human body, history has shown
the dire consequences that some pathogens can have. Famous examples of deadly bacteria
abound: the Black Death (Yersinia Pestis), one of the most devastating pandemics in human
history that peaked during the middle of the 14™ century, typhus (Rickestsia), with known
outbreaks ranging from the Classical Greece to the second world war and tuberculosis
(Mycobacterinm tuberculosis), which was a major killer in Europe in the past and still causes many
deaths in Africa. Despite an increasing knowledge of microorganisms, marked by Antonie van
Leeuwenhoek’s first observation of unicellular organisms in 1674, Louis Pasteur’s experiments
regarding germ theory in the early 1860s and Robert Koch’s postulates formulated in 1884
establishing a causal relationship between an infection and a causative microbe [16], and the
consequent establishment of modern hygiene practices, pathogens are still a major cause of

disease and death nowadays.

1.2.1.2 Definition and classification of HAIs

Healthcare-associated infections' (HAIs) are defined as infections acquired while receiving
medical treatment in a healthcare facility [17]. As presented previously, HAIs are a major cause
of morbidity and mortality, as well as a significant financial burden. Their existence obviously
predates any modern literature, but the role of pathogens in HAIs has been closely monitored
by public health agencies since the inception of global surveillance programs in the 1970s.
While the term pathogen used previously actually englobes all types of infecting organisms
such as bacteria, viruses, fungi or even prions, HAIs are for the vast majority caused by
bacteria. A notable exception is the norovirus, the most common cause of viral gastroenteritis
in humans [18]. Clinically, HAIs are classified based on the location of the infection. Common
examples include urinary tract infections (UTI), pneumonia, bloodstream infections (BI),

surgical site infections (SSI) and C. difficile infections [17].

1 Other common names include hospital-acquired infections and nosocomial infections.
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Any pathogenic organism may theoretically cause an HAI under the right conditions, but 8
pathogens account for about 80% of all HAIs [19]. Furthermore, each bacteria is not restricted
to a single type of infection, each of them has been reported as a causative pathogen for all of
the most noteworthy HAIs (Figure 1.1). In general, pathogen distribution and prevalence
amongst infected patients have been showed to vary with time, location/department type and

patient type, amongst other factors [6, 20-22].
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Figure 1.1: Pathogens associated with four of the most common HAIs in intensive care unit
surveillance, 2003 (adapted from [20]). Gram-negative bacterial species are shown in color, gram-
positive species are shown in black and white.

1.2.1.3 Etiology of HAIs

The development of an infection entails the presence of three elements: a source of pathogens,
a susceptible host, and a mode of transmission for the infectious agent [23]. Public health
researchers and agencies have looked within this epidemiology triad to develop infection

prevention strategies.

Sources
Major sources of infection agents in healthcare settings are either humans, (patients, healthcare
workers or visitors), inanimate environmental surfaces or the endogenous flora of patients [23].

Although one of the primary source in healthcare settings, carriage of pathogens by human is



typically short-lived. However, some human sources, such as incubating, asymptomatic or
transiently colonized carriers, are considerably more difficult to detect than carriers with active
infections [23, 24]. Epidemiological and clinical studies have confirmed the role of
environmental surfaces as reservoirs of pathogens [25-27]. Since surfaces also play an
important role in infection transmission, this topic will be discussed in more details in section

1.2.2.

Transmission

There are six possible modes of transmission for infection-causing pathogens (Table 1.1). The
role of direct, droplet and airborne transmission in the spread of HAIs have been well-
recognized for several decades. Bacterial infections are more commonly passed on by direct
contact, usually by the hand of healthcare workers [28]. This has resulted in the
implementation of several strategies targeting these modes of transmission, with programs to
improve compliance with hand hygiene best practices as their cornerstone [29, 30]. However,
the role of surfaces, and consequently of indirect contact transmission, have emerged much
more recently. Researchers have shown that several pathogens can contaminate hospital
surfaces and play an important role in transmission events of HAIs. This will be described in
more details below. Lastly, although they are important from an epidemiological standpoint,
neither vehicle nor vector-borne transmission play a significant role in the transmission of

HAIs.



Table 1.1: Modes of transmission of pathogens. Adapted from [23, 31]

Mode of Description Important
transmission dissemination factors
Contact | Direct Person to person transmission Ungloved contact, skin cuts
without intermediate or abrasions
object/person.

Indirect Contact with a contaminated Near-patient surfaces
intermediate object, usually (tables, beds, floors),
inanimate or contaminated patient-care devices
gloves.

Droplet Transmission through large Coughing, sneezing or
(>5pm) particles. talking.

Non- Airborne | Transmission via droplet nuclei | Ventilation systems.
(<5um) or dust particles.
contact |y ior- Insect or animal vectors Mosquitoes, flies, rats, etc.
borne

Vehicle Single contaminated source Food, water, medication,
spreading the infection (e.g. etc.
infected batch of food)

Host

The susceptibility of the host, the final link in the infection chain, is linked with genetic and
intrinsic factors such as age, severity of underlying illness, loss of skin, and degree of
immunosuppression [32]. Furthermore, a patient’s susceptibility of contracting an HAI has
been also strongly correlated with the use of indwelling medical devices. Catheter-associated
UTIs remain one of the most common healthcare infections [33]. Similarly, the use of
ventilators and central venous catheters have been respectively associated with an increased

incidence and severity of pneumonia and Bls [5, 34, 35].

1.2.2Role of surfaces

The intricate array of events leading to a patient being infected has complicated the estimation
of the full extent of the role played by environmental surfaces in the spread of HAIs. Most of
the epidemiological proofs linking pathogens found on environmental surfaces with specific
infections has been indirect. Weber et al. have showed patient-to-patient transmission to be

directly proportional to the local level of environmental contamination [36]. Likewise, many
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studies have linked improved room disinfection procedures to lower incidence of HAIs [12,
37-39]. Still, the substantial body of evidence accumulated over the last decade have led the
scientific and medical communities to recognize the key role of environmental surface in the
transmission of HAIs. Key factors influencing HAIs transmission via surfaces are presented in

Table 1.2.

Table 1.2: Key factors facilitating surface-mediated transmission of infections.

Factor Examples Refs
. E. Coli can persist for up to 16
Persistence of numerous key . ;
. months on dry inanimate surfaces
pathogens on environmental P [26, 36]
(see further examples in Figure
surfaces for several months 1.2)
Estimated mean MRSA
Hiah proportion of near- contamination rates of common
a%ie:l)t slzlrfaces contaminated surfaces in clinical areas: floor [10, 12,
P (35%), overbed table (40%), 40]
by pathogens
siderails (27%) room door handle
(22%), sink taps (24%).
Low threshold for minimum 10 CFU moculum of staphylococci
. . have the potential to cause an [10, 15]
infective dose . "
infection
Relative inefficiency of current | C. difficile was cultured from 44%
disinfection procedures to of surfaces in 9 rooms after
- . [27, 41]
remove pathogens from bleach disinfection was
surfaces implemented during an outbreak
. 46% glove contamination rate
Rapid transfer from surfaces | o 1. hing bedrails of VRE [42, 43]
to hand (and vice versa) patients

Environmental surfaces contribute to the multiplication of infection pathways to patients.
They may act as reservoirs or as transient sources of pathogens, from which patients or
healthcare workers may get contaminated (Figure 1.3). Studies have shown contamination by
pathogens of numerous near-patient surfaces including, but not limited to, door handles,
clothes and linens (bed sheets, patient gowns, healthcare workers clothes), hospital beds
(including overbed table, siderails), bathroom surfaces (sink, bathroom door handle) and

portable equipment [10, 28]. The majority of these surfaces are likely to be touched by hands
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on a daily basis. Operating rooms have also encountered environmental surface contamination

issues, with floors and anesthesia equipment showing high contamination rates [44].

Gram-negative bacteria
Acinetobacter species

Escherichia coli

Klebsiella pneumoniae

Pseudomonas aeruginosa

Salmonella tiphy

Salmonelila typhimurium
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Figure 1.2: Persistence of relevant pathogens on environmental surfaces (adapted from [26]). The
estimated survival time, in months, is based on the average life of infective strains on dry, inanimate
surfaces at room temperature. The reported persistence for Klebsiella pneumoniae (30 months) and
Salmonella typhimurium (50 months) are not shown to their full extent in the graph.
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Figure 1.3: The multiplication of pathogen reservoirs and infection transmission routes due to
contaminated surfaces (adapted from [27]).



1.2.3 Prevention strategies

Increased recognition of the importance of environmental surfaces in the transmission of
HAIs have spurred the search for new ways of preventing bacterial colonization of surfaces in
healthcare settings. The inanimate environment is probably one of the transmission factors
that can be managed most efficiently with proper preparation [44]. It is estimated that as many
as 55% to 70% of HAIs may be preventable if necessary measures are undertaken to reduce
the level of contamination currently found on environmental surfaces [7]. The inhomogeneity
and variations in pathogens distribution have led scientists to call for the use of broad,
horizontal approaches, which can target multiple bacterial species at the same time for

infection prevention, rather than vertical, species-specific interventions [45].

Several potential approaches of decreasing the level of contamination of environmental
surfaces in healthcare settings have been proposed. Integrating more thorough and frequent
cleaning protocols, using disinfectants rather than detergent and water, is seen as the most
affordable approach [46]. Studies have shown decreases in surface contamination and
reductions of HAIs after substituting detergent-based cleanings with active oxygen-based
compounds or hypochlorite solutions [47, 48]. However, there are several issues with
disinfectant approaches. First, high levels of compliance (>80%) are needed to ensure
reduction of HAIs [48]. Based on similar experiences and due to the complexity of the hospital
environment, these compliance levels are not sustainable on the long term [49]. Second, the
use of a cleaning agent that is not completely effective against a target microorganism can
spread pathogens to other surfaces [27]. Third, metals and equipment may get damaged by
using liquid disinfectants, especially if they contain chlorine [50]. Finally, the liberal use of
disinfectants, which are discharged into the environment, may foster the development of
resistance in bacteria and have other, more general environmentally damaging effects in

addition to being potentially harmful to users [27].

Novel environmental decontamination technologies such as ultraviolet germicidal irradiation
have been studied as potential dry disinfection technologies, circumventing a lot of the issues
plaguing traditional disinfectants. However, their ineffectiveness at eliminating pathogens not

in a direct line of sight of the generator make them an incomplete solution [51].

A principle that have progressively taken hold among the different interested parties and

experts is that infection prevention must be viewed as a holistic process. Therefore, it is better
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serve by a comprehensive multibarrier approach, where disinfection control programs are
combined with antibacterial surfaces. The development of antibacterial coatings for near
patient areas can play an important role in the global mitigation strategy of HAIs, by reducing
microbial loads on a surface without outside intervention. Therefore, such coating would
provide an additional, complementary barrier to pathogen transmission, while acting in
conjunction with normal cleaning and disinfection procedures. The suitability of engineered
materials for such task typically depends on their stability and general ability to withstand harsh

operating conditions. Chapter 2 presents a complete literature review of antibacterial coatings.

1.2.4 Bacteria
1.2.4.1 Generalities

As one of the first life forms to emerge on our planet, bacteria constitute a large and diverse
domain of prokaryotic (unicellular) microorganisms, englobing millions of species. Typically
between 0.5 and 5 pm in length, bacteria display a wide variety of morphologies: spherical
(cocci), rod-shaped (bacilli), curved-rods (vibrio), spiral-shaped (spirilla), etc. Bacterial
populations can reach extremely rapid growth, achieved through binary fission of individual
unicellular organism. Under optimal conditions, populations of HAI-relevant bacteria like E.

Coli and S. Aurens can double in 17 and 27 minutes, respectively [52].

The bacterial cell is surrounded by a lipid membrane, encasing the cytoplasm of the cell and
acting as a barrier to hold all of its components (nutrients, proteins, etc.) within it. Unlike
eukaryotes, bacteria do not have nucleus. Their genetic material is loosely located in the
cytoplasm and consists of a single circular DNA chromosome. In addition to the cell
membrane, most bacteria also possess a cell wall. Differences in cell wall’s structure and
composition is the basis for one of the most common classification dichotomy within the
bacteria domain: gram-negative (thin cell wall) and gram-positive (thick cell wall) bacteria
(Figure 1.4). Differences in structure usually induce differences in antibiotic susceptibility and

should be taken into account when developing antibacterial approaches.
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Figure 1.4: Cell wall structure of Gram-negative and Gram-positive bacteria (from [53])

1.2.4.2 Biofilms

Bacteria undergo major changes during their transition from the planktonic state, where cells
are isolated and free in the environment, to a sessile state (attached to a surface) [54|. In the
latter case, the microorganisms can form a complex community, with new phenotypic
characteristics, called a biofilm. Biofilms constitute a protected mode of growth that allows
survival of bacteria in a hostile environment [55, 56]. Planktonic bacteria are exposed to
harmful agents in their environment, such as biocides or antimicrobial agents in
clinical/industrial settings or even phages in nature. Inversely, once on a surface, the cells are
embedded within a self-produced matrix of Extracellular Polymeric Substances (EPS), isolating
them from the outside and preventing penetration of antibacterial agents in the full depth of
the biofilm [55]. Hence, cells in the biofilm are in a slow-growing or starved state. Slow
growth, together with stress response, biofilm heterogeneity and slower compound
penetration, increases biofilms resistance to antibiotics and biocides by 10-1000 fold compared
with wild type, planktonic bacteria [57, 58]. As a result, biofilms cannot be easily destroyed
with conventional antibiotics or without the use of intense mechanical cleaning processes [55].
Mature sessile biofilms can release active planktonic individuals that can rapidly multiply and
disperse (see Figure 1.5). Studies have shown that nearly 80% of chronic bacterial infections in

developed countries are attributable to microbes in biofilms [55, 59].
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The planktonic-sessile transition and the initial steps of biofilm formation are complex
mechanisms, with several cell-cell and cell-surface interactions involved. Environmental
conditions usually trigger such transitions, but they are also deeply dependent of the bacteria
itself; P. Aeruginosa will form biofilms under almost any growth conditions while E. Co/
O517:H7 form biofilms only in low-nutrient media [54]. Among the multiple mechanisms,
mechanical (via flagella and type-IV pili) interactions were shown to play a crucial role in the
early events of biofilm development by P. Aeruginosa and P. Fluorescens, as was protein synthesis
and subsequent adsorption on the surface [54, 60]. Similarly, Palmer observed that if the cell-
surface composition is changed, by the modification of the surface chemistry for example, the

bacteria biofilm forming ability was altered [61].

Planktonic cells Mature biofilm
Cell proliferation Type 1V pili and Quorum sensing,
twitching lasl-dependent
motility, signaling
sad
‘ genes
Flagella,
sad genes Attached monolayer Microcolony
—_— ;
B
Program of Physical
mobilization to detachment,
planktonic shear
cells forces

Figure 1.5 : Model of the development of biofilms from planktonic cells and dispersal of bacteria from a
mature biofilm [55].

1.2.4.3 Resistance mechanisms

The increased resistance of bacteria to antibacterial agents constitutes arguably one of the
greatest risk to human health [62]. Nowhere is the problem of resistant bacteria more apparent
than in the medical field. Epidemic antibiotic resistance has been described for numerous

pathogens, including several multidrug resistant species (e.g. Clostridium Difficile, Acinetobacter,
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Psendomonas Aeruginosa) and the well-known methicillin-resistant Staphylococens anreus (MRSA),

vancomycin resistant enzerococci (VRE) and carbapenem-resistant Enferobacteriaceae (CRE) [63].

The basic mechanisms governing the development of bacterial resistance are now rather well
understood. They essentially involve either reduction in the target access (impermeability and
efflux), modification in specific antibiotic target sites by mutation, protection of target sites, or
antibiotic degradation/inactivation (enzyme-catalysed modification or hydrolysis) [64-66]. For
metallic elements that also fulfil certain cellular functions, other resistance mechanisms have
been observed, such as sequestration and metabolic bypass (see Figure 1.6). However, thanks
to the diversity in microbial targets of antibacterial metals, no single mechanism provides
universal resistance to all toxic metals [65]. In the case of antibacterial metals with multiple
mechanisms of actions, like silver, studies have shown that the development of resistant
bacterial phenotype comes with high fitness costs, limiting the likelihood of resistance in the
absence of constant selective pressure [67]. For high degrees of impairment, resistant bacterial
strains present a severely reduced competitive fitness compared with parent strains and,
therefore, a decreased likelihood to survive and proliferate in the environment. This explains
why metallic nanomaterials (especially Ag and Cu) continue to have strong, broad spectrum

antibacterial properties despite being used since antiquity.
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Figure 1.6: Genetic and biochemical mechanisms of the development of bacteria resistance to biocidal
metals (from [65]).
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1.2.5Antimicrobial agents

The main mechanisms of action of antimicrobial agents are generally well documented.
Antibiotics inhibit essential cellular functions by interacting with specific targets within the
bacteria, inducing cell death (in most cases) or preventing cell growth. Known mechanisms
associated with drug-target interactions include interference with protein synthesis (the mode
of action for antibiotics such as aminoglycosides and tetracyclines), DNA synthesis

(quinolones), RNA synthesis (rifamycins) or cell wall synthesis (glycopeptides, B-lactams) [68].

Antibiotics have been ubiquitous in hospitals since the discovery of penicillin in 1928,
completely revolutionizing clinical practices and paving the way for the development of
modern medicine. However, their high effectiveness and easy access prompted overuse in
several areas, leading to the widespread problem of antibiotic resistance (see Section 1.2.4.3).
The declining pipeline of potent antibiotics have spurred the investigation of a broad range of
antibacterial compounds, including antimicrobial peptides, metals, enzymes, organic cationic
compounds, etc. Their role and mechanisms of action will be reviewed in more details in
Chapter 2. Amongst them, metals and especially silver, have been regarded as an interesting

broad-spectrum alternative to antibiotics.

1.2.5.1 Silver

The understanding of the mechanisms by which silver inhibits bacterial growth is quite recent,
despite the fact that the bactericidal properties of silver have been known for centuries.
Although most studies on the antibacterial silver were made on colloidal nanoparticles
solutions [67, 69-72] or ionic solutions (either from salts or silver electrodes) [73-77], there is
valuable information to be taken from these experiences to guide the design of an effective
silver-doped coating. In fact, silver interacts in a number of ways with the bacteria to disrupt
vital functions, either under ionic form (Ag"), metallic nanopatticles (Ag NPs) or as a catalyst
for reactive oxygen species (ROS), so it might be convenient to distinguish the effects of each

of them (Figure 1.7).
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Figure 1.7: Mechanisms of action of silver against bacteria (from [78])

On one hand, silver ions can infiltrate the cytoplasmic membrane and either kill or prevent
growth of bacteria by various mechanisms, such as creating agglomerate of condensed DNA
[73], interacting with ribosomal subunits to suppress the production of proteins essential to
ATP production [74, 79] or uncouple the respiratory control (electron transport) from ATP
synthesis [77]. Although getting across the cellular membrane is necessary for these
mechanisms to occur, silver-specific transporters are not needed since silver ions, as +1
charged particles, can access the interior of the cell through transmembrane proteins that

normally function to transport other ions (K*, Na").

On the other hand, Ag ions can also interact with the membrane itself, disrupting the
permeability to protons and phosphate and stopping further ionic exchanges [75, 79] and even
cause the detachment of the cytoplasm membrane from the cell wall [73]. These specific
interaction can be explained by the high affinity of ionic silver with thiol (-SH) groups. Silver
ions can bind to thiol groups of essential enzymes [73, 75, 80] and catalyze the formation of
disulfide bonds, changing the conformation of proteins [81]. Both interactions lead ultimately
to the deactivation of enzymes crucial in the metabolism of the bacteria. Thereby, the major
consequences of the interaction of Ag ions with the bacteria are the denaturation of the DNA,

which prevent replication, and the inhibition of the respiratory chain, leading to the cell’s

death.

15



Figure 1.8: High-angle angular dark-field scanning TEM (HAADF STEM) images showing the
interactions of silver nanoparticles with bacteria: (left) E. coli, (middle) S. typhus, (right) P. aeruginosa
(adapted from [71])

Reported antibacterial mechanisms of silver NPs are similar to those of silver ions and include,
among others, the inhibition of nucleic acids and essential proteins synthesis [67] and the
disturbance of the membrane permeability and respiration [70, 71]. Even if silver NPs do
produce ions, the nanoparticles themselves exhibit antibacterial properties when isolated from
their ionic counterpart [71]. However, not all silver NPs are equally effective; smaller
nanoparticles (between 1 and 10 nm) showed an increased antimicrobial activity [71, 82],
probably due to their greater surface area to volume ratio. The shape of the NPs was also
considered, with particles with more active, electron-dense facets having a more pronounced

effect [83].

Moreovert, silver also exhibits catalytic effects, forming reactive oxygen species, such as H,O,,
HO' and O” that can attack multiple sites on the bactetia. Conversely, non-aerated conditions
drastically supressed the bactericidal activity of silver [84, 85]. In all cases, the biocidal effect of
silver, with its broad spectrum of activity including bacterial, fungal, and viral agents, could be
achieved at submicromolar concentrations and the mechanisms were observed on both Gram-
positive and Gram-negative bacteria [67, 70]. Interestingly, studies have demonstrated the
ability of Ag" to potentiate antibiotics efficiency against a wide range of bacteria and biofilms
[86]. Finally, no minimum exposition time was required for the observation of an inhibitory

effect on bacteria, although the maximum effectiveness of silver was not instantaneous [67].

The number of products entering the market that incorporates silver nanoparticles have
exploded in recent years, raising questions over the potential health, environmental and

ecotoxicological issues [87-89]. The high stability of Ag nanoparticles (compared with ionic
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Ag) contributes in bringing the source of Ag in close proximity to the sensitive biological
targets, such as small aquatic invertebrates, algaec and other small organisms. Although the
concern and care over the use of silver nanoparticles is warranted, there is an important
misconception regarding the respective risks associated with the different types of silver use in
nanotechnology. Unlike silver nanoparticles, the potential environmental and human toxicity
of ionic silver and ionic silver-based compounds remains very low [90, 91]. The presence of
complexing agents (chloride, thiosulfate) and competing ions can bind Ag" or prevent Ag"
binding with the surface of pluricellular organisms [90]. These important differences with Ag
nanoparticles limit the concerns of bioaccumulation and potential harmful interactions with

the environment.
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1.3 Proposed platform

The search for new materials with specific combinations of properties has long guided research
in several scientific and technological areas, leading to the development of novel alloys,
composite, ceramics, polymers, and a number of other materials. However, developing such
bulk materials is a rather long and arduous process and there is no guarantee that the desired
properties can be obtained in bulk form. A valid solution to this problem is to use thin films or
coatings in order to separate bulk and surface properties. In this way, it allows one to easily
make ideal devices and appliances; the base bulk material can be selected for its mechanical
propetties, simplicity, and/or low-cost while the sutface properties can be selectively modified
to enhance the performance of the material. For instance, thin film deposition can be used to
obtain the optimal surface physical, chemical, electrical, electronic, magnetic, mechanical, wear-

resistant and corrosion-resistant properties on almost any type of material [92].

The principal objective of this research project is to develop a novel type of highly stable
antibacterial coatings. Despite the importance of stability on long-term performances, there
has been little discussion on the role of stability for antibacterial coatings and what it entails on
design choices. In the current market, there are no surface treatments that can provide, at the
same time, sufficient stability and antibacterial properties thus guaranteeing the long-term
effectiveness of their synergy. Furthermore, the widespread problem caused by bacterial
contamination of surfaces calls for the use of antibacterial coatings in several different settings
within the healthcare system. In this regard, a deposition process offering flexibility and

tunability would be greatly valued.

To this end, this doctoral project proposes to combine diamond-like carbon and silver
nanomaterials in a single nanocomposite coating deposited by plasma techniques. The

following paragraphs will introduce these aspects in more details.
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1.3.1Surface engineering by plasma

In several fields, plasma processes are rapidly taking the place of other, more traditional
processing methods such as wet chemistry and spray coatings. This shift can be partly
attributed to the flexibility of the process, which gives rise to a wide range of controllable
properties and enables the production of unique materials not constrained by any phase

diagrams, diffusion processes, or usual chemical pathways [93].

1.3.1.1 Plasma - Generalities

Plasmas, considered the fourth state of matter, are gases in which an important fraction of
atoms are ionized [94]. Because plasma are in a constant balance between collisional ionization
and recombination events, they contain a mix of neutral atoms, molecules, ions, electrons, free
radicals, and photons. However, plasmas are overall quasi-neutral, with both positively- and

negatively-charged species in nearly perfect balance.

Plasmas are described by many characteristics such as temperature, density, or degree of
ionization, leaving many possible classification systems [93]. One of the most popular is to
classify plasma based on their thermal equilibrium, as either in local thermodynamic
equilibrium (LTE), also known as thermal or hot plasmas, or non-LTE (cold) plasmas.
Thermal discharges applications lie mostly in fields where heat is beneficial, like welding,
cutting, waste treatment, etc. [95]. In non-LTE plasmas, the energy coupling between electrons
and heavier particles is weak (i.e. the electrons are not in thermal equilibrium with ions and
neutrals, T, < Ti<< T.). This non-equilibrium is only possible at low pressures, where collisions
between particles are less frequent [95]. Cold plasmas are typically used for etching or coating

applications and are the type most relevant to the current work.

1.3.1.2 Physical parameters
Although a complete description of physical characteristics of plasma is not within the scope
of this thesis, it can be useful to introduce some parameters in addition to the temperature

discussed above.
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Debye length & Plasma Parameter

The Debye length (Ap) represents the length at which perturbations in charge density or
potential in the plasma tend to fall off. Conversely, it’s also a measure of the length of a charge
carrier’s effect. When considering that the mobility of ions is negligible compared to that of

electrons, the Debye length can be defined as:

A = gOkBTe
D~ 2
n.e
where &, is the permittivity of free space, K, is the Boltzmann constant, T, is the temperature

of the electrons, N, is the density of electrons and e is the charge of an electron. An important
feature of plasmas is the preponderance of collective effects over interactions between
individual charged carriers. This stems from the characteristically short Debye length which is
much shorter than the size of the plasma. In a plasma, charge carriers are effectively shielded
by their sutroundings, ensuring the precedence of collective effects. Typically, Ap in gas
discharges is in the range of 10*to 10° m [96]. A Debye sphere is a volume whose radius is the
Debye length. The number of particles in the Debye sphere is called the “Plasma Parameter”

(Np) and is useful to define which type of effects (short range or long range) are dominant. If

Ny >>1 | then collective effects dominate over collisions in the plasma.

Electron energy distribution

Electrons in a plasma follow a distribution of energies (Figure 1.9). Consequently, despite T.
being less than the threshold energies for dissociation or ionization of precursor gas molecules,
the high energy electrons in the tail end of the probability distribution possess sufficient energy
to induce ionization of dissociation of feedgas molecules. However, because only a small
fraction of electrons have a sufficient energy, the majority of precursors of cold plasmas are
weakly ionized, with degree of ionization usually between 10° and 10 [93, 97]. The ionization

potential and dissociation energy of important precursors are shown in Table 1.3.
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Figure 1.9: Maxwellian energy distribution of electrons in a weakly ionized plasma (from [98]).
Another function that can be used to describe electron energy distribution is the Druyvesteyn function.

Table 1.3: lonization potential and dissociation energy of relevant atoms and molecules. Data from [99-
101]

DE < Bond D 0 ) 0 0
) U E = E e

H - 13,6 -

He - 24,6 -

o - 13,6 -

F - 17,4 -

Ar = 15,7 =

H2 H-H 15,6 4,5

0: 0=0 12,5 5,1

N: N=N 15,6 9,8

CH4 CH,-H 12,6 4,5
c-C - 6,3

Other c=¢C - 7,6

organic c=cC - 10,0

precursors | CHC-H | - 5,7
C,H.-H |- 4,3
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Plasma sheath

Due to differences in mass (M, /m, >1836) and energy (T.>>T), electrons move much faster

than ions in the plasma. As a result, electrons are more likely to escape the plasma towards
surrounding “sinks” (i.e. surrounding surfaces or solids). The remaining ions creates an
accumulation of positive charges around the plasma, creating an electric field opposing further
electron escape. Therefore, plasmas are positively charged with respect to the solids they can
enter in contact with. The boundary region where potential variations occurs is called “sheath”.
In low pressure plasmas, the sheath can be considered collisionless, providing a way for ions to
accelerate towards the substrate, reaching energies much exceeding T., a central requirement in
all plasma processes [102]. The energy distribution of incident ions (Figure 1.10) strongly

affects surface reactions, such as film deposition or etching processes [103].
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Figure 1.10: lon energy distributions for an Ar plasma at different rf-bias power showing the
characteristic double energy peak of ions [103].

The kinetic energy of impinging ions cold plasma is determined by the voltage drop in the
plasma sheath. In a collisionless sheath, the impinging ions will then have a kinetic energy
corresponding to the total potential difference between the plasma and the surface. In the case
of an RF discharge at low pressure, the kinetic energy corresponds to the DC self-bias (or

applied bias, if a second generator is used) plus the plasma potential [102].
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1.3.1.3 Plasma-surface interactions

Plasma surface interactions remain a significant field of studies, in part because of their
importance in nuclear fusion. However, the physical and chemical surface processes are also
central to plasma processing. Previous research have established that ions, photons and
radicals all play a role of variable importance in energy transfer processes at the surface [90].
Since DLC coatings are produced primarily by an ion-mediated process, this section will focus

mostly on ion-surface interactions [104-106].

The nature of interactions of heavy particles (ions and neutrals) is strongly related to the
energy with which they impact the surface [96, 101, 107]. The fragmentation of molecules,
which occur for energies above 10 eV, is a good illustration of this relationship. Other

important ion-surface interactions include:

e Adsorption and desorption (0-10 eV, mostly at thermal energies)
e Etching and sputtering (>20-50 eV)
e Implantation (>1keV)
These interactions and how the relate to applications of plasma processes will be briefly

discussed below.

Adsorption processes and film growth

Plasma processes are widely used for deposition and growth of thin layers with unique
composition and properties. The adsorption of atoms and molecules can occur through weak
van der Waals forces (physisorption) or from the formation of a chemical bond between
molecule and surface (chemisorption) [93]. Growth rates in plasma thin films have been shown
to be proportional to the flux of growth precursors to the surface, the cross section for

chemisorption (Gadsorption), and the total number of adsorption sites [102].

Macroscopic deposition rates are however the sum of total adsorption and desorption
processes. For example, the thermally activated desorption of hydrocarbon species have been
identified as the reason for the decrease in growth rate of a-C:H films with increasing
temperature [102, 106]. Adsorption plays an important role in most plasma processing
applications, such as functionalization of organic and inorganic surfaces, plasma-enhanced

deposition of coatings, plasma oxidation, plasma nitridation, etc. [93, 96, 108-112]
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Etching and sputtering

Etching and sputtering are two of the most straightforward applications of plasmas and can be
conducted with a variety of sources. They are essentially used to remove material from a
surface; etching processes include a chemical reaction at the surface while sputtering is strictly
physical bombardment. Sputtering processes normally use noble or other non-reactive gases
(He, N, Ar) as precursors and are heavily energy-mediated. For example, classic sputtering
studies of noble gas on metals have shown that the sputtering yield of Ar and Ne increases
linearly with ion energy above 50 eV [113]. In etching, atoms from the carrier gas (O, H,) will
react chemically with atoms from the surface to form volatile molecules that can be evacuated

by the pumping system.

The main advantages of plasma etching and, to a lesser extent, sputtering, is that they offer
etch rate uniformity, anisotropy and selectivity [114]. Applications include, but are not
restricted to, surface cleaning [115], removal of surface layers [116], sputter deposition [117,
118], nanotexturing [119], and nanostructuring [120]. An example of this is the study carried
out by Lewis et al. in which H» and C,F¢ are used alternatively to remove the native oxide layer
from stainless steel substrates, providing both chemical reactions with the surface and physical

bombardment [109, 121].

Implantation

At a certain point (about 1keV), the sputtering yield of ions incoming on the surface goes
down as the energy is dissipated too deep within the substrate. In this case, the ions are
implanted within the material. This process can be used to modify the atomic composition,
structure, and properties of the material surface layer [93]. Plasma implantation is heavily used
in the semi-conductor industry for doping applications. The mechanical complexity and high
cost needed to develop systems capable of imparting high energies to heavy atoms, a condition

necessary for implantation, have prevented a more universal adoption of plasma implantation.

Implantation can also occur at lower energies, especially for lighter atoms. Shallow
implantation of carbon ions gives rise to the sp’ bonding in DL.C films, through a mechanism
called subplantation [106, 122]. The energy penetration threshold at the surface being only 30

eV for carbon ions, these conditions can be easily reached in a classical plasma reactor.
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One important consequence of all those interactions is the atomic interfacial mixing occurring
at the interface, which account for the generally enhanced adhesion of plasma-deposited films

to their substrate materials [123].

1.3.2 Deposition techniques

The wide variety of coating techniques and the overlap of deposition mechanisms of certain
hybrid techniques makes it difficult to establish a unique classification. Plasma discharges may
be grouped according to the heating mechanisms used to sustain the plasma, since they play
essential roles in determining the plasma density, sheath voltages and the energy of
bombarding ions. This system of classification includes capacitive discharges, inductive
discharges, wave-heated discharges (electron cyclotron resonance, helicon), and direct current
(DC) discharges (hollow cathode, magnetron) [96]. Alternatively, plasma processes can be
based on the frequency of their power source: DC, Radio-frequency (0.1-100 MHz) or
microwave (1-20 GHz). Rather than presenting a complete review of the different plasma-
generating approaches, the next section will focus on the two deposition processes used in the

doctoral project.

1.3.2.1 Plasma-enhanced chemical vapor deposition

PECVD will be used in this project to deposit the DLC coatings from a hydrocarbon
precursor. The operating principle of PECVD is simple. The electron energy from a non-
thermal plasma is used to activate the dissociation of the precursor gases and the ions and
radicals formed can then interact with a substrate. During operation, gases are injected in a
reactor chamber, pumped to a controlled vacuum/pressure, usually in the 1-50 mTorr range,
and ignited. The plasma can be formed either by varying an electric field in the gas (capacitively
coupled plasma or CCP) or by varying the magnetic field (inductively coupled plasma or ICP).
The advantage of ICP is the higher plasma density, usually of one order of magnitude, in
comparison to CCP reactors (Figure 1.11) [124]. Even in that case, the maximum degree of
ionization in the deposition flux (toward the substrate) is inferior to 30%, the rest being

neutrals [125].
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Figure 1.11: Range of energies and densities for various species found in CCP (left) and ICP (right)
processing plasmas (low pressure, RF discharges). From [96]

In ICP discharges, an RF power supply, usually at 13.56 MHz, is connected to one of the
electrodes of a parallel-plate reactor (see Figure 1.12). At this frequency, the mass of the ions
makes them relatively immobile and only the electrons can follow the temporal variation of the
applied potential. An RF current driven through a coil will produce an alternating magnetic
field that can induce alternating currents in the gas [126]. Because of the orientation of the
induced electrical currents, electrons follow a circular path normal to the reactor axis, limiting

loss of electrons at the walls.

A typical PECVD system includes a gas distribution system, vacuum pumping and power
source (usually RF) connected to the plates/coil via a matching network controller. The
substrate holder, in the plasma, can be heated, cooled or biased by an external source

depending on the reactor and the requirements.

The characteristics of plasma-deposited materials depend mainly on two factors. The choice of
precursor defines the composition while the plasma-surface interactions are related to the film
growth kinetics and, consequently, to the resulting microstructure, density, stability, stress, etc.
[127]. Several parameters can be used to control in real-time the ion-surface interactions and

the film deposition and are presented in Table 1.4.
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Table 1.4: Important parameters of plasma discharges and their respective impact on the deposition

process. The selected examples are taken from DLC literature.

Parameters Role/Impact Examples/refs
Related to the sheath potential. Will dictate the

Bias voltage | energy of the ions incoming on the substrates. [106, 128-130]

(energy) It is the most important parameter for the !
deposition of DLC.

Precursors Can change the stoichiometry and the final [131, 132]

flows/ratio concentration of elements in the film. !
Can change the mean free path of species in
the plasma, influence their energy and energy

ATEEELTE distribution and modify the reactions in the gas Lo, dssl]
phase.
Influence the rates ionisation and dissociation of

Power particles in the plasma and overall degree of [132, 134]
ionzation.
Influences surface reaction in the materials and

Temperature | can promote certain mechanisms such as [135]
desorption of H2 from the surface

Match|ng Dielectric
network

,,,,,,,,,,,,,,,,,,,,,,

Multipoles

Rf bias

Figure 1.12 : (left) Parallel plate reactor (for CCP) and (right) inductively driven planar source (for
ICP) [96, 124].

The advantages of using PECVD to deposit materials are multiple. It is less greedy, in terms of
energy consumption, than other deposition processes such as cathodic arc. Compared with
thermal chemical vapor deposition, PECVD enables deposition at much lower temperature

[111]. Besides, it can deposit ultrathin films with a low roughness, in the nanometer range, on a
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variety of substrates with a good adhesion compared bulk techniques deposition [92]. More
importantly, it offers a good flexibility and control over the microstructure of the film. This
allows unique film chemistry and high density films that are excellent permeation barriers with
low level of leachables [92]. The process can also be easily scaled up to deposit on large areas,
up to several meters [126]. Combined together, those characteristics allow the modification of
the surface properties of a material without affecting its bulk. However, PECVD is a vacuum
technique and the reactor needed to generate and contain the plasma can be quite
sophisticated. There are also some difficulties to deposit high purity films. Desorption of by-
products and neutral species can be integrated in the coating during the deposition process

[111].

1.3.2.2 Physical vapor deposition (PVD)

PVD will be employed in the project to load the DLC coating with the silver dopant in a one-
step process, simultaneously with the PECVD deposition. In short, physical vapor deposition
relies on the condensation of a source material (silver in our case) from a vaporized form on
the desired component. This is done under vacuum and the vaporized form is usually achieved
via either evaporation or sputtering of the target material. This approach has been successfully
used to deposit vatious composite coatings, such as carbon/carbide tungsten composites[136],
Cr-doped DLC[137] and Si-doped DLC [138]. Sputter deposition is the easiest type of PVD to
use in conjunction with a PECVD process. In this method, the desired element is obtained via
a plasma bombardment of a target, sputtering atoms away, as a vapor, that can be subsequently
condensed on a surface for deposition. The plasma can be localized around the target using

magnet (magnetron sputtering) or by applying a bias.

1.3.3 Diamond-Like Carbon

DLC is a term attributed to a family of metastable amorphous materials. They are usually
classified in four different subgroups related to their hydrogen content and their atomic
bonding (Figure 1.13). Although no nomenclature has been officially established, films are
usually grouped as either amorphous hydrogenated carbon (a-C:H, containing up to 50%

hydrogen) or as amorphous carbon (a-C, with less than 1% hydrogen) as well as their
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tetrahedral counterpart, ta-CH and ta-C, which contain a larger fraction of carbon atoms with
sp’ bonding. Among them, the broadest industrial use of DLC films is certainly of a-C:H films

as protective coatings [139].

1.3.3.1 Structure

Carbon can form a variety of allotropic structures, both disordered and cristalline because it is
tetravalent, having four electrons available from covalent bonds. Carbon atoms can exist in
three different hybridisations, sp', sp®, and sp’. For example, in diamond, the crystalline
structure is composed exclusively of sp’ carbon atoms, each atom’s four valence electrons are
assigned to a tetrahedrally directed sp’ orbital, which make a strong o bond with adjacent
atoms. On the other hand, in graphite, three of the four valence electrons form trigonally
directed sp” orbital, in the same plane. The fourth electron of the sp atom lies in a pr orbital,
which is perpendicular to the o bonding plane and forms a weaker m bond with a
corresponding orbital of one neighbouring atom [106]. Similarly to diamond, DLC derives its
impressive physical properties from its strong, directional o bonds, but these are achieved in an
isotropic amorphous thin film instead of a crystalline structure. Consequently, DLC films can
be produced at room temperature. However, DLC is a metastable form of carbon. If sufficient
energy is given through heating, it can return to the graphitic, more thermodynamically stable

form. This typically happens at temperatures above 400°C [106].

sp3 Diamond-like

ta-C - ta-C:H

HC polymers
sputtered a-C(:H)
no films
glassy carbon
graphitic C

Figure 1.13: Ternary diagram of Diamond-Like Carbon. [140]
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1.3.3.2 Deposition mechanism

The current accepted model for the formation of sp’ during plasma deposition of diamond-like
carbon is called subplantation [141, 142]. According to the model, atoms with energies
exceeding the penetration threshold (>30 eV) will penetrate the outer layer of atoms (see
Figure 1.14a). Penetration creates local quenched-in increases of density. Since diamond is
denser that graphite, the densification converts sp” into sp’ [125]. However, increasing the
energy above a certain threshold will not lead to higher sp’ content; high energy implanting
ions induce relaxation via a thermal spike and provoke the decrease of sp’ content into the
more thermodynamically stable phase of graphite (see Figure 1.14b). Another phenomena
leading to the formation of sp® in DLC is the preferential sputtering of hydrogen [143]. C-H
bonds already present in the film will be broken more easily than C-C bonds and the displaced
hydrogen can recombine into H, and desorb from the surface (see Figure 1.15¢). In a:C-H

materials, C-H bonds add no rigidity to the network.

DLC can be deposited in a PECVD process using various hydrocarbon precursors, the most
popular being acetylene and methane. Growth rates are linked to the hydrocarbon feedstock;
gases with lower ionization potential, like acetylene, will consequently have higher growth
rates. Typical growth rate values range between 0.1 and 1 nm/s [125]. However, in methane
(CH.), the carbon atom is already in a sp’ hybridisation. Methane usually produce higher
sp’/sp” ratio than other gases under similar operating conditions [106]. A combination of
methane and hydrogen, usually around 25%/75%, is a popular precursor choice for DLC
deposition with PECVD.
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Figure 1.14: a) Subplantation and relaxation processes leading to the formation of sp® bonding in a:C-H
film [125]; b) Sp?® fraction as a function of the bias voltage/ion energy [144]; ¢) The various plasma-
surface processes playing in a role in the deposition of DLC [125].

1.3.3.3 Properties

DLC has always been reported as a 100% biocompatible material, thanks to its amorphous
nature and cartbon/hydrogen-based composition. Generally speaking, the mechanical
properties depend on the microstructure of the film, highlighted by the ratio of sp® and sp’
atoms and the hydrogen content (Figure 1.13). DLC films are characterized by high hardness
and a high elastic modulus, but also by high internal compressive stresses. The properties are
directly correlated to the fraction of sp’ carbon atoms in the film; films with higher sp’ content
exhibit better mechanical properties. Amongst the other interesting characteristics of DLC for
our applications: excellent abrasive wear resistance and corrosion resistance, low friction
coefficient, nano-smoothness and chemical inertness [106, 125, 145-149]. Hence, DLC is a
perfect choice for highly resistant, highly stable biocompatible coatings. However, one of the
main drawbacks is the lack of adhesion to certain materials. Due to the high stress,

delamination of the film can occur when the bonding strength with the substrate is not
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sufficient, thereby limiting the thickness of the film [106, 139, 150, 151]. Several strategies have

been proposed in the literature to maximize the adhesion of DLC coatings on a variety of

substrates (see Table 5). Since the mechanical properties and the stress are both linked to the

sp’ fraction, it is important to find a compromise between the desired thickness, properties,

and stability of the coatings.

Table 1.5: Interface modification strategies for the optimisation of adhesion strength.

Strategy Principle Rationale Refs
Surface Bombarding the Elimination of surface layer [106, 115,
etching metallic surface with | contaminants 116]

high energy Etching of oxide layer

argon/hydrogen Creation of dangling bonds on

atoms the surface
Si-based Deposition of a Si Silicon is a carbide forming [106, 152]
interlayer interlayer on the element, providing a good

surface of stainless interface for DLC bonding.

steel
Metallic Deposition of Same as si-based interlayer. [106, 150,
interlayer carbide-forming 153]

elements (W or Cr)

on the interface in a

separate reactor
Graded Creating a carbon Diminution of the residual stress | [154-156]
interface* composition in the coating

gradient, throughout

the coating
Alloying via Implantation of non- | Create heterogeneous zones to [151]

heterogeneous
atom
implantation*

carbon atoms
(metals/
silicon/nitrogen)
from a plasma

achieve the relaxation of the
compressive residual stress
Thermal spike effect of
implantation can also reduce
stress

Techniques marked with an asterisk (*) are

approached for DLC films.

not interface treatments, but are frequently used
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1.4 Summary of approach and research objectives

The proposed approach of this doctoral thesis is to combine the properties of diamond-like
carbon and silver nanomaterials to form a stable, antibacterial nanocomposite coating. DL.C
coatings are amorphous, carbon-based materials well-known for their excellent
biocompatibility, outstanding mechanical properties (such as hardness and wear-resistance),
extremely low surface roughness and chemical inertness. As such, they can act as a stable
matrix for the loaded antibacterial agents. Silver is a highly effective broad spectrum biocide
with multiple mechanisms of action against bacteria. Silver-loaded coatings will be deposited
using a hybrid PECVD-PVD system, a versatile low-cost technique that can provide extremely
adherent and stable coatings on a number of surfaces (e.g. polymers, metals, fabrics, etc.). The
combination of PECVD and PVD gives the unique possibility to deposit silver-DLC
nanocomposite thin films in a one-step, continuous process with high controllability over the

deposition parameters.

The existing body of research on antibacterial coatings suggests that they could be used in
several applications, each in a different environment and with a complex set of requirements.
These arguments clearly reflect the need for the development of a versatile material and
deposition process. Therefore, this project also sets out to assess the potential to use the Ag-
DLC coatings as a flexible material platform. To do so, this thesis explores four essential

aspects of Ag-DLC coatings (Figure 1.15):

e The interface between the coating and substrate, especially in the case of passivated

materials such as stainless steel;
e The mechanisms governing the growth and silver distribution of Ag-DLC coatings;
e The silver release and resulting antibacterial properties;
e The coatings’ long-term stability.
Each theme was the subject of a published article and will be discussed in chapters 3, 4, 5, and

0, respectively. Before that, Chapter 2 will further present the context and review the latest

progress in antibacterial coatings.
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Chapter 5: Silver release and
antibacterial properties

Chapter 6: Long-
term stability

Chapter 4: Growth mechanisms and
silver distribution

Chapter 3: Coating/Substrate
interface .

Chapter 2: Rationale
and challenges in —
antibacterial coatings

AALA

Potential surface
contamination sites

Figure 1.15: Graphical representation of the different topics addressed in this doctoral thesis.
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Trends
e Coatings releasing antibacterial agents have shown great potential to reduce
nosocomial infections.
e The development of controlled release strategies is necessary to optimize therapeutic
effects.
e Next generation coatings should be multifunctional and integrate multiple anti-bacterial
effects.

e Standardized assessment of both stability and antibacterial properties still need to be

addressed, especially for long-term applications.

Keywords

Antibacterial coatings, Antibacterial agent release, Controlled release, Multifunctional coatings,

Stability
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2.1 Résumeé

Les revétements antibactériens ont rapidement émergé comme l'une des composantes
primaires de la stratégie globale de lutte contre les bactéries pathogenes. Grace a des avancées
récentes en science des matériaux, a 'amélioration des procédés biotechnologiques et a une
compréhension croissante de notre environnement microbiologique, une importante variété
d’options a pu étre développée pour la conception de surfaces antibactériennes. Les progres
vers une utilisation plus répandue de ces surfaces en milieux cliniques demeurent toutefois
fortement liés a notre capacité d’aborder certains problemes clés. Dans cette étude, nous avons
passé en revue les connaissances actuelles sur les revétements antibactériens a libération, en
soulignant plus particulicrement les défis et les opportunités présentées par la dernicre
génération de ces matériaux. Nous avons notamment souligné les approches récentes visant a
controler la libération des agents antibactériens, a conférer un caractere multifonctionnel aux

surfaces, et a accroitre leur stabilité a long-terme.
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2.2 Abstract

Antibacterial coatings are rapidly emerging as a primary component of the global mitigation
strategy of bacterial pathogens. Thanks to recent concurrent advances in materials science,
biotechnology methodologies and a growing understanding of environmental microbiology, an
extensive variety of options is now available to design surfaces with antibacterial properties.
However, progress towards a more widespread use in clinical settings critically depends on
addressing the key outstanding issues. Here we review release-based antibacterial coatings and
focus on the challenges and opportunities presented by the latest generation of these materials.
In particular, we highlight recent approaches aimed at controlling the release of antibacterial

agents, imparting multi-functionality and enhancing long term stability.
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2.3 Antibacterial surfaces in health applications

2.3.1Advances in biomedical engineering prompted by the

development of nhew materials
Recent advances in materials science have brought about high performance, multifunctional
materials with bioactive properties [157]. Materials bulk properties determine the general
mechanical behavior, while bioactivity is linked to surface properties. The main driving force
for developing biocompatible coatings is the increased performance of functionalized surfaces
that cannot be achieved by bulk materials. Thin films can simultaneously satisfy multiple
requirements with respect to stability in biological environments, e.g. mechanical (hardness,
Young’s modulus, stress), tribological (wear resistance, friction, adhesion), chemical (corrosion

resistance) and others.

2.3.2Nosocomial infections and the role of surfaces

So-called nosocomial (hospital acquired) infections result from hospital or healthcare service
unit treatment, yet are secondary to the patient’s original condition [158]. Such infections are
considered a major health challenge in healthcare units worldwide. The prevalence rate of
nosocomial infections, which are primarily caused by bacterial colonization of a broad range of
biomedical surfaces, generally ranges from 4 to 10% (reaching up to 30% in intensive care
units) in western-industrialized countries, making them the sixth leading cause of death [2, 06,
22, 159]. The proportion is typically higher (over 15%) in the developing world [21]. It is
fortunate that the operating room is a sterile environment because it is filled with the largest
number of potentially-infectious objects: instruments, the back table, the surgical table,
monitoring/ anesthesia equipment and drapes. Although ventlation follows strict
requirements during the design of an operating room, it is also considered as a major cause of
bacterial contamination at the surgical area [160]. Consequences are catastrophic, especially in
high risk operations (open heart, prosthesis implantation, etc.). In 2011, an estimated 722,000
nosocomial infections occurred in the U.S,, resulting in nearly 75,000 deaths [1]. Estimates of

the annual cost range from $4.5 billion to over $11 billion.

It is now widely accepted that bacteria survive by attaching to solid substrates, in sessile
structured communities called biofilms, where they can persist for extended periods, acting as a

reservoir of pathogens and multiplying their pathways of transmission [26, 55]. Bacteria in
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biofilms are drastically more resistant to antibiotics and external forces and can withstand host
immune responses [161]. In addition, most nosocomial infections can be attributed to Gram-
negative bacterial pathogens, for which there is a dwindling supply of antibiotics [162]. There is
also increasing epidemiological evidence that, besides indwelling devices and implants, surfaces
in the near-patient environment play a major role in the spread of nosocomial infections [1, 11,

28].

2.3.3Importance of antibacterial coatings

Preventing the bacterial colonization of biomedical surfaces is the key to limiting the spread of
infections. Nowadays, the bulk properties (e.g. mechanical) of materials in health applications
have been more or less fully optimized. On the other hand, thin films can impart desired
surface functions without affecting bulk mechanical properties. Antibacterial coatings have
become a very active field of research, strongly stimulated by the increasing urgency of

identifying alternatives to the traditional administration of antibiotics.

There are three major strategies for designing antibacterial coatings: antibacterial agent release,
contact-killing and anti-adhesion/bactetia-repelling (see Box 1). The last two non-release
approaches will be only briefly described in this review; interested readers are directed to other
reviews that have documented these approaches in detail [163-165]. On the other hand, the
present review offers a critical overview of research on antibacterial agent release systems and

will then discuss some recent and innovative strategies.
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Box 1 : Main approaches to antibacterial surfaces

Antibacterial agent release

Release-based coatings exert their antibacterial activity by leaching loaded
antibacterial compounds over time, which allows to kill both adhered and adjacent
planktonic bacteria. The release of incorporated antibacterial agents is achieved by
diffusion to the aqueous medium, erosion/degradation or hydrolysis of covalent bonds
[166]. Compared with traditional antibiotic delivery methods, direct elution from the
material surface offers the possibility to deliver a high antibacterial agent concentration
locally, without exceeding systemic toxicity or ecotoxicity limits. It provides the
antibacterial activity only where needed, thus minimizing the development of
resistance and avoiding potentially harmful systemic repercussions. However, because
coatings have inherently limited reservoirs of antibacterial agents, their action is
ultimately only temporary.

Contact-killing

Contact-killing coatings have been developed to circumvent the reservoir exhaustion
issue of release-based materials [167]. In this approach, antimicrobial compounds are
covalently anchored to the material surface by flexible, hydrophobic polymeric chains.
Adhered bacteria are believed to be killed due to the disruption of their cell membrane
by the attached compounds, reaching across the microbial envelope thanks to the long
tethering chains [168]. Because the main mechanisms of action are based on
membrane interactions, such as physical lysing or charge disruption, the most effective
compounds for contact-killing coatings have been either cationic compounds (QACs,
chitosan, AMPs, etc.) or enzymes [164].

Anti-adhesion / Bacteria-repelling

Anti-adhesion coatings seek to prevent the earliest step of biofilm formation using non-
cytotoxic mechanisms. Bacterial adhesion at biomaterial surfaces is generally described
using a two-stage model; an initial, rapid and reversible stage (stage I) mediated by
non-specific physico-chemical interactions followed by a secondary “locking” stage
(stage II) involving, among others, species-specific bacterial adhesion proteins [169].
Surface immobilization of molecules that can resist protein adsorption, such as PEG
and zwitterion, have demonstrated great anti-adhesion properties in vitro and, despite
stability issues, are generally regarded as the standard approach for anti-adhesion
coatings. However, the use of physical surface modifications (especially surface
topography) as non-specific methods to modulate bacterial adhesion is most likely
more complex than previously thought [170-172].
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Table 2.1: Main antibacterial compounds in release-based coatings

AB type

Released

Mechanisms of

Comments®

Refs

compounds

Aminoglycosides
(Gentamicin,
Tobramycin)

action

Inhibit protein
synthesis by
binding to the
bacterial 30S
ribosomal subunit

Quinolones
(Ciproflaxin,
Norfloxacin)

Inhibit DNA
replication and
transcription,
targeting DNA
topoisomerase I1
and IV.

Disrupt cell wall

Mainly Gram-

A peptidoglycan positive and
(P:;:C'il(lz'iﬂisn) synthesis through some Gram-
Antibiotics P enzymatic negative [166,
inhibition. bacteria 173]
Glycopeptides E Ethesgijsyb against Gram-
(Vancomycin) yntt v positive and
binding to amino :
. mycobacteria.
acids.
Tetracyclines - .
(Minocycline, Tetr Inh|t:]|t proteln
acycline) Sl
Effective
. . Inhibit transcription against .
Rifamycins o mycobacteria
: . by binding to RNA
(Rifampin) and Gram-
polymerase -,
positive
bacteria.
Depends on the Based on
(Izr:/c?vrvrfc,)Aol\gPs type of AMP. naturally
.- . Lo Include occurring
Ant||?1|crob|al both anionic and transmembrane molecules, part [161,
peptides cathodic (notable ore formation and | of the host 174,
(AMPs) examples include P | boli . 175]
magainin and fsev.elja. metabolic immune
nisin) inhibition defense
) mechanisms. system.
Complete By far the most
description of used
modes of action antibacterial
remain unresolved. | metal/
Elements Known to nanomaterial. [28,
metals an ilver eactivate enzymes ong wi ,
(metal d Sil deactivat Al ith 176
non-metals) by binding to thiol other elements, | 177]

groups and inhibit
the respiratory
chain. Contributes
to ROS formation

have shown
potential
toxicity in
human at high
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doses.

Generate ROS and

deplete
antioxidants. Most heavy
Copper Induce lipid metals can [65]
peroxidation in induce several
bacterial metal-catalyzed
membranes. oxidation
- . reactions that [65,
Zinc ;r;?i'\l/)i'tt enzymatic damage 178,
v proteins, 179]
Perturbs bacterial membranes or
Gallium me-tabollsm I?y DNA. [180]
acting as an iron
mimetic.
Unclear, likely
associated with Essential [181
Selenium oxidative stress to micronutrient in !
i ) 182]
the bacterial cell animals.
wall.
Penetrate the cell
wall and disrupt
l(_glﬁgreigz iodine) proteins and nucleic [183]
! acids structure and
synthesis.
Catalyze hydrolysis .
Lysozvme of glycosidic bonds Effaeicrf;\’éeGram- [184,
ysozy in bacterial cell wall | 2928!" ! 185]
. positive strains
Enzyme peptidoglycans.
Specific to
Acylase Quorum quenching | Gram-negative | [186]
bacteria
Disrupt o
Quaternary intermolecular Eﬁ:'rt'\ézly
ammonium interactions in 9 -
; polyatomic ions | [187]
compounds bacterial enzymes
of the structure
(QAQ) and membranes NRa+
components. ¢
Bind to negatlv_ely Often used in
charged bacterial dental or
Oraanic Chlorhexidine walls, causing topical [188]
tgi ni INETIEEIIE a pIications
zzmo osnds disruption. PP )
P Octenidine Similar to QAC [189]
. Change the sign of
Careinie the cell surface [166,
SAGEEETE (B, otential from 187]
CTAB, DODAB) | Poten »
negative to positive
Still unclear. Mostly | Antibacterial
Chitosan centered on the activity [190]

disruption of cell
membrane by

depends mainly
on molecular
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positively charged
chitosan molecules.

weight and
cationic charge
density.

Interfere with key

bacterial quorum- Derived from [191,
Furanones : .
sensing and marine algae. 192]
swarming pathways
Organic non- Recently
cationic Bind to bacterial banned in some
compounds countries for
Triclosan enzyme (EN.R)’ ecotoxicity [193,
which deactivates ) 194]
fatty acid synthesis ISSU€s.
Endocrine
disruptor.
EXErt NITOSatVe | Short half-life
(seconds),
stresses after requires good [195-
Nitric oxide diffusion across 9 9
control over 197]
Other non- cellular membranes. release
organic Bacterial signaling
. parameters.
compounds disruptor.
TiO2 and TiO2- Photocatalytically lFi{eﬁ;.u:/e:rUV
based activate the gnt. Y [198]

nanocomposites

production of ROS

broad spectrum
efficacy

*All listed compounds have exhibited broad spectrum activity unless otherwise indicated
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2.4 Relevance of release-based antibacterial coatings

The 1% generation of release-based coatings mainly consisted of devices impregnated with
antibiotics or silver compounds [199]. An in-depth analysis of the body of literature from the
last decade offers contradictory findings on the performance of this first generation of
coatings. On one hand, their introduction was associated with a significant decline in
nosocomial infections [193, 200, 201]. On the other hand, several clinical trials revealed only
limited success or reported complications [202, 203]. Frequent issues linked with release-based
coatings are limited reservoirs/lack of long-term properties, cytotoxicity, inflammatory
responses and increase in resistance of bacterial strains [161, 204]. These concerns have

spurred recent major advances in antibacterial coatings towards non-release approaches [168].

2.4.1Recent developments in antibacterial strategies

New evidence has emerged that could bring back release-based coatings at the forefront of the
fight against nosocomial infections. For example, using a paradigm that originated from cancer
treatment, researchers have identified hundreds of drugs that could be deployed cyclically in a
sustainable process, so that the same antibiotics could be used continuously without the risk of
developing resistance to bacteria [205]. This approach, called collateral sensitivity cycling, takes
advantage of the hypersensitivity to other drugs of multidrug resistant pathogens. It could be
particularly useful for Gram-negative bacterial pathogens, where multidrug resistance has
increased rapidly. Similarly, newly discovered antibiotics, such as teixobactin, are likely to
completely avoid the development of resistance. This was achieved by targeting less mutable
components of the bacteria (lipid precursors of cell wall components), rather than relatively

mutable proteins [200].

In addition, viable alternatives to biocidal antibacterial agents are being widely investigated.
Bacteria secrete and detect signaling molecules (autoinducers), enabling cell to cell
communication (quorum-sensing, QS) and the regulation of several bacterial processes,
including gene expression, virulence factor production and biofilm formation [207].
Consequently, molecules that target and disrupt QS have garnered increasing interest as
releasable antibacterial agents. Gram-positive bacteria typically use peptides for intercellular
communication while this role is filled by acylhomoserine lactones (AHL) in Gram-negative
bacteria [207]. By inducing less evolutionary stress on bacteria than biocidal compounds, QS

inhibitors are less likely to induce development of resistance. Another key target for bacterial
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signaling disruption is a small messenger molecule, bis-(3"-5"-cyclic dimeric guanosine
monophosphate (c-di-GMP), known as a central regulator of biofilm formation and dispersal
in a wide variety of bacteria by controlling the switch between motile planktonic and sedentary,
biofilm-forming phenotypes [208]. Altering intracellular c-di-GMP concentrations, either
through c-di-GMP analogs or inhibitors, could emerge as a new pathway to reduce biofilm

formation and biofilm-related infections.

There are still major issues related to anti-adhesion and contact-killing surfaces. Surfaces
become rapidly contaminated with materials that attach non-specifically or are buried under a
layer of dead cells, resulting in their deactivation [166, 204, 209]. In addition, since their
antibacterial action requires very close proximity with bacteria, both approaches require defect-
free surfaces, thereby making large-scale production and subsequent handling even more

challenging.

2.4.2Key challenges

Antibacterial agent release and antibacterial coatings in general should not be viewed as a
panacea, or universally effective strategy. Rather, they should be considered as part of a
concerted effort to control known risk factors of nosocomial infections. Still, there are a
number of key challenges that must be overcome for release-based coatings to become a truly
useful tool in the fight against pathogens. We have identified these to be: (1) controlled release,

(2) multi-functionality and (3) long-term stability.

2.5 Release-based coatings

Over the last decades, a broad range of antibacterial compounds have been developed for
release-based systems (see Table 2.1). The oldest and still commonly used method to deliver
these compounds consists in coating surfaces by simple impregnation, by soaking a porous
material or coating with the desired antibacterial compound. The lack of a particular bonding
mechanism to the coating leads to fast release [204]. Delivery systems have since evolved to
include a wide variety of carrier materials (i.e. any material that an antibacterial compound can
be loaded in) and deposition methods. The most frequently used carriers include

poly(methacrylic acid) (PMMA), polyacrylic acid (PAA), poly(lactic-co-glycolic acid) (PLGA),
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hydroxyapatite, polyurethane (PU), a hyaluronic acid and chitosan [166, 210]. A comprehensive

review of antibacterial delivery systems can be found in [166].

A more recent approach to control the formation and release of antibacterial agents from
coatings is to use polyelectrolyte multilayers (PEMs). PEMs are nanostructured polymeric
systems and can be formed by layer-by-layer (ILbL) deposition, which consist in the growth of
alternating layers with opposite charges. This represents one of the most successful approaches
to incorporate antibacterial compounds in coatings, due to its simplicity, versatility and low
cost [209]. Antibacterial agents can be either trapped between layers or constitute an integral

part of the coating, by substituting one of the charged species.

Hydrogels, ceramics and plasma-deposited polymers have also been widely reported as suitable
carrier coatings for the delivery of antibacterial compounds [211-213]. The choice of coating
materials ultimately depends on the chemical compatibility between the scaffold and the
antibacterial agent, the required matrix functionalities (biointegration, wear-resistance, etc.) and
the desired release modality. As each antibacterial agent/scaffold system has unique properties,
a careful examination of the specific requirements for a targeted application is needed when

designing release-based antibacterial coatings.

Beyond conventional biocide release, disruptors of bacterial signaling pathways have been
widely explored, due to their ability to limit bacterial adhesion and biofilm formation. QS-
inhibiting molecules incorporated in release-based coatings, including several furanones as well
as enzymes, demonstrated great 7z vitro antibacterial properties [161, 186, 192]. For instance,
the negatively charged acylase enzyme was immobilized on silicone catheters by LbL
deposition without major loss of its enzymatic activity. The resulting coating showed a 50%
reduction in biofilm formation over 7 days compared to untreated silicone and did not present
any cytotoxicity against fibroblasts [186]. Peptides have also shown potential as QS inhibiting
molecules in Gram-Positive bacteria. RNAIII-inhibiting peptide (RIP) prevented S. Awreus
biofilm formation 7z vivo when released from PMMA beads [214]. Similarly, NO donors are
important signaling molecules with wide-ranging functions, including biofilm dispersal due to
their interaction with c-di-GMP [215]. Several NO release systems have been described in the
literature, a few among them for antibacterial applications such as silica nanoparticles [216] and

modified xerogels [217].
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2.6 Control of release kinetics

The overall timeframe and kinetics of antibacterial delivery are highly application-dependent.
Currently, typical release profiles follow first- or second-order kinetics, with an initial burst
release followed by a decreasing tail distribution, usually ranging from hours to a few days. At
first sight, a short-term, high dose release of antibacterial agent could appear as generally
desirable. It provides antibacterial protection during the early post-operation period, which is
considered the most critical stage for infection risk and limits the development of bacterial
resistance. However, for implanted devices, surfaces should maintain their antibacterial
properties until integration with the surrounding tissues, which can take up to several months,
to prevent bacterial colonization from the hematogenous route [210, 218]. Long-term release is
also regularly needed in case of revision or second surgery, where tissues surrounding the
primary implant are often already infected, and for near-patient environmental surfaces [28,
218]. To date, designing coatings that maintain released antibacterial compounds levels within
the therapeutic window, sufficient to kill bacteria but low enough to limit cytoxicity toward
eukaryotes, remains a significant challenge. Innovative approaches to control and extend

release kinetics are therefore necessary to generate new solutions and products.

2.6.1 Passive approaches

Several variables have been shown to passively influence (without active triggers) release
kinetics. Engineering strategies are being developed to tune the properties of the antibacterial
agent itself (concentration, distribution, size, charge, etc.), the carrier matrix (porosity, surface
roughness, functional groups, etc.) or the overall micro/nanostructure of the antibacterial
coating (Figure 2.1) [166, 219, 220]. Alternatively, special architectures, which possess their
own tunable parameters, can be incorporated in coatings to control release kinetics. These

include nanotubes (e.g. carbon or TiO,), nanowires, dendrimers and nanocapsules [220, 221].

Nevertheless, the sustained release of poorly charged (i.e. with no polar group or few polar
groups compared to its size) or small molecules is very challenging. A recent study showed that
using a large polyacid core in PEMs could lead to impressive sustained release [222]. The
polymer coating released physiologically relevant drug concentrations over 14 months.

Diclofenac (a nonsteroidal anti-inflammatory drug) was functionalized and conjugated to a
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hydrophilic PGA polymer backbone via esterification and could be released by ester
hydrolysis. The observed slow release kinetics were likely caused by the high negative charge
along the PGA backbone (caused by a polar ester group within the short polymer backbone).
Negative charges are known to slow down the rate of ester hydrolysis [223]. However, the
polymer-drug conjugate itself is soluble in water and cannot be used to create a stable thin film
coating. The PGA-bonded Diclofenac had to be immobilized in a PEM film, using PLL and

chitosan as polycations.

The addition of a thin polymeric top layer can act as a rate-limiting barrier to extend the
duration of sustained release from antibacterial coatings. The thickness [224], degree of
crosslinking (inversely proportional to the porosity) [224] and hydrophobicity[225] of the top
layer were shown to be the main factors influencing the release kinetics. These techniques
efficiently prevented the initial burst release and displayed instead zero or near zero-order
kinetics [224, 225]. A promising approach to deposit the top layer is plasma polymerization
(see Box 2). Alternatively, for polymeric carrier coatings, plasma-post-treatments can also be
used to directly induce additional cross-linking at the topmost surface of the polymer without

affecting its bulk properties [2206].
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Figure 2.1: Schematics and images illustrating various passive strategies to control the release kinetics
and antibacterial properties of coatings. a) AFM images showing the change of topography and
nanotexture of Ti surfaces after an acid etching treatment [227]. b) SEM micrographs of cyclodextrin-
based hydrogels with tunable porosity [228]. Porous coatings with a lower crosslinking density exhibit
faster release kinetics than more crosslinked hydrogels. c) The deposition of a thin plasma polymer film
can be used as a diffusion barrier for release-based antibacterial coating, enabling the control of the
antibacterial agents rate of release by adjusting its thickness [229]. d) SEM images of TiO2 nanotubes
(NTs) used as tunable reservoirs for Ag NPs [230]. e) Other special architectures, such as dendrimers,
can be used for loading and delivery of antibacterial compounds from a coating [221]. Figures
reproduced with permission from Elsevier (a-b, d-e). ©2009 ACS (c)
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2.6.2 Active approaches - stimuli-responsive materials

Stimuli-responsive materials have been investigated in the biomedical field for several decades,
for applications such as self-healing coatings, micro/nano-sized sensors and actuators and drug
release systems [231, 232]. Polymers and polymer-based hydrogels can undergo volume
changes (swelling, shrinking or bending), structural transformations or bond cleavage in
response to a particular trigger, causing subsequent elution of drugs from the matrix [231, 233].
These materials however are still seldom used as antibacterial coatings. Materials responsive to
physical exogenous stimuli, which can be applied externally, offer great signal control and are
not restricted by diffusion, hold great potential for use as bioactive coatings. They have the
ability to (1) produce “on demand” antibacterial effects and (2) extend the useful lifetime of
coatings. Antibacterial release systems based on electrical, ultrasonic, photothermal, magnetic
and mechanical triggers have been reported [234-239]. The main challenges facing stimuli-
triggered coatings are to achieve release of meaningful doses over multiple cycles and to

minimize the non-triggered background leaching from surfaces.

A promising strategy to eliminate background leaching from a poly(2-hydroxyethyl
methacrylate) (HEMA) involves the control of its swelling by co-polymerizing HEMA with a
hydrophobic monomer, hydroxypropyl methacrylate (HPMA) and by adding a methylene-
chain coating with tunable density and organization [237]. The added layer acted as a rate-
limiting barrier for both water entry and antibiotic release from the underlying hydrogel. The
ultrasound-triggered release of ciprofloxacin was found to be up to 14 times more intense than
the background release rate and was repeatable multiple times, although at a decreasing dose
with each pulse [237]. Ultimately, triggered-release doses and background release rates from
hydrogel are interconnected since both are correlated with the polymer swelling. The choice
between higher delivered doses or increased control over delivery should be dictated by the

potential application.

In an alternative approach, the concept of including antibiotic-producing microorganisms
within a sandwich structured coating was proposed [240]. A nanoporous top membrane
controls the diffusion of molecules to and from the agar middle layer serving as a habitat for
Penicilinm chrysogenum. The production of penicillin is induced by providing nutrients to the
fungus. While the choice of antibacterial agent and the range of applications of this approach

are limited, it could constitute one of the only ##/y permanent antibacterial coatings.
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A major avenue that remains largely unexplored in antibacterial coatings is the use of
embedded metallic nanoparticles (NPs) as plasmon-resonators for light-trigger release. Silver
NPs are already widely present in antibacterial coatings and could be employed to induce NIR-
light triggered degradation of antibacterial agent-containing coatings, such as PEMs [241].
Alternatively, when used directly as the released compound, they may be conjugated with
antibacterial-antibodies and act as cell-targeted plasmonic heaters, thus further damaging the
bacteria cell membrane [242]. Nanocontainers-based smart coatings, an emerging field with
great potential for controlled delivery, could also offer a versatile solution for precise and timed
active release of antibacterial agents, although their development has been quite challenging so
far [243, 244|. For example, since it is a feedback active system at the nanoscale level, our
understanding of the physical phenomena involved and control of the processes are still
limited. Introducing functions that survive the coating manufacture has also been a key

problem.

2.6.3 Bacterial triggers approaches

Coatings that deliver antibacterial agents only when surrounded by or in contact with bacteria
represent the ultimate form of controlled release. Bacteria metabolism produces acidic
substances, such as lactic and acetic acid, leading to a pH drop in their immediate environment
[245, 240]. Several pH-responsive antibacterial coatings were developed by taking advantage of
this phenomenon (see Figure 2.3). Using LbL assembly, Zhuk et al. combined positively
charged antibiotics, gentamicin, tobramycin and polymyxin B, with a polyanionic counterpart,
tannic acid, to form antibacterial PEMs [246]. In acidic conditions, the coatings release bursts
of antibiotics determined by the degree of pH lowering. The driving force behind the release
was reported to be caused by charge balance within the PEM films. The protonation of tannic
acid at lower pH creates an accumulation of positive amino groups within the film, leading to
an imbalance and consequent release of the cationic antibiotics to maintain electroneutrality.
The release kinetics from the coating was found to be mainly influenced by the strength of the

molecular interactions.

Using similar design principles, gentamicin was combined with poly(methacrylic acid) (PMMA)
and polyacrylic acid (PAA) to form hydrogel-like films with bacteria-triggered release
capabilities [247, 248]. The addition of anionic clay-platelets to the hydrogel matrix provided

pH-independent binding site for gentamicin, thus ensuring that a fraction of the antibiotic
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remained bound within the coating [248]. In all cases, the drug remained sequestered within
the coatings up to several months in the absence of pH decrease or bacteria stimuli. This
suggests that pH-triggered coatings could be more successful at fighting the occurrence of
delayed infections than traditional drug-eluting films. However, the coatings were not tested
against repeated bacterial challenges, mostly because there is no standard protocol for such

tests.

The pH-mediated cleavage of chemical bonds was also used to induce bacteria-triggered
responses in coatings [249]. Gentamicin sulfate was bonded to NPs using pH-sensitive imine
bonds while the NPs are attached on the titanium through uncleavable amide bonds. The use
of NPs allowed to increase drug densities (2000 pmol/cm® with NPs vs 600 pmol/cm?” for the
standard Ti surface) and granted better versatility by facilitating modifications to include

various drugs or changing the substrate material. [249]

Another interesting approach consists in using bacteria-generated enzymes to degrade or
cleave bonded antibacterial agents from a coating. While the pH-trigger approach cannot
discriminate between different strains of bacteria, the enzymatic pathway offers the possibility
to develop specific triggers for particular species. Only a few examples of enzyme-triggered
release have been reported to date and most involved the bonding of the antibacterial
compound to the substrate by an enzymatically cleavable bond. These include a thrombin-
sensitive peptide linker [250] and anhydride bonds that can be hydrolyzed by lipase [251]. A
notable exception in the enzyme/cleavage pathway is the polysaccharide multilayer reported by
Cado et al. [252]. In that case, the release of cateslytin, an antimicrobial peptide, is provided by
the enzymatic degradation of hyaluronic acid/chitosan films by hyaluronidase, an enzyme
secreted by pathogens. The coatings maintain their activity during 3 cycles of use against fresh

C. albicans suspensions, yet failed to fully inhibit S. Aureus after the first cycle [252].
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Figure 2.2: Designing antibacterial coatings within a 4D perspective. The design strategies to control
the release of antibacterial agents over space and time can be grouped under three main categories. a)
Passive approaches. By tuning the coating’s properties, it is possible to impose specific preloaded
release Kkinetics, giving the possibility to produce a variety a release profiles, including rapid bursts
(left) or linear release (right) from AB coatings. b) Active approaches. External stimuli can be used to
trigger the local release of embedded compounds. ¢) Bacterial triggers approaches. Bacteria-responsive
coatings release antibacterial agents locally when challenged by bacteria. Inset: examples of
representative release profiles for each approach, showing the release rate as a function of time.
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Figure 2.3: Control of release kinetics - Bacteria-triggered release. Coatings have been engineered to
release antibacterial agents when subjected to two different bacterial triggers, the acidification of the
local environment from bacterial metabolism and bacteria secreted enzymes. When challenged, the
antibacterial compounds can be released by different mechanisms from simple bond cleavage to charge
balance within the coating.
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2.7 Multifunctional coatings

Because biological systems are inherently complex and hierarchically structured, coatings with
multiple functions are required to achieve better performance in their environments. Recently,
several multifunctional release-based antibacterial coatings have been developed and can

generally be grouped into three categories: multi-release, multi-approach or multi-property.

2.7.1 Multi-release coatings

The co-release of antibacterial compounds with different mechanisms offers a dual advantage
over single release coatings; a lower induction of bacterial resistance and, if adequately selected,
a synergetic antibacterial action [253]. This paradigm has been successfully used over the years
as design principle in antibiotics-impregnated catheters [254, 255]. While impregnation lacks
control over release kinetics, degradable LbL. assembled coatings may, on the other hand, offer
a technically straightforward strategy for the pairing of controlled and combined release of
antibacterial agents. Multiple antibacterial compounds can be embedded at different depths
within the film and then released at different times [256]. Both the dosage and nature of the
released compounds may be controlled by adjusting the chemistry of the degrading material.
This scheme could be used to implement 7 situ cycling of antibacterial agents directly from

biomaterial surfaces.

Silver has been successfully paired with several other antibacterial agents: antibiotics, metals,
NO or ROS-generating compounds, etc. [86, 179, 195, 257, 258]. This could be attributed to
the many modes of action of silver against bacteria, which increases the likelihood of
synergetic effects. At this stage, however, direct comparisons of the effectiveness of paired
antibacterial agents are not possible. Comparative effectiveness studies with a broader range of
compounds will be required to develop and select more combinations with synergetic

antibacterial properties and, ideally, no greater than additive cytotoxicity.

2.7.2Multi-approach coatings

Unlike multi-release, multi-approach coatings do not rely solely on the release of biocides but
rather seek to combine more than one antibacterial approach (see Box 1) against pathogens.
Coupling approaches with complementary antibacterial mechanisms, acting as multiple lines of
defense, represents a promising approach to overcome the inherent disadvantages associated

with each strategy.
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Li et al. were amongst the first teams to design coatings with both release and contact-killing
capabilities [259]. They combined an LbL deposited reservoir of bilayers of PAH and PAA
containing silver under a NP surface cap with immobilized QACs. The silver release from the
coating provides a strong initial biocidal effect during the first few days while the QACs
retained significant contact-killing activity after the depletion of the Ag reservoir [259]. This

design has since been used in a variety of combinations [209, 260].

Coatings that include both biocide-release and anti-adhesion properties have also been
reported [261-263]. The immobilization of PEG chains at the surface of a release-based
coating represents an obvious and valid option to impart anti-fouling properties. Reduced
adhesion can also be reached through non-grafting approaches, such as surface patterning and
modifications of the surface chemistry. This opens up a wider range of materials and

deposition techniques for the development of multi-approach coatings.

2.7.3 Multi-property (smart) coatings

The performance and functionality of biomedical devices depends on several parameters,
including e.g. mechanical strength, resistance to corrosion and wear to avoid failure or even
dangerous consequences [264, 265]. In addition, biocompatibility and resistance to corrosion
and wear are two fundamental properties of implantable metals that are closely interconnected.
In this framework, future generations of materials for health applications should have

properties that exceed “functional”, effectively making them “smart” [260].

Several research teams have already undertaken the development of antibacterial agent
releasing coatings with various added properties, including increased wear resistance, corrosion
resistance, anticoagulation, enhanced bone-integration and improved overall tissue-integration,
[178, 190, 230, 267, 268]. Co-delivery of other bioactive (therapeutic agents and growth
factors) and signaling (quorum modulation) molecules have also been reported [251, 269, 270].
The various functions of nitric oxide (which plays an important role in cardiovascular systems,
yet can also control biofilm formation) could make NO-releasing coatings attractive options as
multi-property coatings for biomedical devices [196, 271]. The key difficulty in the design of
such multifunctional coatings will likely be to implement functions that do not interact

adversely and that can be maintained throughout the coating’s useful life [244].
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2.8 Long-term stability

Stability, which is the capacity of a coating to maintain its properties over time, is one of the
most critical factors determining the suitability of a surface for clinical applications. It remains,
however, an often overlooked issue in the field of antibacterial coatings. Several studies have
emphasized the lack of stability of some of the most popular approaches to antibacterial
coatings, such as PEG-based antifouling surfaces [272, 273] and LbL/polyelectrolyte films
[163, 209]. For example, investigations of the stability of PEG coatings in saliva, PBS and urine
revealed a loss of their anti-fouling properties after only 0.5, 24 and 48h, respectively [274].
Drawbacks frequently identified in the literature to explain lackluster performances in long-
term stability include chain cleavage, mechanical weakness, oxidative degradation, lack of
adhesion to the substrate and high surface reactivity leading to surface conditioning [165, 171,

273-277).

As a result, recent efforts focused on the development and assessment of robust and stable
coatings. Plasma-deposited coatings emerged as a viable option; while the coatings themselves
rarely exhibit any antibacterial properties, they can act as robust carrier matrix or as platforms
for immobilized bioactive molecules (see Box 2). They have been found to possess superior
mechanical and chemical stability compared to dip, spray or spin coated materials [109, 212,
278]. Polymeric materials still make up the vast majority of plasma-deposited coatings [212],
but several others have demonstrated excellent antibacterial properties. These include
Ag/diamond-like carbon [267], TiO,/Copper [198], AMPs/organosilicon [279] and
Ag/hydroxyapatite [280] coatings.

Although a wide spectrum of antibacterial coatings has been developed over the years and
showed great potential in short term 7z vitro studies, investigations of this new generation of
antibacterial coatings in controlled trials are still scarce [166, 194, 276]. There is no doubt that
the absence of studies on the clinical stage is symptomatic of the lack of emphasis on long
term stability studies in this field. At this stage, the widespread adoption of standard stability
tests and the development of coherent guidelines are mandatory steps to accelerate progress

towards a new generation of antibacterial coatings and their application.
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Box 2: Engineering antibacterial surfaces using plasma-based tools.

Among antibacterial surface modification and coating approaches, plasma processes
currently play a relatively minor role. However, this could change rapidly with the need
for alternative deposition methods to solvent-based processes and the increasing
requirements for robustness and long-term stability as design criteria in antibacterial
applications. Plasmas, often called the fourth state of matter, are typically generated
by the ionization (dissociation) of a gas by an electrical discharge. The charged
particles formed, including ions, electrons and radicals, exhibit a strong collective
response to applied electromagnetic fields and can interact with and modify surfaces in
several ways (see Table 2.2). Plasma-based techniques are attractive processes for
antibacterial surfaces design because they combine easy preparation, great versatility,
economical and solvent-free processing, compositional control, conformal and pinhole
free coverage, no thermodynamic constraints, sterility upon preparation and the
possibility for commercial scale deposition [92, 281].

The most straightforward use of plasma in the antibacterial coating field consist in
using a plasma deposited material as a reservoir for antibacterial compounds, which
can be loaded either during the deposition itself or by an ex situ method [212]. The ion
bombardment during deposition (effectively expanding the atomic intermixed zone)
and graded interfaces of plasma coatings endow them with superior cohesion and
adhesion compared with those deposited by wet chemistry methods. Alternatively,
plasma processes can impart various functionalities at the materials surface, such as
amino, hydroxyl and carboxyl groups. These can then be used to immobilize several
biomolecules with antibacterial or other bioactive properties. Since plasma processes
are compatible with masking techniques, enabling surface patterning, this could be an
interesting option for the development of multi-release antibacterial coatings.
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Table 2.2: Uses of plasma processes for antibacterial coatings and surfaces

Plasma processes

Uses for antibacterial surfaces

Examples

Sputtering/etching

Surface cleaning
Adhesion optimization

(Refs)

Nanopatterning [267, 282].
Nanostructuring
Implantation Introduction of different elements into the
materials, providing control over:
Bloactl_ve propertles [178, 283]
Corrosion resistance
Mechanical properties
Crosslinking and densification of polymers
Deposition. o o _ ) _
Py $ o o Thin ﬁln’_rs coatings with AB properties [197, 212, 267,
P Py ® Reservoir or platform for AB compounds

Diffusion barrier coatings

284]

Functionalization
HH HH HHHHHHH H

\\/\n/\\/\n(\f\?(

| | | \

Surface activation

Surface amination
Formation of polar groups
Immobilization of molecules

[212, 279, 285]
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Box 3: Outstanding questions

What are the health and environmental impacts of the increased use of metallic
nanoparticles in antibacterial coatings for short, medium and long term
applications?

What could justify the development of strain-specific antibacterial surfaces rather
than broad spectrum ones?

How can in vitro and in vivo testing methodologies be designed to both provide
useful, standardized information and satisfy regulatory concerns?

How could the regular clinical practice be changed/affected/influenced for the
successful integration of new antibacterial products and solutions?
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2.9 Conclusions and perspectives

The field of release-based antibacterial coatings has developed rapidly in recent years, to
become one of the most widely studied areas of biotechnology, due to their potential
importance in preventing nosocomial infections. With the significant burden from biomaterial
associated infections (i.e. infections related to or caused by the presence of materials such as
implants, catheters, near-patient surfaces, etc.), decreasing usefulness of traditional antibiotic
therapies and growing concerns over bacterial resistance, they offer the much needed ability to
limit pathogen’s colonization of biomaterial surfaces by providing a local and defined delivery

of antibacterial compounds.

In this review, we identified key features that must be imparted to antibacterial coatings to
maximize their effectiveness and expand their area of application. Interesting questions have
been raised along the way and are presented in Box 3. Strategies for controlled release, aimed
at delivering precise doses within a proper timeframe, will ultimately govern the success of
these coatings. As noted earlier, bacteria triggered release could provide the ultimate form of
controlled delivery of antibacterial agents, yet future research should be devoted to testing
those surfaces against repeated bacterial challenges as well as developing additional triggering
pathways. Similarly, a multi-pronged approach, involving different mechanisms of action
against bacteria as well as multiple integrated functions, have emerged as a critical requirement
of the next generation of antibacterial coatings. In that regard, the release of quorum-
disrupting molecules paired with a potent biocide may prove to be an interesting direction to

follow.

However, despite the large amount of reported antibacterial approaches in the literature, to
date there have been very few platforms that made their way to clinical studies, and even less
to clinical practice. The lack of translational success can be attributed in part to the complexity
the problem and the diversity of actors and professional cultures (researchers, physicians,
regulatory agencies, etc.) [286]. An even more important factor remains that most current 7
vitro methodologies used to test antibacterial materials do not incorporate realistic 7z vivo
conditions (biofouling, polymicrobial communities, relevant proteins, co-culture models, host
immune response, etc.) [218, 287]. Objective evaluations of coatings stability, consistent with
the intended application, have been similarly overlooked. A structured specific research is

therefore needed to develop standardized and widely accepted validation methodologies for
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antibacterial coatings in laboratories, from which we could effectively extrapolate clinical
efficacy. These should be reliable, high throughput alternatives to clinical studies, able to
withstand regulatory scrutiny, as the length and cost of testing potential antibacterial surfaces
in controlled human trials are prohibitive [218]. Tackling these important challenges will
require a collaborative effort from researchers across disciplines to provide real advancement

in the biomedical field but should offer plenty of opportunities for innovation.
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3.1 Résumeé

L’intérét soutenu dans lutilisation de couches minces de carbone amorphe adamantin
(Diamond-Like Carbon ou DLC) comme revétements protecteurs réside dans leurs propriétés
mécaniques et tribologiques exceptionnelles. Cependant, une importante limite a leur
utilisation plus répandue est la faible adhérence du DLC sur plusieurs matériaux, qui provient
des grandes contraintes de compression inhérentes a ces revétements. La majorité des
approches populaires utilisées pour contrer ce manque d’adhérence reposent sur le dépot
d’intercouches entre le revétement DLC et le substrat. Ce type d’approches, en créant des
interfaces additionnelles, s’expose toutefois a des problemes potentiels de corrosion et de
stabilité. Afin de prévenir ces problemes a long terme, nous avons étudié I'utilisation dun
simple traitement plasma pour former des carbures métalliques, une excellente interface pour
I'adhérence du DLC, directement sur la surface de I'acier inoxydable. Le traitement consiste a
irradier la surface de I'acier inoxydable avec des ions d’un plasma de méthane avec une énergie
croissante, en variant la tension appliquée sur le substrat. La formation de carbure a été
observée a la surface de l'acier inoxydable par spectroscopie de photoélectrons X et était
fortement corrélée avec la tension appliquée au substrat. La tension maximale étudiée (-650V)
avait également le plus grand contenu en carbure. Des analyses approfondies de Iinterface
DILC/acier inoxydable ont 1évélé que les carbures détectés étaient principalement des carbures
de chrome. Des essais de traction ont montré une amélioration de l'adhérence apres le
traitement plasma, avec une augmentation de l'adhérence du revétement DLC de 116%25
kg/cm2 a 215£35 kg/cm?2 apres la carburation plasmas. La simplicité, la nature in situ du
procédé et linterface unique créée par la carburation plasma devrait répondre aux exigences de

plusieurs domaines d'application des revétements DLC.
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3.2 Abstract

The recurrent interest in using diamond-like carbon (DLC) thin films as protective coatings
has been driven by their exceptional mechanical and tribological properties. However, one of
the limits to their broader application is the poor adhesion of DLC to several materials, which
arises from their intrinsic high compressive stresses. Popular approaches to the adhesion
problems rely on the deposition of interlayers between the DLC coating and the substrate. To
prevent potential long-term issue caused by the creation of additional interfaces, we
investigated the use of a simple plasma procedure to form metallic carbides, an excellent
interface to promote DLC adhesion, directly on the surface of stainless steel. The treatment
consisted in irradiating the stainless steel surface with ions from a methane plasma at
increasing energy, by varying the substrate bias. Carbide formation was observed at the surface
of stainless steel by X-ray photoelectron spectroscopy and was strongly correlated with the
substrate bias applied, with the highest investigated bias (-650V) specimens having the largest
carbide content. Further analyses of the DLC/stainless steel interface revealed the carbide
compounds detected to be mostly chromium carbides. Pull-off tests showed an improved
adhesion of DLC films with the plasma interfacial treatment, with the bonding strength
increasing from 116+25 kg/cm® to 215135 kg/cm’® after plasma carburation. The
straightforwardness, z situ, and “‘single interface” nature of plasma carburation should meet

the requirements of several areas of application of DLC coatings.
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3.3 Introduction

Carbon-based thin films-based coatings have emerged as powerful platforms and multipurpose
materials in recent years, spurred by remarkable advances in processing techniques and surface
engineering. The rich surface chemistry and polyvalence of these nanostructured materials lend
themselves to numerous modifications, opening up countless opportunities for application in
diverse, highly technical fields [288, 289]. A prime example of this widespread potential is
given by diamond-like carbon (DLC), a metastable form of amorphous carbon with a
significant fraction of sp’ bonds. This confers to DLC many of the beneficial properties of
diamond itself (e.g. superior mechanical and tribological properties, chemical inertness,
stability, etc.) but in an isotropic conformal thin film [106, 278]. Moreover, the amorphous
microstructure of DLC allows for the incorporation of other species such as hydrogen,
nitrogen, silicon, titanium, silver, gold, or copper, which can be used to tailor the materials
properties to the desired application [290-293]. In this respect, DLC is particularly attractive as
a multifunctional protective coating in tribological and biomedical applications [294, 295].
Unfortunately, prospects of using DLC as a versatile protective coating have been long been
hampered by low adhesion and delamination issues on several application-relevant substrates,
including stainless steels. Bombardment by energetic ions and atoms occurring during the
deposition process creates high density regions and important distortions in local bonding,
producing high levels of compressive stress in the material [106, 296]. The high levels of stress
create in turn a strong driving force for the coating to become detached, ultimately limiting the

thickness and range of substrates that can be used with DLC coatings [297].

Several approaches have been proposed to get around the delamination problem. They may be
classified according to whether they target the film itself or the film/substrate interface
respectively into 1) stress reduction and 2) adhesion enhancement strategies. Coating stress
reduction strategies include multilayering and gradation, incorporation of alloying elements,
annealing, and the deposition of low sp’ content films [298-300]. On the other hand, adhesion
enhancement strategies target the DLC/substrate interface to increase adhesion through
surface treatments (etching, roughening, etc.) of the substrates and deposition of interlayers
(chromium, silicon, titanium, etc.) [106, 115, 153, 301-303]. The deposition of interlayers of
carbide-forming elements remains the most popular and successful method to optimize DLC

adhesion on a variety of coatings and has been used extensively both in laboratory and
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industrial settings. However, recent investigations exposed important drawbacks associated
with the use of such interlayers. The creation of additional interfaces: 1) multiply the
possibilities for long-term adhesion problems and debonding and 2) create an environment
prone to crevice corrosion [302]. The additional elements can also cause toxicity problems in
biomedical applications. Furthermore, the interlayer deposition itself adds energy and resource

consumption to the DLC coating process.

This study investigates the alternative possibility of improving the adhesion of DL.C on 316L
stainless steel (SS316L) through the use of a plasma interfacial treatment aimed at forming
carbides directly on the surface, without deposition of an additional layer. The treatment,
termed plasma carburation, consists in bombarding the stainless steel surface with relatively
high energy hydrocarbon ions. X-Ray photoelectron spectroscopy (XPS) was used to
thoroughly investigate the chemical bonding of the different elements at the interface. The
resulting improvement of film adhesion was studied using a pull-off test and optical

microscopy.

3.4 Materials & Methods

3.4.1Sample preparation

The DLC coatings were grown on AISI 316L stainless steel (Fe/Cr18/Nil0/Mo3, from
Goodfellow, Huntingdon, England) disks of 12.7 mm in diameter, punched from 0.5 mm thick
sheets using a radio-frequency (13.56 MHz) inductively-coupled plasma PECVD reactor,
which has been described in details previously [267]. The energy of the ions (essentially carbon
and hydrogen) incoming on the substrate was independently adjusted by applying a low
frequency (90 kHz) voltage to the sample holder, which was rectified by the plasma and
resulted in an adjustable (between -100V and -650V) negative bias voltage (V).

The reactor was cleaned for 60 min with an argon/oxygen plasma prior to each deposition
Substrates were cleaned in an ultrasonic bath and subjected to an electrochemical polishing
procedure to obtain a smooth, homogenous surface [304]. They were then loaded in the
deposition chamber which was evacuated to a base pressure of 10 Torr. Before deposition,
the SS316L substrates were etched with an Ar plasma and pre-treated with a high-energy

hydrocarbon plasma. The bias voltages used in that step were -100V, -250V, -450V and -650V.
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Specimens not treated with the hydrocarbon plasma step were used as a control group.
Following pretreatment, DLC deposition was then carried out in the same reactor, which
prevented contact with air. All plasma treatments were performed without heating, at room

temperature. The details of the plasma treatments are summarized in Table 1.

Table 3.1 : Plasma treatment parameters

Ar etching Hydrocarbon DLC coating
plasma
Precursor (%) Ar (100) CH4 (100) CH4 /H2 (20/80)
Pressure (mTorr) | 50 10 10
Peak RF power
100 100 100
(W)
Bias voltage (V) | -100 ;_12% /%55%/ -100
Tre_atment time 15 1/5 15
(min)

3.4.2 Characterization

The surface and depth composition was investigated by X-ray photoelectron spectrometry (K-
alpha spectrometer, Thermo Scientific) coupled with a 1 keV Ar" sputtering beam, unless
indicated otherwise. High resolution XPS spectra are acquired at regular sputtering time
intervals using a monochromatic Al Ka source (1486.68 eV) with a spot size of 250 um, and a
pass energy of 200 eV for the survey scans and 50 eV for the elemental scans. An electron
flood gun was used to prevent surface charging. Angle Resolved X-ray Photoelectron
Spectroscopy (ARXPS) was obtained by collecting spectra from 5 takeoff angles, namely 15,
25, 40, 60 and 80°, which are defined as the angle between the surface and the detector. Peak
fitting was performed with the Avantage© software (Thermo Scientific) after subtraction of a
Shirley background. Samples were also studied by optical microscopy, with a BX41M
microscope (Olympus). For each independent sample, data were acquired at three (XPS) or

five (Optical microscopy and AFM) randomly selected positions on the specimen surface.

3.4.3 Adhesion tests

The pull-off adhesion strength of DLC coatings was measured in tension using an Instron

5944 mechanical testing system (Instron Corporation, Norwood, MA) equipped with a 2kN
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load cell. A metallic stud of 7.85 mm diameter was attached perpendicularly to the DLC coated
surface using a commercial epoxy (J.B Weld, Sulfur Springs, TX) which was allowed to cure
for 24 h, reaching a guaranteed tensile strength of 27 MPa. A specially designed sample holder
was used to ensure the complete alignment of the system. The stud was pulled upward at a
constant speed (50 mm/min) while holding the sample stationary, resulting in the application
of a gradually increasing tensile force on the sample. The instrument recorded the highest
value of force applied before failure. At least five tests were carried out on each type of
samples. After the pull-test, specimens were studied visually and with an optical microscope to

determine the origin of the coating failure.

3.5 Results and discussions

3.5.1 Effect of interfacial treatment on composition

The energy dependent nature of plasma-surface interactions in hydrocarbon plasmas has been
well documented [130, 305, 306]. Consequently, a range of energies, consistent with existing
deposition systems, was selected and used to explore the effects of a plasma carburation
pretreatment on the resulting DLC/SS316L interface properties, most notably on the local
chemical bonding. Uncoated specimens treated at different bias voltages were initially analyzed
by XPS. At this stage, treatment times where kept to a minimum (1 min) to facilitate the
straightforward inspection of the film/substrate interface. The presence of bias-dependent
features was observed on the carbon Cls spectra (Figure 3.1a). A clear contribution below the
main C-C/C-H peak was detected for samples treated at -250V, with further increases in
negative bias leading to a more pronounced peak. Only metal-bonded carbon atoms give rise
to Cls XPS contributions below the main 285 eV C-C peak [307, 308]. Angle-resolved XPS
investigations showed that in this case, carbide formation occurred concurrently with carbon
deposition (Figure 3.2b). The relative contribution of the carbide peak increases with the take-
off angle, suggesting that the carbides are located below a thin, likely amorphous, C-C rich
ovetlayer. Because biased plasmas characteristically have a bimodal ion energy distributions
(IED), the kinetic energy of ions from the lower end of the IED must be too low for
implantation or subplantation process, sticking instead on the surface and creating growth of
the amorphous carbon layer [103, 309]. Conversely, for the low bias interface treatment (-

100V), only amorphous carbon deposition occurred, covering the surface and partially

69



extinguishing the signal from the underlying metallic substrate (Table 3.2). The absence of a
carbide peak, even at the largest take-off angle, and the lack of evolution between different
depths for the -100V samples (Figure 3.2a) confirm that the measured increase in carbon at the

interface is due to amorphous carbon deposition.

To obtain a more quantitative assessment of the carbon bonding, the high resolution C(1s)
spectra were decomposed in four peaks, assigned to C=0O (BE = 288.0-288.4 ¢V), C-O (BE =
286.3 — 286.5 eV), C-C/C-H (BE = 284.8 e¢V) and C-metal (282.8 - 283 eV) (Figure 3.1b). The
attribution of the carbon-metal component entails its own challenge, as there are several
carbide-forming metallic elements (Fe, Cr, Mo, Ni) in the SS316L that could contribute to the
signal. Furthermore, an ion deposition process cannot be expected to yield a pure material with
only one bonding type. Therefore, we did not seek to precisely determine the stoichiometry of
the metal carbides found at the interface, but rather to look for qualitative information on the

bonding mechanisms.

Despite the expected mixture of different bonds at the interface, comparing the C-Me peak
binding energy with the literature provides a simple way to identify its major contributors.
Only CriC; (282.8-282.9 ¢V) and MoiC; (282.8 ¢V) compounds binding energies reported in
the literature match the one of the measured experimental C-Me peak [310, 311]. The limited
presence of Mo at the interface (Table 3.2) makes it, however, unlikely that Mo-based
compounds make up a significant portion of the observed carbide peak. The presence of
nickel (283.3-283.8 eV) [312, 313] and especially iron (283.3-284.1 V) [314, 315] carbide
phases have also been considered. However, their small relative intensity and lack of separation

with the main C-C peak makes further decomposition problematic.

70



a) Cis spectra D)
w —_
[ 90
= 2
3 5
S S
= >
£ =
T T T T T T T T T M T T T T T T T T T
290 288 286 284 282 290 288 286 284 282
Binding Energy (eV) Binding Energy (eV)
c) 0,4 -
0,3
Q 0,24
@)
Q
=
© 0,14
004 w ¥
T T T T T T T T 1
0 200 400 600 800

Applied bias voltage (V)

Figure 3.1: a) XPS core-level spectra of Cls after plasma carburation treatment b) Example of
decomposed spectrum. The ¢) Comparison of the C-Me/C-C ratio for the different treatment biases.
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Table 3.2 : Chemical surface composition of untreated and treated samples measured by XPS.

Treatment ID Atomic composition (at.%)
type C (0] Fe Cr Mo Ni

Control SS316L | 32+12 | 47+3 915 11+4 0.3%0.2 | 1.1+0.6
100V | 7043 14+2 8+1 7+3 - -

Carburation | )59y | 5143 31+2 1242 6+1 0.240.2 | 0.2+0.1

Interface

treatment | 450V | 553 25+2 1642 3.5¢0.5 | 0.6+0.2 | 0.1+0.1
650V | 5743 24+3 1443 4.0+0.7 | 0.6%+0.1 | 0.3+0.2

Coating DLC 9513 513 - - - -

High resolution XPS analyses of the metallic components were performed to help corroborate
any formation of metal-carbon species at the interface. A systematic peak deconvolution and
fitting approach was not pursued in this case because of: 1) the large number of possible
oxidation states for the investigated metals [307], 2) the complex multiplet splitting occurring
for a few oxidation states (e.g. Cr(III) and Fe(IIl)), creating many possible compounds with
ovetlapping binding energies and 3) the presence of carbon and oxygen at the interface,
complicating the attribution of fitted peaks to either one of carbide or oxide compounds. For

these reasons, we restricted our investigation to a qualitative analysis of the Cr2p and Fe2p
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regions. Analyses of the Mo3d and Ni2p regions were not performed because of their low

signal/noise ratios.

Figure 3.3 shows the Fe2p and Ct2p spectra of samples treated by plasma carburation at
different bias voltages. In all cases, the detected total metal content was at least 15 at.%,
guaranteeing that the SS316L interface was effectively reached. The most striking features are
the very broad Cr2p peaks for the plasma-treated (-650V) samples, which are shifted to lower
binding energies than those typically associated with chromium oxide/hydroxide compounds
(575.7 eV =579 eV) [307, 316]. Although a broad peak can be expected due to the presence of
multiple overlapping components, the overall spectral shape suggests a contribution from one
or multiple components between the metallic chromium (Cr(0) at 574.2 eV) and the oxide
region. Similar binding energies have been previously measured in chromium carbide
precipitates and carbon-chromium sputtered films [317, 318]. By contrast, the Fe2p peak had
the typical asymmetric shape of metallic iron, with a trailing tail towards higher binding
energies associated with the presence of iron oxide. Although the -650V presents an additional
feature/shoulder centered around 710 eV, it is impossible to confirm whether it arises from

Fe-C bonds or not.
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Figure 3.3 : XPS core-level spectra of (a) Cr2p and (b) Fe2p after plasma carburation treatment.
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3.5.2 Depth profiling

A full profiling study was conducted on DLC coated samples treated by plasma carburation at
-650V. The depth profiling experiment consisted of successive sequences of etching and XPS
analyses (Figure 3.4). A moderate energy Ar" beam (1 KeV ions) was used to minimize
damage, sputtering induced formation of carbides and ion beam mixing. Overall, the profile
analysis was consistent with the XPS high resolution and survey experiments performed
previously, with iron and chromium being the primary elements present at the interface.
Decomposition of the Cls peak throughout the profile showed a local maximum of the C-Me
component (~10 at.%), which is reached after between 525 and 550 seconds of sputtering. The
location of this layer underneath the remaining metallic oxides indicates that carbide formation
originates from high energy (i.e. higher penetration depth) implanting ions. This agrees well
with our previous experimental results and confirms the importance of the carburation

treatment bias.

Plotting the evolution of the C-Me atomic concentration alongside the other elements shows
strong similarity between the C-Me and Cr profiles (Figure 3.4b). In general, therefore, taken
together with the lower biding energy of the C-Me signal and the broadness of the chromium
peak after plasma treatment discussed previously, this finding seems to reinforce the
hypothesis that the main contributors to the C-Me signal are indeed CriCi compounds.
Looking back at Table 3.2, this results however indicates that from a stoichiometric standpoint,
the carbides formed at the interface are richer in carbon than typical compounds with Me;C
or Me;C compositions. The concentration of chromium detected at the interface (4 at.% for
the -650V sample) is not sufficient to produce by itself the C-Me peak observed on the Cls

spectra if the compounds formed were indeed Cr;C; or Cr;C.
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Figure 3.4 : a) XPS depth profile of a DLC coated, interface treated sample (Vv=-650V). b) Evolution of
the atomic concentration of the main metals (Fe and Cr) with the C-Me contribution measured using
the C1s peak.

3.5.3 Adhesion measurements

Pull-off tests were performed on plasma-etched and carburation-treated (Vy= -650V) samples
to assess the effect of plasma carburation on interfacial adhesion of DLC coatings. Studs
(d=0,5 cm diameter) were fixed to the DLC surface using a high-strength epoxy glue. The
pulling force that broke the bond was recorded. Results indicative of poor epoxy adhesion or
cohesion were excluded. Figure 3.5 shows pull-off results for the two types of interface
treatments. The interfacial adhesion strength between DLC and the 316L stainless steel
substrates increased from 116+25 kg/cm® to 215%35 kg/cm?® after the plasma carburation
treatment. A visual and microscopic inspection of the studs was used to determine the cause of
failure. Although the separation was caused by adhesive failure in the majority of cases, the
failure in some of the carburation-treated samples was due to a combination of adhesive and
DLC cohesive failure (Figure 3.6). As-received substrates (without interface treatment/etching)

could not be tested because the coatings self-delaminated rapidly after exiting the reactor

(Figure 3.7).
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Figure 3.5 : Maximum tensile strength recorded during the pull-off experiment for specimens treated
with etching (black, left) and plasma carburation at -650V (red, right). Each bar represents an
individual DLC deposition and is the average of at least two pull-off tests.

Figure 3.6 : Optical micrograph showing a combination of adhesive and cohesive failure of an
interface-treated (-650V) DLC coating after a pull-off test. The different zones observed are 1) 316L
substrate (adhesive failure), 2) damaged DLC film (cohesive failure), and 3) intact DLC film. The stud
initially covered zone 1 and 2. Scale bar, 250um
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Figure 3.7 : Representative optical micrographs showing the self-delamination and peeling of DLC
coatings occurring for non-treated interfaces. Scale bar, 200um.

3.6 Conclusions

Irradiation of stainless steel surfaces with moderately high energy ions from a hydrocarbon
plasma can be used to form metallic carbides. XPS studies confirmed that, despite the presence
of multiple potential carbide-forming elements in 316L stainless steel, chromium carbide
comprised the majority of the carbide compounds found at the surface after the plasma
treatment. Pull-off test results confirmed that the plasma carburation treatment doubled the

adhesion strength of DLC coatings to the metallic substrate, compared with plasma etching.

Interface engineering strategies, such as interlayer deposition, have already been applied to
improve DLC adhesion to several metallic surfaces, often resulting in significant
improvements in interfacial bonding strength. Although the adhesion gain from plasma
carburation is more modest, our results demonstrated for the first time that bonding strength
improvements can be obtained with a short  situ treatment and without the deposition of
additional interlayers. The interface treatment and DLC deposition steps can be performed
sequentially in the same reactor, limiting contamination issues and facilitating a potential

transition to a larger scale production. Plasma carburation could prove to be an interesting
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option to improve DLC adhesion for applications where corrosion resistance or long-term

stability are important challenges.
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4.1 Résumé

L’introduction d’éléments métalliques dans le carbone amorphe adamantin (Diamond-Like
Carbon ou DLC) a émergé comme une approche innovatrice pour ajouter des propriétés
uniques aux revétements, ouvrant ainsi une gamme de nouvelles applications dans des
domaines aussi divers que les capteurs, la tribologie et les biomatériaux. Le dépot par technique
plasma de revétements DLC contenant avec des propriétés structurelles et une distribution
d’éléments métalliques bien définies est cependant entravé par une compréhension limitée de
leurs mécanismes de croissance. Nous rapportons ici I’élaboration d’un revétement composite
argent-DLC (Ag-DLC) préparé dans un réacteur plasma hybride, permettant un controle
indépendant de la teneur en métal, de la microstructure et de la morphologie du film. Des
analyses de la morphologie et de I’état chimique des revétements Ag-DLC ont été effectuées
par microscopie a force atomique, microscopie électronique a balayage et par spectroscopie de
photoélectrons X. La distribution verticale de l'argent, de la surface vers le cceur du
revétement, fut révélée comme étant tres inhomogene, da a des phénomenes de ségrégation en
surface et de formation de grappes de particules d’argent. En se basant sur ces observations, un
mode¢le permettant de décrire les mécanismes de croissance des revétements Ag-DLC est

proposé.
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4.2 Abstract

The incorporation of selected metallic elements into diamond-like carbon (DLLC) has emerged
as an innovative approach to add unique functional properties to DLC coatings, thus opening
up a range of new potential applications in fields as diverse as sensors, tribology and
biomaterials. However, the deposition by plasma techniques of metal-containing DL.C coatings
with well-defined structural properties and metal distribution is currently hindered by the
limited understanding of their growth mechanisms. We report here a silver-incorporated
diamond-like carbon coating (Ag-DLC) prepared in a hybrid plasma reactor which allowed to
independently control the metal content and the carbon film structure and morphology.
Morphological and chemical analyses of Ag-DLC films were performed by atomic force
microscopy, scanning electron microscopy and X-ray photoelectron spectroscopy. The vertical
distribution of silver, from the surface towards the coating bulk, was found to be highly
inhomogeneous due to top surface segregation and clustering of silver nanoparticles. Two
plasma parameters, the sputtered Ag flux and the ion energy, were shown to influence the
spatial distribution of silver particles. Based on these findings, a mechanism for Ag-DLC

growth by plasma was proposed.
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4.3 Introduction

With the soaring complexity and performance requirements of advanced technological
applications, many materials are nowadays tailored to perform a specific set of functions [319].
Emerging areas of nanotechnology hold the promise of opening new pathways for engineers
and scientists to develop materials that combine multiple desirable properties. As the size of a
material decreases to reach the nanometre range, unique physical properties (absent in
macroscopic systems) emerge. Embedding such nanoscale structures within a bulk matrix
creates a multiphase nanocomposite material that can exhibit a range of novel and tunable
functionalities, from altered biological activity [320, 321] to enhanced mechanical [322] or
electrical properties[323]. Although precisely tuning the desired properties remains an
important challenge, their inherent flexibility makes nanocomposite materials uniquely well

suited to meet the extreme requirements of modern applications.

Diamond like carbon (DLC) is a form of amorphous carbon with a significant fraction of sp’
bonds which have been mainly used as protective coatings because of their unique
combination of mechanical hardness, wear-resistance, chemical stability and atomic
smoothness [106, 147, 278]. In order to expand their area of application, metallic elements
have been recently incorporated into DLC, giving way to a new generation of DLC
nanocomposite coatings. Examples include copper, molybdenum, silver, platinum, tungsten
and chromium [324-329]. Among them, the unique optical, thermal and biological properties
of silver nanomaterials have attracted the most interest and have prompted scientists to
investigate potential synergies with DLC and other amorphous carbon coatings. Applications
of Ag-DLC coatings have been proposed in fields ranging from biomaterials (e.g. bioactive
coatings) to spectroscopy (e.g. substrates for surface-enhanced Raman spectroscopy) [28, 330].
For example, Ag-DLC nanocomposite coatings combining the great stability of DLC with
silver’s broad-spectrum activity against a wide range of bacteria have shown promising results
in long-term antibacterial applications [267, 331]. Like other release-based systems, their
translational success as an antibacterial platform hinges on the ability to control and tune the
timeframe and kinetics of antibacterial agents’ delivery (silver ions in this case) from the

coatings [320].

While the growth of DLC by plasma-enhanced chemical vapour deposition (PECVD) is now

well understood as being primarily due to the subplantation of carbon and/or hydrogen atoms
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[122, 305], the deposition mechanism and properties of nanocomposites combining non-
carbide forming metals and DLC have been poorly investigated. Several factors may influence
the properties and silver ions release of the nanocomposite films, including the distribution,
clustering and chemical bonding of the metallic element in the DLC matrix. To identify the
growth mechanisms of this new material and their potential impact on the coatings properties,
we have thoroughly investigated the influence of key plasma deposition parameters on the
metal distribution within the silver-incorporated diamond-like carbon nanocomposite coatings

(Ag-DLO).

The study was conducted on Ag-DLC coatings prepared in a continuous, single-step plasma
process using a hybrid, inductively coupled radio frequency (RF) plasma reactor combined
with a very-low-frequency (VLF) sputtering setup. The Ag-DLC film morphology and the
distribution, clustering and chemical state of silver nanoparticles were assessed by surface and
depth profile X-ray photoelectron spectroscopy (XPS), scanning electron microscopy (SEM)
and atomic force microscopy (AFM). The film properties were studied as a function of key
deposition parameters such as the metal ions flux and their impact energy. The results shine

light on interesting features of the growth process of Ag-DLC coatings.

4.4 Experimental

Films were prepared on p-doped <100> silicon (Si) substrates (University Waffer, South
Boston, MA, USA) cleaved into 10 x 10 mm squares. The coatings were deposited in a one-
step continuous process using a RF (13.56 MHz) inductively couple plasma reactor
(Plasmionique, Varennes, QC, Canada) coupled to a VLF sputtering setup. DLC is deposited
by PECVD from a methane (CHs) precursor while silver is simultaneously introduced by
sputtering from a pure silver target (99.9%, Alfa Aesar, MA, U.S.A.). The deposition time (15
minutes), CHy4 flux (7 sccm), reactor pressure (15mTorr) and RF power (100W) were kept
fixed throughout this experiment as they provided convenient deposition rate (~6 nm/min)
and film thickness (~100 nm) for subsequent analyses. Substrates were cleaned by plasma
etching prior to deposition to limit the occurrence of surface defects and optimize the
coatings’ adhesion [109, 332]. Silver incorporation was achieved through cathodic sputtering of

a negatively biased (V) silver target from the application of a VLF (7.6 KHz) voltage which is
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rectified by the plasma. The resulting voltage could be adjusted from 0 to -900V resulting in a
direct control over the silver flux toward the sample. Similarly, the energy of the ions
(essentially carbon and hydrogen) incoming on the substrate was independently adjusted by
applying a low frequency (90 kHz) voltage to the sample holder, which was rectified by the
plasma and resulted in an adjustable (between 0 and -150V) negative bias voltage (Vs). For
simplicity, specimens deposited at non-zero biases (V,70) will be referred to as Ag-DLC while
the more general designation a-C:H:Ag will be used when describing both biased and unbiased
specimens. Details of the PECVD-PVD system and a complete deposition procedure can be

found in the article by Cloutier et al.[267].

The depth composition was investigated by X-ray photoelectron spectrometry (K-alpha
spectrometer, Thermo Scientific) coupled with a 1 keV Ar" sputtering beam, unless indicated
otherwise. High resolution XPS spectra are acquired at regular sputtering time intervals using a
monochromatic Al Ko source (1486.68 eV) with a spot size of 250 um, and a pass energy of
200 eV for the survey scans and 50 eV for the elemental scans. An electron flood gun was used
to prevent surface charging. The modified Auger parameter (&) of silver was calculated by
adding the binding energy of the Ag3ds,» peak and the kinetic energy of the Auger transition (
a'=E(M,VV)+E,(3d.,)). Peak fitting was performed with the Avantage© software (Thermo

Scientific) after subtraction of a Shirley background.

Surface morphology was studied with a Dimension 3100 AFM (Veeco) operated in tapping
mode and equipped with an ultra-sharp silicon tip. Images were acquired on 1 x 1 pm® area
and analysed with the Nanoscope analysis software. Samples morphology was studied by
scanning electron microscopy (JEOL 7500-F) with 15 kV accelerating voltage. Image] software
[333] was used for particle size analysis. The size distribution histogram of silver clusters was
built from N=1197 particles, with bin size of 1 nm. Clusters under 4.5 nm in diameter were
difficult to distinguish from the background and were excluded from counting. The number of
independent experiments (n) are noted in the figure legends. For each independent sample,
data were acquired at three (XPS) or five (SEM and AFM) randomly selected positions on the

specimen surface.
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4.5 Results

4.5.1 General composition and morphology of Ag-DLC coatings

Because it is well established that DLC coatings with the highest sp’ fraction are deposited in a
relatively narrow ion energy range around 100 eV [106], we first investigated the chemical
composition and morphology of nanocomposite coatings deposited at a constant ion energy
(V,=-100 V) and silver flux (Va,=-750V). The XPS profile shown in Figure 4.2a reveals a
highly inhomogeneous vertical distribution of silver, with a strong segregation towards the
surface. A maximum concentration (atomic percentage of about 12 a#%/0) of silver was detected
at the film surface and then fell down within the first seconds of sputtering, quickly saturating
to a stable value of 0.4020.04 at.% after 200s of sputtering which was maintained until the

interface with the Si substrate was reached.

The study of the chemical state and oxidation of silver by high resolution analyses of the Ag3d
peaks (Figure 4.2b, inset) is hindered by the small theoretical shift of a few tenths of eV
between metallic silver peak (Ag’) and its oxidized forms (AgO or Ag.O) [334]. Still, interesting
information can be derived from the variations in the Ag3ds/, binding energy (BE) with depth.
Core level BE shifts, proportional to the cluster size, have been previously reported for small
supported metal clusters [335, 336]. Figure 4.2b shows the Ag3ds,» BE as a function of
sputtering time (depth). In order to precisely measure the BE shifts, a spectral calibration was
performed by fixing the Cls peak BE at 284.6 eV. The increasing binding energy shift with the
depth indicates that silver in the film is in the form of nm-sized clusters, and that their size

decreases with the depth as observed during the first 60 seconds of ion beam sputtering.

Auger parameter analysis was used to determine the chemical state of silver particles without
interference of surface charging effects. The modified Auger parameter () is derived from
the photoelectron and Auger peaks positions. The reported value for metallic silver, disilver
oxide (AgxO) and silver oxide (AgO) are 726.010.1 eV, 724.4£0.1 and 724.3+0.3, respectively
[337]. Low energy monoatomic argon ions (200 eV) were used in this depth profile to prevent
ion beam induced modification of the chemistry and provide a much slower and more
controlled profile. Figure 4.2c shows the evolution of the silver modified Auger parameter
(oag) as a function of depth. At the topmost surface, silver was partly oxidized (o, =724.9

eV); but the Auger parameter then rapidly increased towards the value of metallic silver.
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Taking into account the very low sputtering rate, these results suggest that only the topmost
atomic layers are oxidized and that the large majority of the silver embedded in the coating is

in a metallic state.
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Figure 4.2: Example of XPS depth profile of Ag-DLC films (Vb =-100V, VAg =-750V) showing (a) the
atomic percentages (at.%) of carbon, silver, oxygen and silicon with a zoom-in (inset) on the first 200s
of sputtering, (b) the Ag3d5 peak binding energy, and (c) the evolution of the silver modified Auger
parameter as a function of the profiling time.

In order to clarify the surface segregation of silver, the morphology of Ag-DLC films was
studied by SEM. The incorporated silver clearly formed circular, nanometre sized and
uniformly dispersed clusters (Figure 4.3a and b). While bigger clusters approached 20 nm in
diameter, the majority were much smaller. The size distribution is reported in the size

histogram in Figure 4.3(c). Clusters below 4.5 nm could not be cleatly distinguished and have
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been discarded from the analysis. Despite the absence of small particles, a positive skew to the
right typical of lognormal distributions (LND) and the presence of two modes can be clearly
identified from the data. The analysis of the size histogram gives maximum diameter values
(mode) of 3.6£0.2 nm and 11.1£0.2 nm for the smaller (M1) and larger (M2) clusters,
respectively. The geometric standard deviation (shape parameter) of the silver clusters are
oy, =1.60£0.05 and o, =1.21£0.04. Metallic nanoparticles or clusters sizes are frequently

described by LND in the literature [338, 339]. Bimodal distributions have also been observed

for similar systems [340].

Particle count

0 5 10 15 20
Cluster Diameter (nm)

Figure 4.3: (a, b) Representative SEM images (n=4) of Ag-DLC coatings. (VAg =-750V, Vb =-100V). c)
Size distribution histogram of silver clusters (N=1197, 0d= 1 nm). Dotted curves show the best fit
simulated LND functions for each mode (M1 and M2) of the bimodal distribution. The solid curve is
the sum of the two components. Counting was limited to particle diameter above 4.5 nm due to image
resolution limits.

AFM studies were carried to further investigate the hybrid film morphology. As observed on

Figure 4.4, (metal-free) DLC films were very flat (Rxvs = 0.2010.02 nm), while Ag-DLC
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nanocomposite films displayed densely packed clusters having a clear phase difference with the
underlying film. Phase differences in AFM images ate due to hardness/chemical contrast and
can be used to distinguish the carbon matrix from the metallic clusters. The aspect ratio
between the diameter and height of clusters was found to be about 10/3, suggesting that

surface clusters were not spherical but rather grew in a more oblate shape.
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Figure 4.4 : AFM topography (left panels) and phase contrast (right panels) images of DLC (a, b) and
Ag-DLC coatings (c, d). Representative images taken from n =5. Please note the scale height/phase
differences.

4.5.2 Effect of silver ion flux

The composition and morphology of Ag-DLC films deposited with different incoming silver
flux (at a constant sample bias Vp=-100V) was investigated by XPS depth profiling (Figure
4.5). The silver flux was varied by changing the bias of the Ag target (V). For all tested Vag,

the depth distribution of silver remained fairly similar, with a strong segregation of silver
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towards the surface followed by a mostly constant concentration in the bulk of the film. The
main effect of the increase of Vi, was to induce a nearly linear increase of the silver surface
concentration. Silver at.% in the nanocomposite film bulk also displayed a positive, although
weaker, correlation with Va,. When increasing Va, from 400V to 900V, the Ag at.% in the bulk
roughly doubled (from ~0.3 at.% to ~0.6 at.%), while the surface concentration of silver
increased by a factor of 10 (from ~1.8 at.% to ~19 at.%). AFM characterization showed that
Ag-DLC films deposited at lower silver flux (lower Va,) are characterized by smaller, sparse,

oblate spheroidal clusters while at higher flux, densely packed silver nanoparticles are formed

(Figure 4.6).
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Figure 4.5 : Effect of the variation of the silver target bias /silver flux on silver distribution in Ag-DLC
films. a) Representative silver concentration profiles (n=2) measured by XPS profiling. b) Surface and
bulk concentrations for each condition. Bulk Ag concentration corresponds to the average value
between 200 and 300 s sputtering time.
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4.8 nm

Figure 4.6 : Effect of Ag flux on silver clusters size and density in Ag-DLC. Representative AFM height
images (1 x 1 Om, n=3) of coatings deposited with (a) low (-400V) and (b) high (-750V) silver target bias
(VAQ).

4.5.3 Effect of ion energy

The influence of ion energy on Ag-DLC films was investigated by changing the substrate bias
(Vi) during deposition. The ion energy is the primary deposition parameter that governs the
sp’ fraction and hardness of the deposited material, from soft, low sp’ content, polymer-like
films (OV bias) to hard, high sp’ content, diamond-like coatings (50V bias or higher) [106, 132].
The highest sp’ fraction was previously found at Vi, =100V [267].

XPS depth profiles (Figure 4.7a) showed that polymer-like films deposited at Vi, = OV
displayed a much higher silver content in the film bulk compared with coatings deposited at
higher sample biases. The unbiased samples were are also the only ones where the maximum
silver content was not recorded at the topmost surface, but slightly beneath it. Coatings
deposited at Vi, = 50V and 100V exhibited similar profiles, with a strong surface segregation of
silver followed by a mostly constant bulk concentration. However, the bulk concentration was
three times higher for the 50V samples (1.4£0.3 at.%) compared with 100V (0.44 £0.07 at.%).
At 150V bias, both the surface and bulk silver concentration decreased, suggesting that

increased sputtering occurred during deposition.

The analysis of the high resolution Ag 3d*? spectra provided further evidence of the
differences in silver dispersion between the polymer-like and diamond-like carbon coatings.
Lesser BE shift with sputtering depth and smaller peak FWHM were obtained for polymer-like

0V samples (Figure 4.7b and c) indicating that larger clusters were embedded in the film bulk.
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On the other hand, the large BE shifts and widening of the Ag3d peak for 50V, 100V and
150V Ag-DLC samples revealed that, while clusters were relatively large at the surface, their
size dropped rapidly with depth. As an indication, large BE shifts have been reported for

supported Ag clusters for diameter size smaller than 3 nanometres [18].
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Figure 4.7: Representative XPS depth profile (n=3) analysis showing the effect of the ion energy (Vb)
on silver dispersion and clustering in Ag-DLC samples. (a) Silver concentration (at.%) profiles, (b)
Binding energy and (c) FWHM of the Ag3d5/2 peak for different substrate bias. Higher FWHM /BE
shifts indicate the presence of smaller clusters.

Silver clusters morphology was further investigated by AFM (Figure 4.8). Polymer-like samples
(V,=0V) displayed a much rougher topography, with globular structures emerging from the
surface. The topography being similar to that observed for metal-free a-C:H coatings and the
absence of clear phase contrast in the phase image suggests that the observed features were not

related to silver clusters, but were more likely linked to the different growth mechanism
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occurring at V,=0V. The most surprising result came from the characterization of the sample
deposited at V=50V, which, unlike what could be expected from the XPS analysis displayed a
very different surface topography than their 100V and 150V counterparts. For V,=50V, silver
clusters were more deeply embedded in the film in comparison to the well outlined, circular
particles observed at higher deposition biases. Finally, the surface morphologies of the 100V
and 150V samples were similar, but the latter had more isolated and smaller clusters, as
evidenced by the lower Z scale. This confirmed the observations previously made by XPS

suggesting the presence of smaller particles for high sample bias.
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Figure 4.8: Effect of ion energy on silver surface distribution and cluster size in a-C:H:Ag films.
Representative AFM height images (1 x 1 Om, n=3) of coatings deposited at a substrate bias (Vb) of (a)
0V (b) -50V (c) -100V and (d) -150V substrate bias (Vb). Please note the scale height differences.

4.6 Discussion

This work showed that silver distribution in a-C:H:Ag films was directly influenced by specific
parameters of the plasma deposition but remained primarily governed by two dominant

effects: surface segregation and metal clustering. The reactor design enabled to independently
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tune the ion energy (through Vi) and the sputtered silver flux (through Va,). The influence of
these key parameters on the film morphology, growth mode and composition have been
characterized in details. The insight gained in this investigation can help to understand several

aspects of the growth of silver-carbon nanocomposite coatings by plasma methods, such as:

A- The formation of metal clusters can be primarily attributed to the low affinity of silver with
the carbon matrix and the high cohesive energy of silver [341]. Combined with the relatively
energetic deposition method, this ensures high surface mobility to incoming Ag atoms, which
diffuse on the surface until they coalesce with other Ag atoms/particles. The strong anisotropy
in the clusters anisotropic shape (as observed by AFM), forming oblate spheroids (Figure 4.6),
is indicative of a dominant in-plane diffusion (rather than cross-plane) ruling the cluster
growth. LND are coherent with the size distribution of cluster/nanoparticles grown by
coalescence [338]. However, the bimodal distribution identified in the cluster size analysis (see
SEM images in Figure 4.3) indicates the existence of a second mechanism, Ostwald ripening,
which appears to be involved in the Ag clusters growth [342, 343]. Both the location (only

found at the surface) and the higher size uniformity in the distribution of large clusters (
ow, =1.21£0.04 < 0,,,) corroborate that their growth is governed by this second mechanism.

Indeed, this process is thermodynamically favoured at the surface and produces particle size

distributions with lower standard deviations (o) than pure coalescence processes [338].

B- XPS profiles on biased nanocomposite coatings (Vy=50, 100 and 150V) revealed a strong
surface segregation of silver. While these results are consistent with the literature, other studies
have mentioned the low solubility of non-carbide-forming metals in carbon-based matrices
[292, 326, 344], no approach to explain or circumvent the segregation have been proposed so
far. We suggest that this phenomenon is due to the particular, ion-dominated growth of DLC
films, a process called ion subplantation [345]. The term is used to describe the shallow
implantation of hyperthermal carbon species (C" ions or other ionized hydrocarbon molecules
accelerated toward the surface) into subsurface sites, promoting local densification and
increasing the sp’ bonding of carbon atoms. The impacting ions are slowed down, losing much
of their energy via thermal dissipation [106]. The local heating allows thermally activated
diffusion of dense atoms (such as Ag) to the surface [125]. In addition, because of their size
(108 amu for Ag vs 12 amu for C), the incoming silver particles are not expected to deeply

penetrate the surface at the explored energy range. Therefore silver from the incoming
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deposition flux remains confined at the surface and is kept segregated by the subsurface
growth of implanting carbon species. The presence of a small amount of silver in the bulk of
Ag-DLC coatings could originate from mechanisms such as knock-on collisions, trapping by
depositing low energy carbon neutrals or diffusion of small particles, which was reported for

metallized plasma polymer films [346].

C- For unbiased samples, low energy hydrocarbon species from the plasma can adhere directly
at the top surface, effectively switching the growth mode from subplantation to conventional
plasma polymerization (subsurface vs surface film growth). Additionally, in the absence of
thermal spikes from high energy impacting ions, cross-plane Ag mobility is considerably
reduced, limiting Ag diffusion and segregation to the top surface. Indeed, the XPS profiles
obtained on the unbiased sample revealed a much higher silver concentration in the bulk (5 to
10 fold increase at 150 sec) compared with biased samples (Figure 4.7a). Moreover, the smaller
BE shift observed in polymer-like unbiased coatings (Figure 4.7b-c) indicates that Ag clusters
size is fairly the same at any depth, while it is strongly inhomogeneous in diamond-like (DLC)
coatings. The growth mechanism of a-C:H:Ag coatings by plasma methods is thus represented
schematically depicted in Figure 4.9, which shows how the modification in sample bias/ion

energy affects the silver distribution and clustering into the carbon matrix.

D- The incoming ion energy appears to be the main parameter affecting silver distribution.
Unbiased coatings present a homogeneous silver distribution however they do not possess the
mechanical properties (high hardness and wear-resistance) of their diamond-like counterparts
grown at higher biases. The addition of an interfacial element, such as a carbide-forming metal,
could help to improve the mechanical properties of unbiased coatings without having to
sacrifice control over the Ag depth distribution. This may be an alternative way to tune more
independently the metal distribution and mechanical properties of a-C:H:Ag coatings for

specific applications.
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Figure 4.9: Schematics of silver distribution for two different growth modes of a-C:H:Ag. Hydrocarbon
ions subplantation leads to subsurface film densification and growth. The process also induces a
thermally activated diffusion of Ag which, combined with the inability of Ag atoms to implant in the
film due to their size, ultimately causes Ag segregation at the surface of Ag-DLC coatings where it
diffuses to form nanoclusters. Surface growth occurs at all deposition biases (Vb) but is the only mode
of growth in polymer-like coatings. This leads to a more uniform distribution of Ag through the
coatings depth, with less fluctuation in cluster size.

4.7 Conclusions

In this study, the incorporation of silver in plasma-deposited DLC coatings was shown to be
dominated by surface energy, surface segregation and clustering. Two key deposition
parameters, the sputtered Ag flux and the carbon ion energy, have been found to influence the
silver distribution, with the latter demonstrating a considerable impact on the morphology,
growth mode and amount of incorporated silver of the deposited coatings. The main driving
forces behind the observed segtregation and clustering are poor silver/carbon affinity and
energetic subplantation growth from the plasma. Thus, we believe that our findings can be
extended to PECVD-grown DLC nanocomposite coatings incorporating other non-carbide-
forming metals. Results of such metal distribution studies help to improve our understanding
of the growth mechanisms of metal-DLC films which, in turn, is expected to lead to the
realization of high quality coatings with tunable composition and properties. As they offer a
unique combination of properties using an economical and versatile processing method, those

materials could be attractive candidates for sensor, biomedical and tribological applications.
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5.1 Résumeé

Les différentes surfaces des milieux hospitaliers sont de plus en plus reconnues comme étant
des sources importantes de transmission d’infections. IL’utilisation de revétements
antibactériens pourrait s’avérer étre une solution efficace pour réduire la propagation de la
contamination bactériennes dans les milieux hospitaliers, a condition quils démontrent une
stabilité et une efficacité a long-terme suffisantes. Dans cette étude, des revétements de
carbone amorphe adamantin contenant de 'argent (Ag-DLC) ont été préparés par un procédé
plasma continu, en une seule étape, a I'aide d’un réacteur hybride a plasma inductif combiné a
un systeme de pulvérisation tres basse fréquence. La concentration moyenne d’argent dans les
films, entre et O et 2.4 at.%, était controlée en ajustant la tension de polarisation appliquée a la
cible d’argent. L’activité d’Escherichia Coli a été réduite de 2.5 ordres de grandeur par rapport a
une surface controle, aprés un contact de 4h sur les revétements Ag-DLC contenant 2.4 at.%
d’argent. Les revétements ont démontré une cinétique de relargage lente, avec un relargage
total des ions d’argent dans l'ordre du sous-ppb apres 4h en solution, tel que mesuré par
spectroscopie d’absorption atomique a four graphite. Ce résultat a été confirmé par des tests de
diffusion Kirby-Bauer, qui ont montré une diffusion limitée de I'argent biocide et un effet
antibactérien localisé. Comme un relargage lent et continu est obligatoire pour assure un effet
antibactérien de longue durée, les revétements Ag-DLC nouvellement développés apparaissent

comme des matériaux prometteurs pour le recouvrement de surfaces en milieu hospitalier.
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5.2 Abstract

Environmental surfaces are increasingly recognized as important sources of transmission of
hospital-acquired infections (HAIs). The use of antibacterial surface coatings may constitute an
effective solution to reduce the spread of contamination in healthcare settings, provided that
they exhibit sufficient stability and a long-term antibacterial effect. In this study, silver-
incorporated diamond-like carbon films (Ag-DLC) were prepared in a continuous, single-step
plasma process using a hybrid, inductively coupled plasma reactor combined with a very-low-
frequency sputtering setup. The average Ag concentration in the films, ranging from 0 to 2.4
at.%, was controlled by varying the sputtering bias on the silver target. We found that the
activity of E. coli was reduced by 2.5 orders of magnitude, compared with the control surface,
after a 4-hour contact with a 2.4 at.% Ag-DLC coating. The coatings displayed slow release
kinetics, with a total silver ion release in the sub-ppb range after 4 hours in solution, as
measured by GF-AAS. This was confirmed by Kirby-Bauer diffusion tests, which showed
limited diffusion of biocidal silver with a localized antibacterial effect. As a slow and
continuous release is mandatory to ensure a lasting antibacterial effect, the newly developed

Ag-DLC coatings appears as promising materials for environmental hospital surfaces.
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5.3 Background

Hospital-acquired infections (HAIs) continue to be a major public health concern in hospitals
and healthcare units worldwide, with reported prevalence rates ranging from 5 to 10% in
industrialized countries|2, 4, 30]. As a result, a considerable amount of literature has been
published in recent years on the development of antibacterial biomaterials for implants and
other medical devices[166, 209, 218]. However, far too little attention has been paid to the
microbial contamination in the inanimate environment, despite mounting evidence linking
contaminated environmental surfaces to HAIs[10, 11, 347]. Because of the ability of bacteria to
survive in a range of environments[15], forming adhered sessile communities protected in
biofilms[55, 348], common surfaces and articles may act as reservoirs of pathogenic
microorganisms and establish additional pathways of transmission to susceptible patients[11,
26, 28]. Therefore, the development of antibacterial surfaces for near-patient clinical areas,
acting in conjunction with cleaning and disinfection procedures, emerges as a necessary

measure to reduce the spread of HAIs.

There is significant knowledge to be gained from the sizeable literature published on anti-
infective implantable medical devices, which can be used to guide the design of environmental
antibacterial surfaces. However, it is important to realize that the design of coatings for
environmental surfaces represents a distinct challenge to the engineers and scientists (Table
5.1). For instance, one of the most obvious differences lies in the respective environment to
which they are exposed. Implantable devices can be subjected to very low wear (catheters) or
high, continuous friction between two moving bearing surfaces (knee or hip implants). On the
other hand, environmental surfaces are not only exposed to abrasion and wear caused by
patients and personnel everyday operations, but also to aggressive cleaning procedures
involving strong detergents and/or high temperatures used in sanitation procedures[349].
Thus, superior mechanical and chemical stability become mandatory properties for such

environment and need to be taken into consideration in the design.

There have been multiple surface modifications approaches targeted at the inhibition of
bacterial colonization of surfaces, such as PEG-based antifouling coatings[165, 350],
polycationic contact-killing surfaces[167, 351, 352], biocide-impregnated[353] and other
biocide-releasing materials[354, 355]. However, in the current market, there is no surface

treatment that can provide, at the same time, sufficient stability and antibacterial properties for
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use as environmental surfaces in healthcare, as the surfaces are either mechanically or
chemically unstable[277, 352], quickly lose their antibacterial agent by leaching[356] or cannot
prevent cell adhesion[277, 357]. For example, contact-killing surfaces are often labeled as
permanent[351]; their active element is covalently grafted to a substrate via anchoring polymer
brushes, preventing leaching and gradual loss of antibacterial activity[191]. Nonetheless, one
can question if such surfaces are robust enough for the harsh hospital operating conditions,
given the mechanical and chemical fragility of tethered polymer surface layers[164, 272, 273,
358].

Alternatively, biocide-releasing coatings offer the advantage of embedding the bioactive
element in a scaffold, which can be chosen, for example, for its mechanical and chemical
stability. Therefore, the remaining challenge in this case is to control the release kinetics, which
governs the duration and effectiveness of the antibacterial action[191]. For environmental
surfaces, where a long-term antibacterial effect is required (Table 5.1), a slower release profile

is required, to prevent the fast depletion of the antibacterial compound.

Building upon these observations, we present in the current study a preliminary antibacterial
assessment of plasma-deposited silver-doped diamond-like carbon (Ag-DLC) coatings.
Reports of the antibacterial action of silver-containing films, due to the strong bactericidal
effect of silver ions, are readily available in the literature. Likewise, DLC is an amorphous,
carbon-based material well-known for its outstanding mechanical properties (such as hardness
and wear-resistance), extremely low roughness and chemical inertness[106, 295]. Its potential,
both as an antibacterial scaffolding material and a surface coating able to reduce bacterial
adhesion, has already been reported in the literature[28, 355, 359, 360]. Therefore, those
properties were combined into a single film to develop a stable antibacterial coating for the
inhibition of bacterial growth on environmental surfaces. In this work, a hybrid plasma
method, combining physical vapor deposition (PVD) and plasma-enhanced chemical vapor
deposition (PECVD), was developed in order to deposit the films in a continuous single-step
plasma process. This paper reports a comprehensive investigation of the chemical composition

and antibacterial activity of Ag-DLC coatings obtained using this technique.
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Table 5.1: Critical properties to consider in the design of antibacterial coatings. Comparison between
implantable devices and environmental surfaces.

Aspects

Infection
sources

Design criteria/guidelines
Implantable devices

Environmental surfaces

Punctual, mostly peri- or early
postoperative contamination,
although delayed infection caused
by planktonic bacteria might
occur[191, 218].

Constant, multiple transmission
pathways[28, 194, 361].

Antibacterial
effect
duration

High initial effectiveness, to
prevent biofilm formation upon
implantation [191, 361, 362], since
infections generally begin within a
few days post-operation[363].

Continuous, prolonged effect
required as surfaces are constantly
exposed to both patients and
personnel[27, 28].

Cytotoxicity

Must generally favor host tissue
integration over bacterial adhesion
and biofilm growth[218, 363].
Localization of the device affects
the risk of side effects for the host
organism[361, 362].

Non-toxic when in contact with
patient/personnel. Same
requirements used for current
biocides and germicides
products[364].

Variable, depending on the function
of the device. High wear resistance
necessary for certain
implants[147].

Resistant to mechanical abrasion
from cleaning procedure[364] and
chemical stability against common

T Chemical resistance to attacks by clinic cleaning agents (peracetic
salts, chloride, dissolved oxygen acid, H202, contact time from 30s
and organic molecules contained in | up to 3h)[365, 366].
body fluids[275].
Surface Highly accessible : Frequent
R Limited: implants can stay 10-20 cleaning (1+/day) and always in
accessibility ) ) .
. years in the body. contact with the environment[349,
(cleaning) 364]
For biocide leaching surfaces,
:::iebg::terial RESUTIEEE] €0 e e e, L1 Zzggoliigiimggiﬁr:tecgrr?gﬁ‘guse in
not exceed systemic toxicity level. -1ty Y &
agents the environment (soils, water,

etc.)[87, 367].
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5.4 Materials &Methods
5.4.1 Materials

Films were prepared on 100-oriented single crystal silicon (Si) substrates cut into 10 X 10 mm
squares. Before plasma deposition, the samples were cleaned by using an ultrasonic bath (10
min) in three different solvents in the following order: (i) acetone, (i) deionized water and (iii)
methanol. Samples were dried after each step. Uncoated Si and pure DLC coated substrates

served as control surfaces throughout the present work.

5.4.2 Plasma deposition of thin film

Ag-DLC coatings (thickness 80 = 5 nm) were deposited in a 1-step continuous process with a
modified FLARION series system (Plasmionique, Varennes, Qc, Canada) consisting of a radio
frequency, inductively coupled plasma reactor coupled to a very-low-frequency (VLF)
sputtering setup (Figure 5.1b). Before each experiment, the plasma reactor was cleaned for a
minimum of 60 min with argon-oxygen plasma. After introduction of the Si substrates, the
chamber was pumped down to a base pressure of 10° Torr. The specimens were then treated
with a continuous plasma process composed of three successive sequences: Ar etching, H»
activation and CH4/H: deposition with simultaneous Ag sputtering (Figure 5.1a). The plasma
parameters were determined experimentally to obtain the optimal properties for the coatings.
However, the optimisation process and complete characterisation will not be presented here
for brevity. Silver introduction in the film was achieved through cathodic sputtering of a
heated silver target. During the deposition sequence, a negative bias voltage (Vy) is produced
on the silver target from the applied VLF voltage and the rectifying effect of the plasma,
leading to impacting ionic carbon fragments on the target surface and resulting in sputtering of
silver atoms. The relatively high bias voltage (many hundred volts) and high temperature
(>800°C) of the target prevent the formation of a protective carbon layer. Experiments with

different bias voltages were performed to obtain a range of silver contents in the DLC film.

5.4.3 X-Ray Photoelectron Spectroscopy

The surface composition was investigated using an X-ray Photoelectron Spectrometer (XPS -
PHI5600-ci spectrometer, Physical Eletronics USA, Chanhassen, MN, USA). Survey and high
resolution spectra were acquired at a detection angle of 45° using the Ka line of a standard

aluminum and magnesium X-ray source, respectively, operated at 300 W. The curve fittings for
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the survey and high resolution Ag3d peaks were determined by means of least-squares using a

Shirley background subtraction. All peak positions were normalized to that of the Cls peak,

which was taken to be at 284.4 eV. Silver content results represent the average of three

measurements on at least two different samples deposited under the same conditions.
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Figure 5.1 : a) Deposition procedure of the Ag-DLC films b) Schematic of the plasma reactor 1. Quartz
window, 2. Spiral antenna, 3. Matching and tuning networks, 4. RF generator (13,56 MHz, Max: 1000
W) of the ICP plasma source, 5a. VLF generator (3 kHz) for biasing of the silver target, 5b. Heating
current supply 6. Vacuum system (throttle valve + turbo mechanical pump + primary mechanical
pump), 7. LF generator (90 kHz) for biasing of the sample holder, 8. Sample holder (4 inches diameter),
9. Reactor door and observation window, 10. Silver target (silver wire 99,99% purity, biased and
heated), 11. Mass flow controllers, 12. Gas cylinders.
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5.4.4 Silver release analysis

Ion release from Ag-DILC surfaces was monitored in static conditions in deionized (DI)
millipore water (resistivity: 18 M€, Barnstead™, Thermo Scientific). Coated samples (10 x10 mm)
were immersed in 3 ml DI water and kept at room temperature for a period varying between
30 min and two weeks. The fluids were then sampled and analyzed by graphite furnace-atomic
absorption spectroscopy (GF-AAS, AAnalyst 800 AAS, model 3110, Perkin Elmer), with a
detection limit of 0.15 pg/L. The presence of silver-based precipitates such as phosphate salts
in the analyzed solutions was verified through nitric acid digestion. Digested and non-digested
solutions were analyzed and showed no difference in terms of silver ion concentration,

indicating that there was no formation of silver complex in the solutions.

5.4.5Bacterial strain and culture preparation

Escherichia coli (ATCC 25922) was used in this study. The strain was maintained in Tryptic Soy
Broth (TSB) with 10% glycerol and stored at -80°C. Prior to experiment, the stock culture was
streak on Tryptic Soy Agar (TSA) and incubated at 37°C for 24 hours. A colony was then
cultured under agitation in TSB at 37°C for 24 hours. The bacteria were, afterward,

resuspended in TSB medium to a concentration of 10° cells/ml.

5.4.6 Antibacterial activity test

The antibacterial activity was determined using a modified version of the American Society for
Testing and Materials International E2149 (ASTM E2149), where samples had a reduced
surface area and longer bacteria contact time compared with the standard. Substrates of 10 X
10 mm were first sterilized in a standard autoclave cycle (120 °C, 100 kPa, 20 min). Next, ten
milliliters of the bacterial suspension was added to each substrate in a 50 ml tube and shaked
incubated at 125 rpm for 4 hours at 37 °C. Then, 100 pl serial 10-fold dilutions of the bacterial
solution were spread on TSA plates and grown overnight at 37 °C. Colony Forming Units
(CFU) count was made afterward. For all antibacterial tests, the results represent the average of

at least 3 independent experiments.

5.4.7 Live/dead bacterial viability assay
Bacterial cell viability was assessed after 4 hours contact with the tested surfaces using a two-
color fluorescence live/dead assay according to the manufacturer’s instructions

(LIVE/DEAD® Bacl.ight™ bacterial viability kit (ref. 1.7012), Molecular Probes®, Butlington,
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Ontario). The E. co/i solution was centrifuged at 10 000 rpm for 15 minutes. The TSB was then
removed and the pellets were resuspended in a 20 ml NaCl 0,85% solution for one hour. During
the hour, the solution with bacteria was vortexed every 15 minutes. After one hour, the solution
was centrifuged again at 10 000 rpm for 15 minutes. The NaCl 0,85% solution was removed and
the pellets were resuspended in 5 ml NaCl 0,85% solution. Subsequently, 1 ml of all the bacteria
solution were mixed thoroughly with 3ul of a combined equal amount of the fluorescent dyes
SYTO 9 and propidium iodide stains and incubated for 15 minutes at room temperature in the
dark. A fluorescence microscope (Olympus BX51, Olympus America Corp., Tokyo, Japan) was
used to observe and take images of the surfaces after staining. The Live/Dead fluorescence

images were analyzed with Inage] (National Institutes of Health, USA)

5.4.8 Modified Kirby-Bauer diffusion test

Mueller Hinton agar plates were inoculated with 0.5 McFarland standardized E. /i culture.
Coated samples were placed face down on the plate beside antibiotic disks of Penicillin (10
units), Stretomycin (10ug), Carbenicillin (100pg) and Gentamicin (10ug) and incubated for 24
hours at 37°C. The plates were afterward analyzed for clear zone around the antibiotic disks

and the samples indicating diffusion of the antibacterial agent.
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5.5 Results and discussion

5.5.1 Chemical composition

Ag-DLC films were first analyzed by XPS in order to determine their elemental surface
composition, as shown in Figure 5.2. The XPS survey shows that the first nanometers of the
film are strictly composed of carbon, oxygen and silver atoms (Figure 5.22). As mentioned
previously, control of the amount of implanted silver in the DLC film can be achieved through
the modulation of the negative bias voltage (V) produced on the sputtering target. Average
silver atomic concentrations between 0 and 2.4 at.% could be attained over the range of bias
investigated (Figure 5.2b). At the maximum tested voltage, Vy= -800V, the average Ag content

was 2.410.6 at.%.

Depth profile analysis indicated that silver was present both at the surface and in the bulk of
the DLC film. In the case of oxygen, its concentration on the top surface of the film was 10-
12at.% and rapidly dropped to zero after few nanometers (Figure 5.2¢). The presence of
oxygen at the topmost surface can be caused by a post oxidation of the non-passive thin film
exposed to ambient air. Oxidation has been known to shift the Ag3d”* peak towards lower
binding energy, as AgxO (BE = 367.8 eV) and AgO (BE = 367.4 ¢V) both have lower binding
energy than metallic silver (BE = 368.4 e¢V)[334, 368]. As seen in Figure 5.2¢, the depth profile
revealed a weak shift of the Ag3d5/ ? peak from 368.13eV to 368.40eV, from the surface to the
bulk respectively, indicating the presence of silver in oxide form at the surface. However, the
weakness of the measured shift suggests that only a small fraction of the silver is oxidized and
it is possible to conclude that the surface silver is mainly of metallic form. The oxidation state
of silver, among other factors such as the aqueous solution pH and aerobic condition, plays an
important role in the release kinetics of silver ions [369, 370] and should therefore influence

the antibacterial activity of the surface.
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Figure 5.2: Results of XPS analyzes: a) typical XPS survey of Ag-DLC (Ag 2.4 at.%), b) Silver
concentration (at.%) of Ag-DLC films for different negative bias on the silver cathode and c) Depth
profile showing the position of Ag3d®? peak (black squares) and oxygen concentration (red triangles) .
In inset, high resolution Ag3d peak showing the influence of the oxidation state on the peak position.
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5.5.2 Antibacterial activity evaluation

The antibacterial activity of the prepared films was first evaluated with a qualitative live-dead
assay (Figure 5.3a-b). In this experiment, E. co// viability was studied with membrane integrity
(live-dead) staining for blank silicon and 2.4at.% Ag-DLC surfaces. The bacteria remained in
contact with the samples for 4 hours, in order to get a preliminary qualitative assessment of the
antibacterial activity of Ag-DLC coatings. It should be emphasized that live/dead marking test
enables differentiation only between bacteria with intact and damaged cytoplasmic membranes,
rather than between active and dead cells [371]. Given silver’s multiple mechanisms of action
against bacteria, not necessarily resulting in short-term cytoplasmic membrane damages [67,
73, 77], this may lead to an underestimation of the antibacterial activity of the films using this
technique. As seen on Figure 5.3b, there is a significant increase in the number of inactivated,
red-stained bacteria for the coated surfaces compared with the control silicon surface (Figure
5.3a). Interestingly, data also indicated that the coated surfaces also had the least amount of
total bacteria after 4 hours. When combining both results, it can be concluded that Ag-DLC

coatings can both kill existing E. ¢o// bacteria and limit their growth.

Therefore, in order to obtain a more complete assessment of the antibacterial activity of the
coatings, a quantitative test, based on ASTM E2149, was carried out on surfaces with different
concentration of silver (Figure 5.3c). After a 4-hour contact, all silver-containing surfaces
showed a significant (p <0.01) decrease of their bacterial count compared with the control
silver-free DL.C surface. Results indicated that the decrease in bacterial count was modest for
low silver content films (0.2 at.%) but reached 2.5 order of magnitude for 2.4 at.% Ag-DLC
coatings. Indeed, the intensity of the antibacterial activity was proportional to the silver
concentration in the film. There is a general consensus that the antibacterial properties of
silver-containing films are due to its ionic Ag" form, which are released from elemental silver

particles via oxidative dissolution[372, 373].
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Figure 5.3 : Antibacterial activity of Ag-DLC coatings against E. coli. Fluorescent optical micrographs
showing the distribution of Live (green)/Dead (red)-stained cells on a) uncoated silicon and b) 2.4at.%
Ag-DLC coated silicon. ¢) Quantitative antibacterial activity test of Ag-DLC with different silver
concentration.

111



E. coli was selected as the test organism for the antibacterial activity assessment since it is a
common hospital pathogen and a source of HAIs[347, 374-376]. Besides, the selected strain is
already well characterized and presents limited biosafety risks. Although an exhaustive
antibacterial assessment would have also included a Gram-positive bacteria such as
Staphylococcus aunrens, the purpose of this work was rather to conduct a preliminary study of the
antibacterial properties of Ag-DLC coatings. Furthermore, the active biocide in the coatings,
silver ions, have shown similar antibacterial effectiveness on Gram-positive and Gram-negative
bacteria[73]. For these reasons, only the Gram-negative E. co/i was chosen in this experiment
and was used to infer the overall antibacterial behavior of the coatings. The experimental
results indicated that Ag-DLC coated surfaces showed excellent antibacterial properties, which

could be directly controlled via the proportion of embedded silver in the film.
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Figure 5.4: a) Silver release (in pug/L or ppb) from Ag-DLC (1.7 at% silver) coatings in deionized water,

for up to two weeks. b) Modified Kirby-Bauer diffusion test with a 2.4 at% Ag-DLC coating at the
middle.

5.5.3 Release of silver ions from the coating

Sustained release of antibacterial agent is of paramount importance for maintaining the
antibacterial activity for longer periods of time. To check whether the deposited films are
suitable as long-term antibacterial coatings, the release of soluble silver into deionized water
from Ag-DLC surfaces was investigated by GIF-AAS. Figure 5.4 shows the cumulative

measured concentration of silver in solution over two weeks, together with the limit of
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detection (LOD) and the limit of quantification (LOQ) determined experimentally. The release
profile showed a low initial detected concentration, inferior to the LOD for the first two
hours, followed by a steady increase of the silver ions in solution throughout the immersion
period. Furthermore, no concentration plateau was observed, even after two weeks, suggesting
that the incorporated silver is not being merely washed away upon contact with the medium,
but is rather strongly embedded in the carbon matrix and slowly producing silver ions via
oxidative dissolution. This differs from the behaviour of several silver-based antibacterial
surfaces reported in the literature, where the immersion is associated with an initial burst of
silver ions followed by a rapidly decreasing silver release[361, 377, 378]. During the whole
experiment, the soluble silver concentration remained in the ppb range. Silver concentrations
as low as 0.1 ppb have been reported as having a bactericidal effect in water[378-380].
However, it should be pointed out that this method measures concentrations of silver eluted in
the whole volume of the solution. Higher concentrations (10-100 fold) are present near the
liquid-solid interface, in the “unstirred water layer” which prevents the colonisation of the

surface, proliferation of adhering organisms and biofilm formation[356].

A modified Kirby-Bauer diffusion test was used as an additional qualitative assessment of the
leaching from the antibacterial coating (Figure 5.4b). No zone of inhibition was detected
beyond the specimen boundaries and only bacteria in contact with the coating or directly
below it were killed. This result is consistent with the release rates measured by GF-AAS, since
these leaching levels are expected to have a very limited diffusion into the Mueller Hinton agar.

This suggests a slow silver release from the Ag-DLC surface and a localized antibacterial effect.

Rapid release of silver ions in the ppm range during the early stages of immersion can certainly
be beneficial for the development of indwelling antibacterial devices or implants. However, as
discussed previously, environmental surfaces must exert their antibacterial activity for much
longer periods of time. They should exhibit a considerably slower release profile to prevent
rapid silver depletion of the film. Furthermore, the design of such surface must take into
account the environmental risks and ecotoxicity associated with leaching highly toxic heavy
ions in the environment[90]. Hence, while the deposited coating should prevent bacterial
contamination of the surface, it should do so without releasing large amounts of ions in their
surroundings[381]. Based on this knowledge, the silver release of coatings for antibacterial

environmental surfaces should be tailored to provide doses close to the minimum inhibitory

113



concentration. This seems to be the case for Ag-DLC films, as the sub-ppb silver release
measured were enough to provide a clear antibacterial effect after 4 hours despite the very high

level of contamination (10° cells/ml) used in the expetiment.

5.6 Conclusions

In this study, Ag-DLC antibacterial coatings were produced by a 1-step hybrid plasma process.
The proportion of silver embedded in the film was shown to be directly controllable via the
voltage applied on the silver cathode, up to an average value of 2.4 at.%. XPS investigations
showed that silver was present throughout the film under its metallic form, at the exception of
a small fraction of oxidized silver at the surface. More importantly, the films showed a high
antibacterial activity against E. co/;, with a 2.5 orders of magnitude reduction in bacterial activity
after 4 hours for the coatings with the highest silver content. The antibacterial effect was
found to be directly related to the amount of silver embedded in the films and was attributed
to the slow release of silver ions from the Ag-DLC coatings. The ion release from the films
was shown to be quite slow, but continuous, with a silver concentration of 1,25 ug.I." after two
weeks of immersion in distilled water. This slow release kinetics ensures a relatively slow
depletion of silver in the film, minimizes the potential ecotoxicity of the surface and suggests

the possibility of a long-term effectiveness of the coatings.

While the antibacterial activity might seem modest compared with other results reported in the
literature, it is important to note this trade-off is necessary in order to ensure a longer
effectiveness. Besides, because of the intended role of this coating, high antibacterial activity
and total bacterial inactivation might not be necessary since environmental surfaces are
subjected to regular cleaning procedures. In general, the results of this study suggest that Ag-
DLC coatings display a good potential to reduce bacterial contamination of environmental

surfaces in healthcare settings.

Further experimental investigations are, however, needed to estimate the mechanical and
chemical stability of the coatings in realistic applications. Research is also needed to determine
whether Ag-DLC films can exhibit a dual antibacterial effect, by also reducing bacterial

adhesion on the surface.
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6.1 Résumeé

La stabilit¢ a long terme est une condition essentielle pour Tutilisation des revétements
protecteurs a grande échelle. Néanmoins, c’est un aspect qui demeure souvent négligé dans la
littérature. Nous rapportons dans cette étude les effets du vieillissement environnementale a
long terme sur les propriétés de revétements de carbone amorphe adamantin (DLC)
hydrogénés. Une gamme de revétements DLC produits par dépot chimique en phase vapeur
assisté par plasma ont tout d’abord été minutieusement analysés et ensuite rangés pendant trois
ans avant une deuxieme série d’analyses. Les analyses par spectroscopie Raman ont montré que
les films possédaient une excellente stabilité structurale durant la période de vieillissement
puisqu’ils n’ont montré aucun signe de conversion de carbone sp’ a sp”. Pareillement, la dureté
et la rugosité des revétements DLC sont restées inchangées, malgré Iobservation d’une
relaxation du stress intrinseque au film avec le temps. Toutefois, les analyses de spectroscopie
de photoélectrons X ont révélé une certaine oxydation de la surface due au vieillissement, qui a
été confirmée par une diminution du caractere hydrophobe de la surface (angle de contact avec
I'eau a diminué a 65°). En général, les résultats suggerent que le DLC possede une stabilité a

long terme adéquate lorsqu’exposé a des conditions environnementales standards.
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6.2 Abstract

Long-term stability is an essential condition for the commercial use of protective coatings, yet
often remains overlooked in the literature. Here we report the effects of long-term
environmental ageing on the properties of hydrogenated diamond-like carbon (DLC) films. A
range of DLC coatings produced by plasma-enhanced chemical vapour deposition were first
thoroughly characterized and then stored for three years before the second set of analysis.
Raman spectroscopy showed that the films exhibited excellent structural stability during
ageing, observing no sign of sp’ to sp” conversion. Similarly, the hardness and smoothness of
the DLC coatings remained unchanged, despite the observed relaxation of their intrinsic stress
with time. However, X-ray photoelectron spectroscopy analyses provided evidence of ageing-
induced surface oxidation, which was confirmed by reduced hydrophobicity (water contact
angle dropped to 65°). Overall, these findings suggest that DLC possesses a suitable long-term

stability when exposed to environmental conditions.

118



6.3 Introduction

The high stability of amorphous diamond-like carbon (DLC) films has been actively promoted
in recent years and has encouraged its use in various applications as a durable protective
coating, ranging from bioactive biomedical implants [146, 382-384] to magnetic data storage
disks [106, 385]. This interest stems from the unique set of properties of DL.C, which includes
high hardness and elastic modulus, excellent wear resistance, low friction coefficient, high
chemical inertness and atomic smoothness [106, 139, 386, 387]. Like diamond, several of their
beneficial properties are conferred by the strong ¢ bonds of sp’ hybridized carbon atoms.
However, unlike diamond, they are achieved in an isotropic, amorphous thin film containing
both sp* and sp’ bonded carbon in nanometer-sized clusters and, in some cases, hydrogen
[106]. This particular microstructure arises from the bombardment of energetic species during
growth via a physical process termed subplantation [143, 305, 345]. Penetration of carbon or
hydrocarbon ions creates local quenched-in increases in density, which causes the local
bonding to convert to sp’, but also generates high compressive stresses in the film. The latter
phenomenon can result in delamination, especially on non-optimized interfaces, and generally
limits the thickness of deposited films, as stresses can act as a driving force for debonding

from the substrate [388].

Although the importance of these intrinsic stresses in the formation of sp’ bonds is still
controversial (McKenzie et al. [296, 389] vs Robertson et al. [106, 390]), they remain a defining
characteristic of DLC coatings, which brings forth questions about their long-term stability.
The thermal stability of DLC coatings has been extensively studied [298, 391-393], but very
little work has been reported on the effects of long-term environmental ageing (i.e. stability in
environments that are not deliberately severe), either on stress-related degradation or on the
stability of the aforementioned properties. However, this is of particular interest for
applications such as protective and barrier coatings where DLC films are expected to maintain
their protective behavior for several years [147, 394, 395]. Furthermore, it has been extensively
reported that plasma-deposited coatings and other thin films materials are particulatly prone to
progressive surface alterations induced by environmental ageing [109, 396-398]. The study of
the long-term stability and the occurrence of time-dependant degradation in DLC coatings is

therefore necessary before they can be used in practical applications. The importance of
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investigating the long-term stability of hard coatings at room temperature for periods up to

three years has already been highlighted in an excellent review by Veprek et al. [399].

The aim of this experiment was to study the effects of long-term ageing on the stability of the
structure and properties of hydrogenated DLC films to better assess their use as durable
protective coatings. The few studies published on this subject until now usually tracked the
evolution of a single property and studied one single type of film. On the other hand, this
work presents a comprehensive analysis of the chemical, mechanical, morphological and
microstructural properties of films with a range of different microstructures. The properties of
DLC coatings were measured after deposition, and again after three years of environmental
ageing in ambient air at room temperature. The choice of this time period was based on several
considerations, including the expected lifetime of DLC coatings (from several months to
several years depending on the application) and the reported timespan of time-dependent
surface and structural changes in plasma deposited carbon coatings following deposition [399-

402].

DLC coatings were produced at different deposition powers by plasma-enhanced chemical
vapor deposition, to obtain films with different microstructures. While the term DLC
encompasses a range of materials with different characteristics, from hydrogen-free tetrahedral
amorphous carbon to their hydrogenated counterparts, it will be used in this text in a more
specific sense to refer to hydrogenated amorphous carbon (a-C:H) films. The present
investigation includes thorough characterization of the specimens by Raman Spectroscopy, X-
Ray Photoelectron Spectroscopy (XPS), water contact angle, Atomic Force Microscopy
(AFM), optical microscopy, Scanning Electron Microscopy (SEM), profilometry and

nanoindentation.

6.4 Materials & Methods

6.4.1Sample preparation and storage

The a-C:H films were deposited on 100-oriented single crystal Silicon substrates via a
commercial RF (13.56 Mhz) capacitively-coupled plasma enhanced chemical vapor deposition
system (Plasmalab system 100, Oxford Instruments, Abingdon, UK). Substrates were cut into

pieces of 1x1 cm and 1x10 cm, loaded in the deposition chamber, which was then pumped
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down to a base pressure below 1x10* Pa. Before deposition, the Si substrates were etched with
an Ar plasma (50 sccm Ar, 40Pa, 150W) for 20 min. Deposition was performed using a pure
methane plasma (50 sccm CHy, 30Pa) at room temperature. Films between 100 and 250 nm
were deposited by controlling and adjusting the deposition time, while preventing excessive
heating of the substrate using a water cooling system. Different RF powers (50 W, 100 W, 150
W, 200 W, 250 W and 300 W) were used to vary the ion energy during the process and obtain
a variety of microstructures. Specimens were first characterized post-deposition and then
stored in tissue-culture polystyrene dishes at room temperature (T=23%1°C), in contact with
air and exposed to ambient humidity. They were kept in storage for three years before the

second set of analysis.

6.4.2 Characterisation

The structural properties of the DLC films were analyzed by Raman spectroscopy (Renishaw
inVia spectrometer, Renishaw, Wootton-under-Edge, UK) using an Ar laser at 488 nm
operated at 20 mW. Spectra were collected with a 5x objective using an 1800g/mm grating.
Each sample was scanned at three different positions to monitor the homogeneity of the
coating. For the analysis, both characteristic peaks (G and D) were fitted with Gaussian
functions, following the procedure established by Casiraghi et al. [403]. The

photoluminescence (PL) background was taken between 1050 cm™ and 1800 cm™.

The surface composition was investigated using an X-ray Photoelectron Spectrometer (XPS -
PHI5600-ci spectrometer, Physical Eletronics USA, Chanhassen, MN, USA). Survey and high
resolution spectra were acquired at a detection angle of 45° using the K, line of a standard
aluminum and magnesium X-ray source, respectively, operated at 300 W. The curve fittings for
the high resolution C(1s) peaks were determined by means of the least-squares method using
Gauss-Lorentz functions with a Shirley background subtraction. Contact angles of the samples
were measured by sessile drop method with the VCA optima XE (AST Products, Billerica,
MA, USA) using distilled water.

Surface imaging was performed using an EnviroScope AFM (Veeco, Woodbury, NY, USA)
operating in tapping mode and equipped with a T300R silicon tip (VISTAProbes, Nanoscience
Instruments Inc., Phoenix, AZ, USA). The roughness was measured over 1 x 1 um® areas.
Samples were also studied by optical microscopy, with a BX41M microscope (Olympus,

Center Valley, PA, USA) and scanning electron microscopy (SEM), using a JEOL 7500-F
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scanning electron microscope (JEOL Ltd., Tokyo, Japan). For these measurements, prior to
imaging, the aged specimens were thoroughly cleaned with deionized water and subsequently

dried with nitrogen to minimize the presence of dust and other particles on the surface.

The film and substrate curvatures were measured with a microstylus profilometer (Dektak 150,
Veeco) and the internal stresses of the deposited coatings were calculated using Stoney’s
equation [404]. The thickness was considered constant for aged samples. Hardness
measurements were made using an atomic force microscope (Dimension 3100, Veeco)
equipped with a corner cube diamond indenting tip (PDNISP model, Bruker, Billerica, MA,
USA) working in nanoindendation mode [405]. The maximum indentation load used was 450
uN. Indented zones were imaged using the same setup, so as to directly measure the projected

contact area.

The friction coefficient was estimated at nanoscale, using atomic force microscopy by scanning
the AFM tip in contact mode, at a fast scan direction perpendicular to the cantilever axis (scan
angle 90°), such that the friction force induces the torsional deformations of the cantilever
[406, 407]. The speed of the tip was set at 2 um/s, and the normal force was increased up to 4
uN. We used commercial doped diamond-coated silicon tips (DDESP-FM-10 model, Veeco)
with a tip radius of approximately 250 nm. These tips were chosen because they are presumed
to preserve their properties over long periods of sustained scanning in contact mode. The
calibration of the cantilever was performed by measuring its resonance frequency, dimensions,
and using the known relationships for the calculation of normal and torsional spring constants

as described in [400].

6.5 Results and discussion

6.5.1 Structural properties

The Raman spectra of as-deposited samples (Figure 06.1a) showed the characteristic
fingerprints of hydrogenated DLC films: the G peak (originating in the stretching vibration of
pairs of sp” sites), the D peak (breathing mode of sp” sites within six-fold rings) and an
increasing PL background [106, 408, 409]. Fitting and analysis of both peaks provided valuable
information on the evolution of the bonding structure and the occurrence of structural

changes with deposition and ageing conditions. The parameters of interest are the position and
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full width at half maximum of the G peak, Pos(G) and FWHM(G) respectively, the intensity
ratio of the peaks I(D)/I(G) and the hydrogen content deduced from the intensity of the PL
background. These parameters are plotted against deposition power in Figure 6.1, for as-
deposited and aged specimens. According to the three stage model introduced by Ferrari and
Robertson [408], the Raman spectrum is primarily influenced by the clustering of the sp”
phase. However, Pos(G) and I(D)/1(G) can offer an indirect evaluation of the sp’ bonding in
the film, since the presence of hydrogen in a-C:H films links the amount and configuration of
the sp® phase with the overall sp’ content (C-C & C-H sp’) [106, 403, 408]. Similarly, for
hydrogenated DLC films, FWHM(G) is influenced by the structural disorder, as it is mainly a
probe of bond angle and length distortion. Both properties ultimately depend on the amount
of C-C sp’ bonds and FWHM(G) can hence be used to derive the structural and mechanical
properties of the films [403]. Lastly, the hydrogen content can be empirically determined by
using the ratio between the slope m of the PL background and the intensity of the G peak,
m/1(G) [403].

For as-deposited films, Pos(G) and I(D)/I1(G) exhibit a roughly linear increase with deposition
power (Figure 6.1b and c), indicating, as expected, an evolution of the structural order of the
films with ion energy. It also suggests that films deposited at lower power/bias energy have a
higher sp’ content since they have lower Pos(G) and I(D)/1(G) values [408]. On the other
hand, the FWHM(G) of as-deposited films exhibits a different trend, with a local maximum at
100 W surrounded by decreasing FWHM(G) values for other deposition powers (Figure 6.1d).
This difference results from the fact that both Pos(G) and I(D)/1(G) probe the overall sp’
content (C-C + C-H sp’), while FWHM(G) is only influenced by the C-C sp’ fraction. Hence,
even if they do have a lower C-C sp’ content, the higher sp’ fraction for 50 W films calculated
with Pos(G) and I(D)/I(G) could be indeed due to the higher hydrogen content measured in
such films (see Figure 6.1¢). The behaviour observed in Figure 6.1d with the presence of an
optimum ion energy value for maximizing the C-C sp’ content was also observed by several
other authors for a-C and a-C:H coatings [132, 144, 410-412]. The observed increase in
hydrogen content at low deposition power is consistent with the literature [409, 413] and could
be attributed to incomplete methane dissociation at lower power, which may cause an
increased incorporation of H-bonded carbon atoms into the film. Conversely, it was also
suggested that this behaviour could be associated with the increased release of H in the

collision cascades induced by higher energy atoms [414].
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After ageing, Pos(G), I(D)/1(G) and FWHM(G) all show the same trends as their as-deposited
counterparts, with highly similar values (Figure 6.1b, c, d). This suggests that there was no
significant phase change, conversion of sp’ into sp® catbon or other modification in the
structural bonding of hydrogenated DLC films during ageing, regardless of the deposition
power. An increase, between 18 and 27 % of the hydrogen concentration was noted for all
samples (Figure 6.1e). Films of various thicknesses were subsequently analysed by Raman
spectroscopy to assess the origin of the %H increase but no correlation was observed between
thickness and increase in hydrogen content. Thus, this suggests that the %H increase was due
to surface adsorbed water rather than bulk diffusion of hydrogen or other bulk structural
modifications. This would also imply that the hydrogenated films did not undergo a

graphitization process at room temperature, despite the long exposure time [415].
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Figure 6.1: Single-wavelength Raman spectroscopy (A=488 nm) analysis of DLC samples. a) Typical
Raman spectra showing both deconvoluted peaks and the fitted linear background. b) Pos(G) c)

I(D)/1(G) ratio d) FWHM(G) and e) hydrogen content of as-d
DLC films as a function of deposition power.

6.5.2Surface chemistry

eposited (squares) and aged (triangles)

The surface of DLC films was investigated with X-Ray Photoelectron Spectroscopy (XPS), so

as to characterize the as-deposited surface chemistry and the changes induced by ageing. XPS

survey analyses of as-deposited and aged specimens rev

caled the presence of both carbon

(284.6 eV) and oxygen (532.5 eV) (Figure 6.2). Plasma-deposited carbonaceous materials are

known to promptly oxidize upon air exposure, through the formation of surface oxygen

functional groups [416, 417].
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Figure 6.2: Representative XPS survey spectra of DLC films (deposition power 200 W) before and after
ageing. Only carbon (C1s) and oxygen (O1s) were detected on both samples.
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The influence of deposition power and ageing on the surface chemistry of the film was further
investigated with high resolution XPS. An example of the Cls carbon region is depicted in
Figure 6.3a, showing the characteristic asymmetric tailing due to the contribution of surface
oxygen groups. The Cls high resolution spectrum of carbon was decomposed into four
components, assigned to C-C and C-H (BE=284.6 eV), C-O (BE=286.4 ¢V), C=0 (BE=287.8
eV) and O-C=0 (BE=289.1 eV) [418-420]. Figure 6.3b compares the proportion of oxygen
components of the C(1s) peak before and after ageing at different deposition powers. For as-
deposited films, results show an increasing proportion of O groups with deposition power. A
similar behaviour can be observed on aged films. Although it is impossible with the current
data to pinpoint the exact mechanism involved in this phenomenon, this increase could be
explained by the higher density of dangling bonds created at higher deposition power, caused
by ions impacting the surface with more energy, thus enhancing the surface’s reactivity to the
highly reactive oxygen molecules [421]. Figure 6.3b also shows a clear increase in the
proportion of all O groups in the Cls region due to ageing. The trend was confirmed with
similar increases of the oxygen content measured from the survey spectra (Figure 6.2). This
augmentation is not due to physisorbed molecules since increases in pumping time did not
induce any change on the resulting spectra. While chemisorbed molecules may partially explain
the oxygen increase due to ageing, they are unlikely to account for the whole variation
(between 70% and 140%). For amorphous carbon, surface oxidation has rather been
associated with UV-induced breaking of C-C and C-H bonds and subsequent formation of C-
O bonds [139] and hydrolysis of carbon-carbon bonds [422].

Besides altering the surface composition of DLC, ageing also affected the wetting behavior of
the films. The measured increase in oxygen was associated with an increase in surface energy,
as revealed by contact angle measurements (Figure 6.4). We observed a drop of the water
contact angle from 811+3° for as-deposited samples to 65+3° after ageing and we associated
this with the slow, albeit significant, formation of hydrophilic functional groups such as
carbonyl (O=C), carboxyl (O-C=0) and ether (O-C) and the consequent loss of hydrophobic
hydrocarbon (CH3 and CHy) groups at the surface of DLC films.

This alteration of the surface chemistry could impact the long-term performance of DLC

coatings in several fields, but especially in biomedical and tribological applications. For

126



instance, for biomedical coatings, the observed decrease in chemical inertness may result in

additional, undesirable interactions with surrounding cells and body fluids.
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Figure 6.3: High resolution (HR) XPS analysis of the investigated films. a) HR XPS C(1s) spectrum of
the DLC films with corresponding peak deconvolution (deposition power 150 W, post-ageing). b)
Proportion of oxygen components of the C(1s) peak for the as-deposited and aged DLC films.
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Figure 6.4: Representative water contact angle measurements of a) as-deposited (81+3°) and b) aged
DLC coatings (65+3°)

6.5.3 Surface morphology

Both as-deposited and aged films revealed the typical nanosmooth topography of DLC
coatings (see Figure 6.5) [386]. The measured Rrus for as-deposited films was 0.11 £ 0.04 and
0.20 £ 0.03, for 100-300 W and 50 W deposition power, respectively. This rougher topography
obtained at lower deposition power is due to the inability of incoming ions to penetrate the
surface, leading to the formation of ordered sp>-rich surface clusters which increases the

roughness, as described by Peng et al. [423] The same pattern was observed after ageing, with

Rrys values of 0.10 £ 0.02 nm for films deposited between 100 W and 300 W and of
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0.17£0.02 nm for films deposited at 50 W. This topological stability suggests the absence of

any stress/strain-induced roughening mechanisms during the ageing process.

Optical microscopy and SEM were also used to assess the presence of defects at the surface of
the films. DLC deposited on inadequate surfaces can undergo stress-relieving processes that
lead to buckling, cracking or even complete delamination [147, 388, 424]. In our case, the
analyses revealed the absence of such features; no stress-related surface defects were observed
at the macro-, micro- and nano-scale levels for all samples before and after ageing. The aged
films were very similar to as-deposited coatings, indicating that the coating adhesion and
cohesion was sufficient to resist the high compressive stresses of DLC for extended periods of

time.
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Figure 6.5: Characteristic tapping mode AFM height images (1 um x 1 um) of DLC films a) as-
deposited and b) aged (deposition power 250 W). Please note that the vertical scale bars represents only
1 nm, for both images.

6.5.4 Mechanical properties

Figure 6.6 shows the measured stress of as-deposited and aged specimens as a function of
deposition power. For as-deposited films, the stress curve is typical of DLC films. [143, 297].
The initial increase in compressive stress with increasing deposition power is the result of the
intensification of implantation as the bombarding carbon ions have higher energy. However,
the stress reaches a maximum at 100 W RF power, which is explained by the creation of local

thermal spikes upon implantation with high energy ions. These local increases in temperature
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promote a thermally activated relaxation of the bonding into sp® [305], resulting in the

observed decrease in stress.

Although both as-deposited and aged samples exhibit a high level of stress in the GPa range,
we observed a decrease of the compressive stress levels for all aged samples, with a more
pronounced reduction for specimens deposited at lower power. A similar time-induced
relaxation of residual stresses was observed by Bull and Hainsworth [400] in DLC coatings
deposited by ion-beam-assisted deposition IBAD). The origin of this relaxation is, however,
problematic to pinpoint. It may not be attributable to an important sp’ to sp” conversion [425],
since such a transformation was not detected in the Raman analysis (Figure 6.1b-d). Another
possibility would be a time and strain-induced roughening, that would allow a partial relaxation
through the formation of grooves and pits at the surface [426]. Other common stress relief
mechanisms observed at the surface of amorphous carbon films with high intrinsic stresses are
buckling and cracking [388]. However, as revealed previously by AFM and optical microscopy
analyses, the surface morphology of the films did not show any sign that these stress relief

mechanisms took place.

Bonds length and angle distortions (i.e. deviations from their equilibrium value) are the
primary contributions to the high residual compressive stress of DLC films [296, 427, 428].
Accordingly, Ferrari et al. pointed out that the stress could be relieved by a tiny strain
relaxation [390]. Due to the high Young’s modulus of the DLC coatings (125-200 GPa), the
strain relaxation necessary to produce a large stress reduction would be minimal and thus not
necessarily perceptible with Raman analysis. As a result, the observed relaxation of the film
could be due to the release of bonds’ length and orientation distortions created during the
deposition process. A similarly slow relaxation process was also noted by Bouzerar et al. in
plasma deposited hydrogenated DLC films [401]. In our case, the relaxation phenomenon
appears more pronounced for specimens deposited at lower power, and we attribute this to the
fact that these films have not already undergone the thermal spike relaxation associated with

implantation of high energy ions.
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Figure 6.6: Compressive stress measured experimentally in as-deposited (square, black) and aged
(triangle, red) DLC coatings, as a function of deposition power.

The hardness was measured using an AFM equipped with a diamond indenter. The results are
shown in Table 6.1. While this technique is useful for investigating mechanical properties of
films at the nanometer scale, nanoindendation is best suited for making relative hardness
measurements and the results should not be used to make absolute comparisons with data
from the literature. Both tested ageing conditions showed the same tendency, with a clear
hardness maximum at 100 W, confirming the trend observed previously with the Raman and
stress experiments for as-deposited samples. Samples deposited at other powers exhibited
roughly similar hardness levels of ~11 GPa. After ageing, there was no significant decrease of
the measured hardness as the observed differences were within the experimental error. This
confirms our previous finding that the films did not undergo a significant sp’ conversion, since

their C-C sp’ content, governing the mechanical properties, appears to be unchanged after

ageing.
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Table 6.1: Hardness of DLC films measured by nanoindendation

Deposition

Hardness
(GPa)

power

(W) As-deposited

50 10,6 + 0,5 9,8 + (0,4
100 14,5 + 0,6 12,8 +|0,5
150 11,6 + 0,6 10,6 +|04
200 11,3 + 0,7 11,0 +|1,3
250 11,9 + /0,8 10,8 +1|0,5
300 11,8 + 0,6 10,3 +|1,0

6.5.5Tribological properties

To assess the effect of ageing on the tribological properties of DLC, nanoscale friction studies
were performed using a diamond AFM tip in contact mode as the counterface (Figure 6.7).
The initial friction coefficient was found to be 0.24, which is coherent with other studies
performed in normal atmosphere [429, 430]. The measurements were repeated after ageing and

we observed an increase of the friction coefficient to 0.37.
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Figure 6.7 : Representative nanoscale friction measurements (deposition power 150 W) of as-deposited
(square, black) and aged (triangle, red)

The increase in the friction coefficient can be attributed to several factors. First, the observed
stress relaxation that we interpreted as being due to the release of bond’s length may also
influence the film’s Young modulus, making it more compliant. As a result, the real contact
area between tip and film would increase, and, according to the theory of Bowden and Tabor

[431], lead to an increase of the (effective) friction coefficient.
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A second effect on the friction coefficient may come from the increase in the surface energy. It
is well-known from the adhesive contact theory [431] that the surface energy between the two
bodies in contact causes an additional attraction force (adhesion) which affects the friction
coefficient. Therefore, any increase in the surface energy of the film, is expected to increase the

friction coefficient.

Finally, the third and we believe the major contribution to the increase in friction coefficient is
the change in surface chemistry. Tribochemical interactions play a critical role on adhesion and
friction at the sliding interface. Hence, in the case of the aged samples, the increase in bonded
oxygen at the surface leads to an increased chemical activity of the DLC coating, giving rise to
stronger adhesive friction and a higher friction coefficient [432]. Moreover, surface oxidation
may lead to the generation of abrasive, non-lubricating wear debris which can considerably
affect the friction coefficient and overall tribological behavior of the films [432, 433]. These
polymer-like, oxidized hydrocarbon particles have been found to form during tribological
testing of DLC films in high oxygen or high humidity environments, causing increases in
friction coefficient. However, in the case of aged samples, these particles can be expected to

form under any environment since the coating’s surface is already oxidized.

6.6 Conclusion

In this work we investigated the effect of extended ageing on the properties of hydrogenated
DLC films. The coatings exhibited great structural stability, showing no sign of microstructural
changes or graphitization with time. There was however an important decrease in compressive
stress associated with the ageing process, especially for films deposited at low deposition
power. This was associated with the release of bonds’ length and orientation distortions rather
than to an sp’ conversion. Consequently, the relaxation did not have a negative effect on the
surface and mechanical properties of the film, as the surface topology and hardness remained
unchanged after ageing. The results from this study suggest that DLC films retain their
microstructure and mechanical properties throughout their useful life. However, an increase in
surface oxygen and oxygen functional groups was observed for all deposited samples and
accompanied by a loss of hydrophobicity. This suggests that DLC, despite being only

subjected to ageing in environmental conditions, may undergo significant alterations in surface
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chemistry. This could potentially affect the long-term performance of DLC films in

applications such as protective tribological and biomedical coatings.
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7 General discussion

This thesis set out with the aim of developing a new type of stable antibacterial coating and
assessing whether the chosen platform offered the flexibility and tunability needed to adapt the
process to different applications. Due to the inherent complexity and novelty of the project, a
multipronged approach was adopted, combining technical, exploratory and fundamental work
within an evolving framework steered by the rapid progress in the field. This chapter first
provides a brief overview of the findings and discusses their pertinence, originality and likely
impact in the field of surface engineering and antibacterial surfaces. Then, it will address the
potential of Ag-DLC coatings as a material platform, discuss their performance in certain

investigated applications and examine the limitations of this project.

7.1 Summary and significance of contribution

Because the concept of antibacterial coatings is in itself rather new, a comprehensive literature
review was undertaken and presented in Chapter 2. It showed that, despite a wide variety of
existing approaches and tools, three main areas of improvements were needed to progress
towards a more widespread adoption of antibacterial coatings. These challenges were the
controlled release of antibacterial agents, the development of multi-functional and flexible
coatings and the improvement of long-term stability. Both the timing and focus of the work
could significantly boost the impact of this contribution. With the recent explosion in
antibacterial coating literature, thorough reviews of the field such as this one can help gear
current research towards more promising avenues, ultimately resulting in faster and better

translation of academic development projects into clinically or industrially applied materials.

The platform proposed in this work falls directly within this endeavour. However, although
promising in theory, the combination of diamond-like carbon and silver nanomaterials within a
single nanocomposite coating entails its own challenges, which were examined in chapters 3
through 6. A novel strategy to enhance the adhesion of DLC was proposed in Chapter 3. The
bonding strength of DLC coatings on stainless steel was nearly doubled with the use of an
sitn plasma carburation interfacial treatment. Although the adhesion gain is modest compared
to the ones obtained by other techniques, the interest of this approach stems from its ease of

implementation (interface treatment in the same reactor as DLC deposition), limited chance of
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contamination between treatment steps, and single interface approach. Indeed, creating
additional interfaces, through the deposition of interlayers, have been linked with long-term
corrosion and adhesion problems. Still, the most interesting and original finding from this
work was that it provided evidence that micrometre-thick layers are not unavoidable for
improving the adhesion of DLC or other high-stress coatings. Shallow surface modifications
can be used to effectively treat the topmost surface of materials. From a global perspective,
this could open the door for the development of more time-, energy-, and cost-saving

approaches to adhesion improvement.

One of the obvious downside of working on the development of novel materials is the
significant gap in knowledge concerning fundamental aspects of their growth and properties.
This topic was tackled in Chapter 4, which presented an investigation of the growth
mechanisms and distribution of silver in Ag-DLC. In a clear contrast with standard material
optimisation studies, who typically simply link deposition conditions with final properties, this
work focused on extracting trends and patterns from the exhaustive spectroscopy and
microscopy investigations undertaken. As a result, this study identified segregation and
clustering of silver as the main mechanisms governing the growth of Ag-DLC coatings and
singled out two plasma parameters (sputtered Ag flux and ion energy) which had the most
influence over the coating’s final structure. One of the issues that emerged from these findings
was that a uniform silver distribution and a high hardness were mutually exclusive properties
under those growth conditions. The films could be either deposited at 1) high energy and have
a high hardness but important silver segregation at the surface or 2) be deposited at lower
energy, which formed softer coatings with well disperse silver throughout their bulk. The
preferred choice of energy and corresponding film properties then become strategic and must
be adjusted based on each specific application. Because the driving forces (i.e. the poor
silver/carbon affinity and the energetic subplantation process) are not specific to silver, these
finding can be extended to other metal-DLC nanocomposite coatings grown by the same
method. Thus, this work not only filled an important theoretical gap in the growth of metal-
containing DLC, but also provided practical, application-oriented input for the deposition of

nanocomposite coatings.

The evaluation of the antibacterial effectiveness remains the crux of the matter of all

investigations in the field of antibacterial coatings. In that regard, the study presented in
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Chapter 5 is both significant and necessary to gauge the potential of Ag-DLC coatings as an
antibacterial material. The data must be interpreted with caution because the amount of
incorporated silver in the samples tested was far inferior to the concentrations achieved in the
latter stages of the project (maximum surface concentration of 2.4 at.% for this study
compared with close to 20 at.% afterwards). Still, despite this hindrance, the results remain
very encouraging: a 2.5 orders of magnitude reduction in the activity of E. Co/i after 4h
achieved with a slow and continuous Ag" release. The latter result is especially interesting when
considering the challenges previously identified in Chapter 2. It is essential to develop coatings
with slow release kinetics (while maintaining concentrations in the therapeutic window) to
hope to achieve any long-term potency in release-based antibacterial coatings. Another
distinctive aspect of the contribution presented in Chapter 5 is the comprehensive discussion
surrounding design criteria of antibacterial coatings for environmental surfaces. While most of
the literature have so far been focused on developing antibacterial solutions for implantable
devices, environmental surfaces constitute a uniquely different challenge in several aspects,
most importantly in the local environment in which the coatings evolve, the optimal duration

of the antibacterial effect and the required additional stability.

Finally, an important aspect of stability was investigated and presented in Chapter 6. Stability
to aging is an essential condition for potentially reactive, plasma-deposited materials, yet
remains overlooked in the literature. Compositional changes, oxidation and even topographic
changes have been known to occur in plasma-deposited coatings during aging. Such
modifications are bound to influence the properties and functions of the deposited material
and should therefore be studied in detail. Moreover, the high intrinsic stress in DLC can act as
an additional driving force for aging-related modification in the film, further highlighting the
need for an investigation in their long-term stability. A 3-year investigation was undertaken
with coatings first deposited by colleagues from INRS. It revealed the excellent structural
stability of the specimens, despite stress-relaxation occurring over time. DLC coatings retained
their mechanical properties (hardness, stiffness, etc.) and nanosmooth surface morphology, but
suffered aging-induced surface oxidation and consequent loss of their hydrophobic character.
This could negatively impact the performances of DLC coatings in applications where surface
energy is an important factor. Although this investigation covered only one of the several

aspect of long-term stability, it was the first study to underline its importance for DLC
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coatings. As it has been well received so far by the scientific community, this could lead to

similar investigations being performed on DLC and other plasma-deposited coatings.

7.2 Ag-DLC as a tunable platform

As discussed previously, one of the main objective of this thesis was to assess the potential of
Ag-DLC coatings as a tunable material platform. The recent prevalent idea that there exist a
specific, ideal material for each application have generated significant interest for such material
platform. Instead of starting from scratch when targeting a new area of application, which can
incur important cost and time investments, a good material platform offers enough flexibility
to be easily adapted to fit the new application’s requirements. Notable examples of this
concept include hydrogels and metal-organic frameworks [434-436]. This section will further

explore this facet of Ag-DLC coatings using the insights gathered over the previous chapters.

7.2.1Choice of substrates

Two types of substrates, silicon and 316L stainless steel, have been used in all the
investigations presented above. The reasoning behind these choices was based on both
practical and realistic considerations. On one hand, silicon was used as a “best case” substrate.
The flat surface and carbide-forming chemistry of silicon wafers offer an ideal surface for
deposition of DLC, but also for the easy characterisation of the deposited coatings. On the
other hand, stainless steel was a more application-oriented substrate, they have become
ubiquitous in industrial and hospital settings, but could also be considered at the “worst case”
scenario. The thin passivation layer at the surface of stainless steel produces a naturally poor
bonding strength with deposited DLC coatings, leading to rapid delamination. The challenge
presented by stainless steel have been recognized for a long time by the scientific community
and have spurred the development of several surface engineering approaches to promote DLC
adhesion (see Chapter 3). Besides, although their deposition was not characterized as
thoroughly as with the two mentioned above, several other materials were used as substrates
during this project, including metals (aluminum, copper, and titanium alloys) and polymers
(PTFE, PET, COC). Overall, the properties of the deposited thin films were not substrate-
dependent, suggesting that this deposition process could be applied to a broad range of
materials, but only if an interface treatment can provide adequate adhesion between the

coating and substrate.
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7.2.2 Structure and mechanical properties

Because the deposition of DLLC coatings is a heavily ion-dominated process, their mechanical
properties can be controlled directly through the ion energy and the applied substrate bias. In
contrast, other plasma parameters such as the pressure, plasma power, and gas composition
had little influence on the deposited coating’s properties and were therefore of limited use in

assessing the adjustability of the process.

The investigated bias range for Ag-DLC deposition in this project (from 0 to -200V) produced
coatings with widely different mechanical properties and structures. They may be divided into

four main sub-groups:

e Low bias (0-30V): Soft, polymer-like coating with low intrinsic stress. However, they
had the highest concentration of incorporated silver as well as the most uniform silver
distribution. Typical hardness around 1 GPa.

e Intermediate bias (30-75V): Hard, diamond-like coatings. Significant silver segregation,
but with higher bulk Ag concentrations (1.5-2 at.%).

e High bias (75-125V): Hardest, dense, diamond-like coatings with high intrinsic stresses
and, consequently, important delamination issues. Optimal bias range for sp’
formation. Hardness could reach up to 20 GPa. Superior wear-resistance. Significant
silver segregation towards the surface, limiting the amount of silver in the bulk to
below 1 at.%.

e Highest bias (>125V): Hard diamond-like coating. Limited introduction of silver at the

surface or within the bulk due to increased sputtering.

Despite the range of possible structures (segregated vs well-dispersed Ag component) and
mechanical properties (from polymer-like to diamond-like), the tunability of the coatings was
limited in the sense that all combinations of the properties are not possible. For example, a
very hard coating with a well distributed silver phase could not be deposited with the current

technique, because the two properties are inversely correlated to a single deposition parameter.

The wear-resistance was positively correlated with the hardness of the coatings. However, the
chemical stability, the ability of the material to resist change or decomposition when in contact
with another medium, was independent from the deposition bias. Coatings deposited at all

substrate biases showed good stability when in contact with detergents and liquids in general.
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An implication of this is the possibility to use softer nanocomposite coatings deposited at low

biases when a high hardness or wear-resistance are not necessary.

7.2.3Silver ions release

Silver ions are release by oxidative dissolution from the surface and are the primary element
responsible for the antibacterial properties of Ag-DLC coatings. Because the incorporated
silver must react with water or another solution in order for the ion release to occut, silver
release from Ag-DLC coatings can be controlled by changing the amount of silver exposed at
its surface. Therefore, direct approaches to achieve controlled Ag” release include changing the
silver concentration at the surface (by adjusting the silver flux within the plasma), varying the
size and distribution of silver clusters (by adjusting the ion energy) or changing the porosity,
density or surface energy of the coating. Using this nanocomposite approach, the silver ions
release could be adjusted over a two orders of magnitude range, between 0.005 and 0.5 pg/cm®

day.

Additional plasma approaches were investigated to try to maximize the range of silver ions
release attainable. Using a combination of techniques available at the 2PM and LBB
laboratories, several approaches that could be used to tune the release from silver-containing
coatings were identified. These approaches targeted modifications in the oxidation state of
silver (plasma oxidation, reactive sputtering), changes in the active surface area (nano-
roughening, surface patterning), control over diffusion and silver’s contact with leaching
solutions (barrier coating, nanocomposite approach) or even promoted increased corrosion by
the co-deposition of additional metals (galvanic coupling). Altogether, the control of Ag"
release was extended to a 5 orders of magnitude range (see Figure 7.1). Although the
investigation of these different approaches remained at a preliminary stage in the context of
this thesis, we have shown the possibility to increase or decrease Ag” release, in a repeatable

and controllable way, using strictly plasma-based methods.

This result has important implications for developing coatings with long-lasting antibacterial
action, to reduce excessive leaching of silver ions in the environment or to create surfaces with
controlled burst-release of biocides. For instance, coatings used on healthcare environmental
surfaces which are expected to have long-lasting antibacterial properties should have a slow

but sufficient Ag" release (within the low end of the therapeutic window) combined with a
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large reservoir of silver. In that case, a precise control over the release kinetics of silver ions,

achieved through the approaches proposed in this thesis, will be a crucial element to consider.
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Figure 7.1: The different investigated strategies for the controlled release of Ag*ions from silver-based
plasma coatings.

7.2.4 Antibacterial properties

The biocidal properties of Ag-DLC coatings are directly linked to the release of Ag” ions and
strategies to control it have already been discussed in the previous paragraphs. However, one
of the initial purpose behind the use of DLC was that its low roughness and low surface
energy would be detrimental to bacterial adhesion. Analyses performed at the LBB showed
that no significant reduction in bacterial adhesion was observed on DLC coatings compared
with a control stainless steel surface (data not shown). A possible explanation for this result
may be that the surface energy of Ag-DLC was not low enough (the water contact angle of
DLC coated specimens was close to 90°) to act as a truly hydrophobic surface. Furthermore,
the relationship between common surface properties such as topography, surface charge, or
energy, and bacteria adhesion is much more complex than previously thought, partly due to

the diversity of adhesion mechanisms use by microorganism [170]. It can be therefore be

140



assumed that the Ag-DLC coatings investigated did not demonstrate any anti-adhesion

properties, but this remain an important issue for future research.

7.3 Investigated areas of applications of Ag-DLC

coatings
The inherent flexibility of nanocomposite coatings offers tremendous possibilities to apply
them in many different fields. The following section discusses how the findings presented in
this thesis impact the potential applications of Ag-DLC coatings. Insights gained from
additional investigations that are not included in the main chapters of this thesis will also be

used when relevant.

7.3.1Healthcare environmental surfaces

The most obvious application for Ag-DLC coatings and the one discussed throughout this
thesis is as antibacterial coatings for healthcare environmental surfaces. Chiefly from a
conjectural standpoint, the results presented in the previous chapters indicates that Ag-DLC
coatings indeed possessed the required combination of properties to be efficient as
antibacterial surfaces. Still, despite their combination of good adhesion, high hardness, and
structural stability, it is difficult to extrapolate from this data how the coatings would fare in a
healthcare facility, where they must maintain their functions in harsh operating conditions.
Hence, the stability of Ag-DLC coatings to realistic abrasion and chemical stresses was
investigated in more details (see Annex A). The tests were designed to mimic common surface
sterilization procedures found in healthcare environments: repeated back and forth scrubbing
with a scouring pad sponge (abrasion test) and prolonged contact with a hydrogen peroxide

(H20») cleaning detergent (chemical stability test).

As expected, the harder DLC coatings performed better in the abrasion test, showing very
limited surface damage even after 1000 wear cycles. However, the softer coatings maintained
higher silver concentrations during the chemical cleaning cycles than their harder counterparts
(see figure A.2 of annex A). These results are likely related to the energy-correlated segregation
of Ag identified in Chapter 4. The more uniform Ag distribution in soft a-C:H coatings offered
better protection from the oxidizing solution (i.e. less Ag clusters were exposed at the surface),

limiting the rapid loss of Ag to the cleaning solution. The segregation occurring in the harder
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coating (deposited at -100V) left the majority of the silver exposed as clusters at the surface of
the film.

This results exemplifies the crossroad at which Ag-DLC coatings currently stands in its
application in healthcare. On one hand, the interest of very hard thin films such as DLC is
their superior wear-resistance, which help them thrive as environmental surface coatings. On
the other hand, the silver segregation towards the surface occurring in harder coatings is
detrimental to the full retention of their bioactive properties over time. This outcome has
important implications regarding the range of applications of Ag-DLC coatings in their current
form. Softer coatings could be used in low-wear applications. Similarly, hard Ag-DLC coatings
could potentially be employed on surfaces where their exposure to chemicals and solutions in

general is limited.

7.3.2 Catalytic coating for depollution

Worldwide concern over water contamination and the importance of water as vehicle for
pathogen transmission made water depollution an appealing option as an area of application
for Ag-DLC coatings. Furthermore, the potential of silver as a catalyst in catalytic ozonation
processes has already been underlined in the literature [437]. This have prompted the 2PM
laboratory to investigate the efficiency of several plasma-deposited coatings, including Ag-DLC
thin films, as catalysts in an advanced ozonation process. The ideal role of the coating would
be twofold here: 1) release Ag" to prevent sutrface colonization by bacteria and 2) act as a

catalyst in the ozone-mediated formation of reactive oxygen species and other reactive species

(e.g. OH', H,O,, OH).

The effectiveness of Ag-DLC coating as a catalyst for an ozonation process was investigated
by following the degradation of a model pollutant, pyruvic acid (see Annex B for more details
on this study). Silver did have a major effect as a catalyst, significantly increasing the rate of
decomposition of ozone in solution. Compared with straightforward ozonation (without
catalyst), it more than quadrupled the degradation rate of pyruvic acid. However, it did so by
damaging heavily the coating, dissolving most of it after only 1 hour in contact with the ozone-
saturated solution. The ozone rapidly oxidized the silver at the surface of the coating and the
resulting silver oxide would then be dissolved quickly in the acidic environment generated by
the ozone. These findings suggests that Ag-DLC or other silver-based coatings are not

sufficiently stable in ozone-rich solutions to be used as catalysts.
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7.4 Limitations
7.4.1Limitations of this study

Firstly, an important aspect that was not addressed so far in this manuscript is the process
reproducibility, a crucial element in any large-scale production and a particularly complex issue
for plasma-deposited materials. Some reproducibility issues plagued the first year of
development of the Ag-DLC coatings, with substrates sometimes emerging from the reactor
with no trace of coatings. It was hypothesised that this phenomenon was due to a temperature-
induced shift of the deposition-etch equilibrium towards the etch region [438]. A higher
temperature at the surface, from the bombarding ions, could lower the sticking coefficient of
hydrocarbon species and increase the hydrogen etching rate, leading to overall negative
growth. A lack of control over the temperature of the topmost region of the substrates, where
the heat from the bombarding plasma was deposited and the temperatures were highest, and
the absence of water-cooling on the substrate holder (the metal plate was only air-cooled)
complicated any systematic study of the effect of temperature on DLC deposition. Various
temporary /z sitn cooling setups were tested, the most successful one being a Peltier cooler,
which confirmed the role of temperature in the deposition/etch equilibrium of our deposition
system. To permanently circumvent this issue, an “on and off” cycle plasma approach was
adopted. A 1 minute cooling period with the discharge turned off was added after each minute
of deposition in order to limit surface warming. This was successful in providing reproducible
and constant DLC growth rates. However, the range of energies and deposition rates that

could be investigated with this method remained limited.

Secondly, several properties, such as the mechanical properties or surface chemistry, were
studied over long periods in this project, forming a robust set of data from which some long-
term performances could be extrapolated. However, neither the antibacterial properties
(maximum study period of 1 day) nor the silver release (maximum study period of 2 weeks)
were studied over periods matching the projected lifecycle of the Ag-DLC coatings in their
applications. The complexity and gross amount of time required to test the antibacterial
properties prevented a more comprehensive long term investigation in the context of this

thesis. This limitation suggests that easier and faster methodologies are needed to provide
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useful, standardized information on the antibacterial properties that could be used to study

materials over longer periods of time and, ideally, satisty any regulatory concerns.

Finally, this study was not designed to develop Ag-DLC coatings specifically for the
investigated applications. Hence, the Ag-DLC coatings properties were certainly not fully
optimized whenever they were tested (see section 7.3). Any conclusions emerging from such
test therefore needs to be interpreted with caution in regards to trying to analyse or predict any

performances of the coatings.

7.4.2 Limitations of Ag-DLC coatings

Despite the interesting potential of Ag-DLC coatings, which was made obvious in the previous
chapters, there are important limitations to their application which must be addressed. First
and foremost, the segregation occurring in Ag-DLC coatings limits the amount of silver that
can be incorporated in the Ag-DLC coatings, especially in the subsurface layers. This is highly
problematic since the antibacterial action of Ag-DLC surfaces is mostly based on the release of
Ag" ions, which, in our case, would be restricted in time due to the limited reservoir in the

coatings.

In addition, there are no possibilities to truly regenerate the antibacterial effect of Ag-DLC
coatings. Though not a deal-breaker in itself, when combined with the limited reservoir of
silver in the current form of the coatings, this becomes much more problematic when

considering the potential lifetime of Ag-DLC coatings.

A note of caution is also due here concerning the need of using hard, high-sp’ DI.C coatings as
a matrix for the silver nanomaterials. The advantages of using DLC as a matrix for antibacterial
coatings might not make up for their disadvantages. The impressive hardness and wear-
resistance are not mandatory for all applications discussed in this thesis. Their disadvantages,
including the high stress and silver segregation discussed previously, could be easily bypassed
simply by using a softer amorphous carbon material as a matrix, with slightly inferior
mechanical properties but the same chemical stability, instead of diamond-like carbon.
Generally, it seems that exploring the whole range of amorphous carbon coatings and even
other carbon-based coatings deposited by plasma, instead of focusing solely on diamond-like

carbon, would provide more flexibility and, potentially, more optimal performances.
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8 Conclusions and perspectives

The constant threat posed by bacterial colonization of surfaces has led to the emergence of a
new paradigm in infection control, with antibacterial coatings taking a central role. This project
was undertaken to develop silver-containing diamond-like carbon nanocomposite coatings and
assessing their capability as a stable, versatile and tunable material platform for antibacterial
applications. Throughout extensive literature review and experimental investigations, I
successfully established the potential of Ag-DLC coatings via the following original

conttibutions:

1. Identified and highlighted the design challenges specific to the development of

antibacterial coatings for healthcare environmental surfaces;

2. Successfully engineered an 7z situ plasma treatment to promote interfacial adhesion of

DLC coating with stainless steel substrates;

3. Devised a model for the growth of Ag-DLC coatings and identified the main

mechanisms and plasma parameters governing it;

4. Provided the first evidence of 7z vitro antibacterial efficacy of Ag-DLC coating and

investigated potential strategies to modulate the release of Ag+ ions;

5. Demonstrated the long-term stability of Ag-DLC coatings through the study of the

evolution of its important properties over time.

The challenge now is to design coatings with a better control over the delivery of Ag” ions,
while keeping the central idea of high stability in mind. To this end, plasma surface engineering
tools, many of which have been already identified in this thesis, still have a lot to offer and
should be explored more systematically. Moreover, future investigations could expand the
silver-carbon nanocomposite approach to integrate amorphous carbon materials other than
DLC, as this would offer more polyvalence and, hopefully better performances in a wider

range of applications.
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Abstract

The development of antibacterial surfaces for near-patient clinical areas, acting in conjunction
with cleaning and disinfection procedures, are needed to reduce the spread of nosocomial
infections. The suitability of engineered materials for such task typically depends on their
stability and general ability to withstand harsh operating conditions. Plasma technologies have
been proposed as interesting options since they offer the possibility to deposit strongly
adherent and cohesive coatings with a tunable set of properties. Herein, we present the
development of silver-containing diamond-like carbon coatings as robust antibacterial surfaces

and investigate their deposition, properties and operational stability.

Introduction

With high prevalence rates in healthcare centers in both developed and developing countries,
nosocomial infections are amongst the most significant public health concerns worldwide [21,
439]. In this context, the development of robust antibacterial surfaces, acting in conjunction
with cleaning and disinfection procedures, have emerged as a necessary measure to reduce the
spread of nosocomial infections [166, 320]. Plasma-based coatings can impart the desired
surface functions (e.g. antibacterial properties) without affecting bulk mechanical properties.
Thanks to their superior robustness, long-term stability, compositional control and conformal
and pinhole-free coverage, plasma coatings offer an interesting alternative to solvent-based

coating methods [320].

Here, we report the development of a plasma deposition process for the one-step deposition
of silver-incorporated diamond-like carbon coatings (Ag-DLC) as robust antibacterial surfaces.
DLC coatings are known for their excellent mechanical properties and high stability granted by
a high fraction of carbon sp’ sites [106]. Likewise, silver have been the subject of renewed
attention in the nanotechnology and biomedical communities as an effective, broad spectrum
antibacterial compound. This paper first presents a plasma diagnostic study performed to
establish a predictive model for DLC properties, based on data derived from diagnostic tools
instead of process parameters. It then provides a characterization of the structure and
properties of the resulting Ag-DLC coatings before reporting on the investigation of their

performance in realistic mechanical and chemical stability tests.
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Experimental

While the term DLC encompasses a range of materials with different characteristics, it will be
used in this text in a more specific sense to refer to hydrogenated amorphous carbon (a-C:H)
films. Ag-DLC coatings were prepared single crystal silicon substrates cut into 10mm x 10 mm
squares. The film were deposited in a one-step continuous process with a modified FLARION
series system (Plasmionique, Varennes. QC, Canada) consisting of a radio frequency,
inductively coupled plasma reactor coupled to a very-low frequency sputtering setup (see [267]
for details). The specimens were treated with a continuous plasma process composed of three
successive sequences: 1) Argon etching, 2) H, activation and 3) DLC deposition from CH..

Silver introduction in the film was achieved through cathodic sputtering of a silver target.

The resulting coatings structure and morphology were studied through a combination of
techniques including x-ray photoelectron spectroscopy (XPS), scanning electron microscopy
(SEM) and Dektak profilometry (for stress and film thickness measurements). Silver ions
release from coating was measured in water over 24h using microwave plasma - atomic
emission spectrometry. The wear resistance test consisted in a commercial scouring pad
sponge scrubbing the surface at a constant force (20N) in a linear, back and forth motion
performed by a mechanical testing system (MACH-1 from Biomomentum). The coatings were
removed and analyzed by SEM after 20, 200 and 1000 cycles. The coatings chemical stability
was assessed by exposing the surfaces to successive cycles (up to 5) of a 2 wt.% H,O, solution
for 5 minutes. After each cycle, the coating surface was inspected by SEM and the

concentration of silver at the surface was measured by XPS.

Ag-DLC coatings deposition

The process monitoring tool previously developed was used to deposit Ag-DLC coatings with
a range of properties in order to assess their potential as highly stable antibacterial surface.
Silver incorporation was achieved through cathodic sputtering of a negatively biased silver
target. The applied voltage could be adjusted from 0 to -900V, resulting in a direct control over
the silver concentration in the film (from 0 up to 20 at. %). As shown in the previous section,
Vi, had the strongest influence on the Ag-DLC coatings, impacting the silver segregation,

coating hardness and silver ion release (see Figure A.1). Due to the nature of the deposition
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process, silver segregation towards the surface occurred in all investigated coatings, but was
more pronounced for coatings deposited at higher V. Because the antibacterial activity of
silver is primarily attributed to the biological activity of silver cations (Ag"), silver release was
also measured for both types of coatings. The higher release from OV coatings could be partly

attributed to higher surface porosity.
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Figure A.1: Silver concentration (measured by XPS) as a function of sputtering depth for coatings
deposited at OV (red circles) and -100V (black square) bias voltage. The hardness and silver ion release
values for each conditions are also shown. Both coatings were deposited at the same silver flux, [H] and
[CH] concentrations.

Stability and robustness assessment

Poor wear resistance and insufficient stability to cleaning products have been identified as
frequent pitfalls of antibacterial surfaces in hospital settings [209]. Consequently, an
exploratory study was undertaken to assess the stability of the deposited coatings in realistic
operating conditions. Coatings deposited at different Vi, (0, -50V and -100V) were first
subjected to increasing numbers of wear cycles. Their surfaces were then analyzed by scanning
electron microscopy for signs of wear, delamination and other defects. Important qualitative
differences could be observed in the wear resistance of the different coatings. On one hand,
for OV coatings, deep scratches and traces of delamination were observed as eatly as after 20
wear cycles (Figure A.2a). On the other hand, coatings deposited at Vi, =-100V could
withstand important wear stress conditions, as illustrated by the shallow wear tracks and the

absence of visible delamination after 1000 wear cycles (Figure A.2b). The wear resistance of
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coatings deposited at -50V was deemed acceptable in that coating delamination was mostly

absent after 1000 cycles, although deep wear marks were visible at the surface.

In addition, the coatings chemical stability was assessed by successive cleaning cycles with a
hydrogen peroxide solution. Methods using H>O, vapour have been proposed recently as
alternatives to deep cleaning procedures in healthcare centers [440]. For all tested deposition
condition, an important drop (between 60% and 75%) in the silver content at the surface was
measured after the first cleaning cycle (Figure A.2c). Still, even after the maximum number of
investigated cycles, all the surfaces maintained a sufficiently high silver content to exhibit

antibacterial properties. Coatings deposited at Vy=0V consistently showed the highest

remaining silver content after each cleaning cycle.

—e—0V
A— 50V
—=— 100V

i

Silver content (at. %)
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Figure A.2 Representative SEM images of a) Vb=0V coating after 20 wear cycles and b) Vb=-100V
coating after 1000 wear cycles. c) Silver content at the surface of 0V, 50 and 100V Ag-DLC coatings for
an increasing number of cleaning cycles.

Conclusions

A plasma deposition process was developed to coat surfaces with a silver-carbon composite
coating with antibacterial properties. The deposition process could be monitored by simple
optical emission spectroscopy, ensuring high reproducibility across deposition systems. The
resulting Ag-DLC coatings exhibited superior stability to both mechanical and chemical

stresses, suggesting a great potential to be used as robust antibacterial surfaces.
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B. Report on the performances of Ag-DLC as catalytic

coatings in an ozonation process

Original contribution presented to members of the Laboratoire Procédés, Plasmas,

Microsystemes (2PM, previously known as LGPPTS).

Context

Silver’s unique chemical properties make him an ideal catalyst for several reactions, especially
when they are related to an oxidation process [441]. Combined with the antibacterial properties
of silver ions, it opens the possibility to design multi-functional coatings with catalytic and
bioactive properties. One area where such coating would provide incredible benefits is water
decontamination. Drinking water is often contaminated by microorganisms and organic

pollutants simultaneously, requiring complex procedures in order to make it potable.

Therefore, we explored in this study the potential application of Ag-DLC and other silver-
containing coatings as catalysts in a catalytic ozonation process. We investigated whether
silver-based coatings could be used as a heterogeneous catalyst to accelerate the generation of
hydroxyl radicals and other highly oxidative compounds from a solution of ozone (Os). This
efficiency as a catalyst was tested both through ability to accelerate the decomposition of

ozone and in the ability to degrade a model pollutant, pyruvic acid.

Furthermore, because this study involved the prolonged contact of Ag-DLC coatings with
different aqueous solutions (some of them highly oxidative), the stability of Ag-DLC coatings

in liquids was also investigated and is reported herein.
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Materials & Methods

Two different types of coatings were used in this studies: Ag-DLC films (silver content from 2
to 10 at.%) and Ag sputtered coatings. The deposition of Ag-DLC coatings has been already
described in details [267]. The other Ag coatings were deposited by magnetron sputtering of a
pure silver target (100W, 6 min) on substrates on a rotating substrate holder to guarantee a
uniform deposition. Argon (30 sccm) was used as a sputtering gas during deposition, at a
constant pressure of 9 mTorr. The susbstrates were previously cleaned 77 situ by an
argon/oxygen plasma (20 sccm Ar, 10 scem O, at 6 mTorr) at a constant RF power of 75W
giving a -200V bias. The films were deposited on 2cm x 2cm cyclic olefin copolymer (COC)

substrates

For the ozone degradation studies, the catalyst plate (COC substrate coated with either an Ag-
DLC film or a sputtered Ag film) was fixed on the side of a UV-transparent quartz cell (see
Figure B.1). A deuterium lamp (light source), optical fibers and a collecting lens were used and

provided a direct measurement of the ozone concentration in the solution.

Four different conditions were investigated, 3 using substrates attached to the side of the glass

cell and one using catalyst directly in the solution. These conditions were:

1. No catalyst/Bare COC (simple ozonation)
2. Ag-sputtered coatings

3. Ag-DLC coatings
4

Silver nanoparticles (used directly in the solution, not as a coating)

Before the start of the degradation experiment, an ozone saturated solution was prepared by
bubbling ozone into 50 ml of deionized water for 30 min. The Os saturated solution was then
poured in the glass cell, where the degradation of ozone was directly measured in real-time 7
sitn using the UV-VIS spectrometer. A maximum of 30 sec occurred between the end of the
bubbling and the start of the UV-VIS data acquisition, ensuring a constant saturation in Oj; for

all independent experiments.
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Figure B.1 Schematic of the setup used in the ozone degradation experiment.

For the model pollutant degradation experiment, the same setup (Figure B.1) was used, but
only the effect of the Ag-sputtered specimens were investigated. A solution of 0.3 Mol of
pyruvic acid was added into the glass cell, in which O; was bubbled for 1 hour. After the
experiment, the bubbling was stopped and 1ml of the solution was taken in order to measure
the final concentration of pyruvic acid by high-performance liquid chromatography (HPLC).
HPLC analyses were typically performed between 2 and 3 days after the course of the

experiment to prevent any interference from dissolved ozone.

The stability of the Ag-DLC coatings used throughout this experiment was also investigated.
Coatings were inspected visually and by optical and scanning electron microscopy after contact
with water and the different solutions. Finally, throughout this study, spectroscopic and

degradation experiments were performed at least in triplicate.

Catalysis of ozone degradation

Figure B.2 shows a typical degradation profile of ozone, with the concentration of ozone (UV-
VIS signal at 259 nm) plotted against time. Two distinct stages can be readily identified on the
curve; 1) a slow initial, nearly zero-order decrease in concentration and 2) a much-faster
decrease until full depletion of the ozone. The first phase, termed over-saturation stage, was
due to a signal saturation of the UV-VIS detector and was not related to the ozone degradation

kinetics themselves. Therefore, the only relevant information from this stage is its length.
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Because the initial ozone concentration is similar for all experiments, the time it takes to get
from that initial concentration to the limit of linearity of the UV-VIS system should be directly

related to the overall, constant rate of ozone degradation.

In the second stage, the signal sits squarely in the limit of linearity (LOL) of the system,
allowing a direct assessment of the ozone degradation kinetics. The reaction observed followed

a typical first-order exponential decay profile and therefore can be described with
Ct)=Cpe™" B.1)

Where C(t) is the concentration of ozone over time, Cy is the initial concentration, and T is the

time constant of the system.
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Figure B.2 : Typical reaction kinetics of ozone in solution, measured by UV-Spectroscopy. Because of
the upper sensitivity detection limit of the setup, the initial stage of the decomposition kinetics could not
be observed and were labeled over-saturation stage.
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Figure B.3: Ozone decomposition curves when in contact the different silver-based catalyst
investigated. The time constants presented on the right figure are associated with the first-order
decomposition kinetics measured in the second stage (decompostion stage) of the experiment.

The degradation profile of ozone was measured with the four different conditions (Figure B.3).
Both the length of the over-saturation stage, related to the degradation speed, and the time
constants measured varied with the presence and type of catalysts used. Pure sputtered silver
coatings (Ag-sputtered COC) had the lowest values for both parameters, with Ag-DLC
coatings being a close second. Because these conditions were also the ones with the most (Ag-
sputtered COC) and second-most (Ag-DLC) available silver, it suggests that silver can indeed
catalyse the degradation of ozone. Therefore, their effectiveness in the degradation of a model

pollutant, pyruvic acid, was investigated and is presented in the next section.

Catalyst in the degradation of a model pollutant

The efficiency of silver as a catalyst in catalytic ozonation was investigated with pyruvic acid as
a model pollutant. The degradation after 1 hour for simple ozonation (no catalyst) and Ag-
catalyzed ozonation is shown in Figure B.4. The degradation of pyruvic acid increase by neatly
a factor of 5 (0.8% to 3.8%), confirming our previous results that silver did play a role in the
degradation rate of ozone and the consequent formation of highly reactive species. We
confirmed that this higher efficiency was not due to any adsorption processes, but strictly due

to reactions with the ozone and its byproducts.
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Figure B.4 : Degradation of pyruvic acid after 1 hour.

Stability of silver as a catalyst

Although silver-based coatings did accelerate the decomposition rate of ozone and the
degradation of pyruvic acid, they unfortunately showed clear signs of degradation themselves
(Figure B.5). Ag-sputtered coatings would be nearly completely dissolved after only 1 cycle of
ozonation. We hypothesized that this was due to oxidative dissolution of silver from contact
with the ozone solution. Silver oxides are readily dissolved into silver ions in acidic media (see
reaction B.3), but oxidation of silver under normal conditions is usually a slow process.
However, ozone (or one of its byproducts) seems to be a strong oxidizer of metallic silver,

resulting in a rapid dissolution of the Ag-sputtered film into silver ions.

4Ag(0)+0, - 2Ag,0 B.2)
2Ag,0 +4H" = 4Ag* +2H,0 (B.3)

Reaction B.2 is usually much slower than reaction B.3 [369, 370].
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Figure B.5: Representative images of sputtered silver coatings (on COC substrates) after 1 cycle of
ozonation experiment.

Compared with Ag-sputtered film, Ag-DLC coatings fared much better and could resist full
ozonation cycles without delamination or dissolution issues. This could be due to the stability
provided by the DLC matrix, which can resist the oxidant environment of the ozone solution
and therefore protect the silver incorporated in the coating. Although this was not tested, the
silver clusters at the surface of the Ag-DLC coating likely underwent a fate similar to that of

Ag-sputtered coatings.

Ag-DLC (as-deposited) Ag-DLC (post-ozonation)

Figure B.6 : Representative images of Ag-DLC coatings on stainless steel before (as-deposited) and
after ozonation. Top pictures are optical microscopy (zoomed X20).

186



Stability of Ag-DLC coatings under water flow

Additional experiments were carried out on the Ag-DLC samples in order to study the
degradation of the coatings when exposed to a dynamic flow. Coated microsystems (ALD
plate coated with Ag-DLC) were exposed to a deionized water flow of 100 ml / min for 24

houts.

In general, the films have demonstrated a very high stability; traces of delamination were very
uncommon and only visible on the edges of the flow plate (Figure B.7). Furthermore, the

coatings did not exhibit any swelling or important chemical modification of their surface that

could be attributed to the water exposure, since the contact angle remained constant before

and after the flow test (Table B.1).

Figure B.7 : Optical microscopy images (50X) of Ag-DLC coated microchannels after 24h under a
dynamic water flow. (Top) Inside of microchannels (Bottom) Ridge between pairs of microchannels.
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Table B.1: Contact angle (water) of stainless steel and Ag-DLC coatings before and after 24h exposure
to water flow

Ag-DLC coating Ag-DLC coating
Surface Stainless steel
pre-immersion  post-immersion (24h)

Contact angle (°) 68%3 81+2 82%3

Conclusions

Although silver-based coatings did increase the decomposition of ozone and the degradation
of a model pollutant, it was consumed in the process due to the highly oxidative nature of
ozonation. Therefore, it cannot be used in a heterogeneous catalyst in an ozonation process.
This investigation however showed the superior stability of Ag-DLC coatings compared with
pure sputtered silver thin films. Ag-DLC coatings were more resistant to highly oxidative
environments and also showed great chemical and mechanical stability under a continuous

water flow.
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