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Préface

Les traitements de surface font maintenant partie de I’ingénierie des matériaux dans de tres
nombreux secteurs industriels. Parmi ceux-ci les dép6ts par voie séche, souvent appelés dépots
physiques, connaissent un développement important ces derniéres décennies du fait qu’ils sont,
dans I’ensemble, moins polluants que les traitements par voie humide. Ces dépdts permettent de
satisfaire aux normes les plus séveéres comme ISO 14000. Les traitements de surface par dépot
physique ont été en grande partie limités aux technologies avancées : espace, aéronautique,
nucléaire et électronique. Ceci est di au fait qu’ils sont contrdlés par de trés nombreux parameétres.

De nos jours, les dépots physiques représentent un chiffre d’affaires trop élevée et leur importance
économique ne cesse de croitre d’année en année. L’activité économique dans ce domaine est
développée surtout par les industries de revétement tandis que la recherche dans ce domaine est
faite par les laboratoires universitaires et centres de recherche. Le développement d’un revétement
nouveau demande non seulement une bonne connaissance du procédé de dépdt et de son matériau
mais aussi des techniques qui sont utilisées pour tester les propriétés des couches déposées.

Il y a plusieurs difficultés a présenter les dépots physiques. D’abord, la science et la
technologie des dépdts sont pluridisciplinaires. Bien que la science des matériaux semble étre la
plus proche, elle ne couvre pas le développement des procédés des dépdts qui est souvent lié¢ avec
le génie chimique, la mécanique de fluide ou la physique atomique. Une autre difficulté majeure
vient d’un relatif cloisonnement des activités basées sur les couches minces (dépots atomistiques)
et les couches épaisses (dépodts granulaires et massifs). Ce cloisonnement empéche souvent de
choisir la technologie de dépdt la plus appropriée au besoin industriel.

Aujourd’hui les dépdts physiques envahissent les domaines biomédicaux pour les rendre plus
compatibles avec leur environnement. La conception d’une composantes/outil biocompatible fait
appel a plusieurs interactions difficiles a les controler. Ces interactions sont en générale liées aux
réponses physiologiques des étres-vivants en liaison direct avec le dépot. La pluparts des implants
médicales sont couvertes par des couches minces aidant a 1’adhésion cellulaire avec des indices de
cytotoxicité/génotoxicité négligeables voire inexistantes. Une autre application des dépots
physique dans le domaine biomédical est la synthése des couches minces, voir nanométriques, a
activité antibactériennes, antivirales, antifongiques....






Abstract

This thesis addresses the preparation of antibacterial surfaces for hospital facilities
taking biomedical thin polymer films, textiles and catheter as probes. Magnetron
sputtering is used to apply the coatings leading to fast bacterial inactivation in the dark
and under low intensity light on the selected substrates. These coating are designed and
prepared to achieve fast bacterial inactivation to avoid biofilm formation on textiles and
polymer films and later on the catheter surface. The infection due to catheters is one of
the major problem leading to catheter associated infections (CAls). The design,
preparation, testing and the characterization of the surface properties of uniform and
adhesive TiO2,TiO2/Cu, Ag, Cu-films presenting fast bacterial inactivation kinetics on
textiles and catheters by up to date HIPIMS and DCMS/DCPMS has been addressed very
sparsely until now mainly on 3D objects. No evidence for Ag-Cu coating applied by
sputtering covering uniformly the entire catheter surface has been reported up to this date.
A modification of the sputtering unit was carried out to coat 3D objects and is one of the
main novelties reported in this thesis.

The antimicrobial activity was tested on antibiotic resistant bacteria Methycillin
resistant Staphylococcus aureus (MRSA) and Escherichia coli (E. coli) alone or jointly
representing an important focus of infection by themselves or in the form of pathogenic
biofilms in hospital facilities.

The bacterial inactivation kinetics was investigated in details under low intensity light
and in the dark. The active part of the catheter remains under the patient skin (in the dark).
Ag/Cu-has been selected since fast bacterial inactivation proceeds in with a quasi-
instantaneous kinetics inducing a cytotoxicity below the limit authorized by the sanitary
regulations for mammalian cells. These coatings are also well tolerated by osteoblasts.
The sputtered films leading to fast bacterial inactivation and showing low cytotoxicity
consisted mainly of TiO2, Cu-TiO2, and Ag/Cu films on 2D surfaces and on catheters with
3D-geometry. This is the first report for materials of this kind, their evaluation and surface

properties.

Keywords: Biomedical textile, Catheters, Hospital Acquired Infections (HAIls), Ag/Cu-
sputtering, 3D-geometry, Bacterial inactivation in the dark, Oligodynamic effect.
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Abbreviations

HAIs: Hospital acquired infections

CAls : Catheter acquired infections

MRSA : Methicillin Resistant Staphylococcus Aureus
E. coli: Escherichia coli

Ag: Silver

Cu: Copper

O2: oxygen

CVD: Chemical Vapor Deposition

PVD: Physical Vapor Deposition

CHUV: The University Hospital at Lausanne

DNA: Deoxyribonucleic acid

PE: Polyethylene

LDPE: Low density polyethylene

PES: Polyester

HIPIMS: High Power Impulse Magnetron Sputtering ()
DCMS : Direct Current Magnetron Sputtering
DCPMS : Direct Current Pulsed Magnetron Sputtering
UV: ultraviolet

Vis: visible light

TiO2: Titanium dioxide

TiO2-CuOx: co-sputtered TiO2 and CuOx

TiO2/Cu: sequentially sputtered TiO> followed with Cu
FTIR: Fourier transform infrared spectroscopy

Ar: Argon

H202: Hydrogen peroxide

cb: Conduction band

vb: Valence band

SC: Semi-conductor

CFU: colony forming unit

NPs: Nanoparticles

ppb: parts per billion

ZrN: Zirconium nitride

Amps: Ampers

XPS: X-ray photoelectron spectroscopy

XRF: X-ray Fluorescence

XRD: X-ray diffraction

DRS: diffuse reflectance spectroscopy

ICPMS: Inductively coupled plasma mass spectrometry
HPLC: High performance liquid chromatography



Weight: wt

RF-plasma: Radio-frequency plasma
Ra: roughness

kJ: Kilojoule

N2: nitrogen
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Chapter 1

Objectives and thesis structure

1.3. Objectives
During the last decade, there has been a growing interest in the design, synthesis

and characterization of more efficient bactericide coatings due to the increasing resistance
of toxic bacteria to antibiotics. This is a growing problem for human health with its
associated higher health care costs. For instance, methycillin-resistant Staphylococcus
aureus (MRSA) and P. aureginosa are the major causes for nosocomial hospital acquired
infections (HAI) accounting for 70% of the bacteria infecting the people contracting with
hospital acquired infections (HAIs) [1-5]. Antibacterial coatings are drawing attention in
many industrial applications related to medicinal devices, food processing, water
treatment, impregnation textiles and implants [6-9]. Biofilm formation on surfaces
spreading bacteria on a continuous basis is considered the most dangerous source of

toxic pathogenic infections.

The antibacterial and antiviral/fungicide surfaces containing Ag, Cu and Ti on highly
resistant surfaces deposited from colloids and adhered to the substrate materials by
calcination have been reported [10, 11]. Sol-gel commercial methods are used to prepare
TiO2 and Ag thin films on heat resistant substrates. However, the thickness of these sol-
gel deposited films is not reproducible, they are not mechanically stable and they exhibit
low adhesion since they can be wiped off by a cloth or thumb [12]. Colloid deposition on
substrates require temperatures of few hundred degrees for an adequate adherence to
the selected substrate. This calcination cannot be applied on low thermal resistant
substrates like the polyester, polyethylene or polyurethane. The synthesis of uniform,
adhesive, robust and effective bactericide films on 2D and 3D surfaces having a low
thermal resistance like polymer films, textile and catheters is the objective of this thesis

work.

Using Chemical Vapor Deposition (CVD) the bactericide precursors are heated in
vacuum until decomposition. The released atoms/species condense on the substrate

being this surface at a lower temperature mainly on heat resistant materials. The

1
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disadvantages of the CVD deposition are the high investment costs, the high
temperatures needed precluding film deposition on textiles like the polyester and the
amount of heat used requiring costly cooling systems. Ag-films with nanoparticulates
sizes ranging from 6 to 50 nm have been reported leading to bacterial inactivation under
UV/NVis light irradiation. By Chemical Vapor Deposition (CVD) Ag-films have been
deposited by Page et al., [13,14], Dunlop et al., [15] and Wang et al., [16].

14. Structure of the Thesis

This thesis is structured comprising chapters. The chapters are focused along a
common objective addressing the preparation, testing and characterization of innovative
antibacterial coated polymer/textie 2D surfaces and 3D catheters. Non-coated
commercial polymers used extensively in hospitals grow easily bacteria/fungi biofilms.
These bacteria biofilms on polyethylene (PE), polyurethane (PU) and polyester (PES)
spread pathogens in hospital facilities. In Chapter 2, the current state of the art in this area
is reviewed. Chapters 3-6 address in a detailed way the work focusing on the design,
synthesis, evaluation and characterization of innovative antibacterial films. Chapters 3 to
7 constitute the main part of the thesis reporting in a comprehensive and systematic way

the results obtained.

Chapter 3 describes the preparation of TiO2>-Cu co-sputtered polyester (PES)
leading to the fast kinetic bacterial inactivation of Gram-negative Escherichia coli and
Gram-positive Staphylococcus aureus. Sequential deposition of TiO. followed by a
Cu/CuOx layer was investigated [17]. Sequentially sputtered TiO2/Cu on polyester led to
bacterial inactivation in the minute range but with a slightly high Cu-release that may pose
some problem if used in implants. This is why we moved to the co-deposition of both
oxides (TiO2 and CuOx, from now TiO2-Cu) to reduce the release of Cu but conserving
the fast bacterial inactivation obtained with Cu alone as reported by Baghriche et al., 2012
[17]. In addition, a systematic comparison between the (photo)-catalytic bacterial
inactivation activity against gram-negative bacteria and gram-positive bacteria was

explored in details.
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Chapter 4 addressed and investigated the co-deposition of TiO>-Cu on PES using
an up-to-date sputtering technology: High Power Impulse Magnetron Sputtering
(HIPIMS). In this chapter, we stress the fast kinetics of bacterial inactivation, the structural
details of the TiO2-Cu PES coatings comparing the structure and performance of the
HIPIMS coatings with the TiO2/Cu on PES coatings obtained by Direct Current Magnetron
Sputtering (DCMS).

Chapter 5 presents TiO2 coating of polyethylene (PE). Low density PE (LDPE) is a
low cost thin polymer membrane widely available material, chemically inert, mechanically
stable and flexible, UV-resistant and does not oxidize in air under sunlight. For this reason
PE has been selected as the support for the TiOo film depositions by HIPIMS and DCMS
sputtering. The PE-TiO:z films increase the quantum yield for light induced processes due
to their transparency. TiO2-PE is a uniform, non-scattering film and transparent due to the
low size of the TiO2 particles uniformly distributed on its surface. LDPE as a substrate is
a promising polymer for biomedical applications (e.g. meshes, artificial joints,
catheters...) due to its excellent chemical resistance, lightweight and flexibility. The
limitations of the use of LDPE are generally related to its low surface energy and the non-
polar nature. This precludes coating involving chemical bonding at relatively low
temperature < 100°C. Surface pretreatment techniques were used to generate polar

groups at the PE surface facilitating TiO2 bonding.

Chapter 6 addresses the deposition by sputtering of antibacterial binary metal-
oxides on 3D polyurethane catheters sputtered by DCMS. Infections in the hospitals
induced by catheters have increased during the last two decades. This has triggered
considerable interest to fight catheters associated infections (CAl's) in hospitals.
Catheters associated infections account for many of the hospital acquired infections
(HAIs) and the improvement of films precluding the bacterial colonization are urgently
required nowadays in general and in particular in the CHUV-facilities in Lausanne with
whom the EPFL shares a grant to look into this problem of growing concern. Bacterial
antibiotic resistance has rapidly increased in the last years due to the drastic overuse of
antibiotic and the adaptation of the pathogens to the traditional antibiotics used to

neutralize them.
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Chapter 6 presents in a detailed way innovative catheters coated with Ag/Cu films
leading to controlled and a continuous release of Cu or Ag in the ppb range to comply with
the biocompatibility limits set by sanitary regulations for these metals. The Cu/Ag films
release their constituent metals far below the cytotoxicity level allowed for mammalian
cells. Sputtering Ag/Cu from a mixed target was carried out and the coating evaluated
taking E. coli and MRSA as the probe pathogens of choice. To find the optimized metal
ratios leading to the fastest bacterial inactivation kinetics, different Cu/Ag ratios were
sputtered: 50%-50%, 33%-67% and 25%-75% of Cu%-Ag%. Bacterial inactivation on
Cu/Ag coated catheters led to a loss of viability within the minute range under actinic light
irradiation as used in hospital facilities. Bacterial inactivation in the dark was also
investigated due to the fact that the needle of the catheter will be inserted under the skin
(dark condition). This was an unexpected observation occurring in less than 30 min. Ag/Cu
lead to bacterial loss of viability below 30 min. The importance of bacterial inactivation
processes in the dark is that the bacterial/fungi inactivation proceeds on a permanent and
continuous basis not needing any activation energy involving considerable costs over

long-operational periods.

Chapter 7 presents the microstructure and the the oxidative states leading to the fast
bacterial inactivation seen in chapter 6 for Ag/Cu coated catheters. This microstructure

seems to play a crucial role in the bacterial inactivation dynamics.

Finally, Chapter 8 summarizes the most important findings of the Thesis, the
conclusions and outlook to address in future work by the people/readership active in this

area.



Chapter 2

Antibacterial active surfaces: biomedical textiles and
catheters as examples.
2.1. Introduction

Hospital acquired infections (HAIs) are in the rise in Europe infecting 5-7% of
hospital patients staying 210 days with the consequent high cost for the necessary
healing process [18,19]. About 40% of these infections are due to catheter-associated
infections (CAls) when the catheters tube is inserted in veins for more two days
amounting [20].

Thirty years ago Domek et al., [21] reported the inactivation effect of Cu on coliform,
later Keevil’s group reported the Cu inactivation of MRSA [22] and E. coli [23]. The Cu-
ions released from coated surfaces were reported to be biocidal. Antibacterial agents
reaching bloodstream infections were recently reported by |. P. Parkin [24]. The
disinfection in some cases seems to proceed via an olygodynamic effect due to ppb/ppm
amounts of Cu or Ag released by the biocidal surfaces [25]. Cu-ions have been shown to
complex proteins and break hydrogen bonds within the DNA opening the double helix
[26].

Antimicrobial surfaces are the object of increased attention and are being more
widely applied to avoid infections on implants and catheters [27-30]. Recently, Yates et
al., [31], Foster et al., [32] and Page et al., [27] reported CVD-deposition of Cu-titania
films being applied in single or multilayer’s coatings. The C-residues after the disinfection
process were monitored by ATR-FTIR. Innovative films against MRSA have been
reported for packaging materials [33], for plastics [34] and for stethoscopes [35]. Boyce
et al., [36] found MRSA contamination up to 65 % in the hospital staff gloves and uniforms.
This happens by direct contact in hospital infected rooms/surfaces. Later, Bhalla et al.,
[37] showed that in the gloves/uniforms of hospital workers who had touched
contaminated surfaces with MRSA were always infected in variable amounts. It was also
seen that microbial colonization occurs after 24 hours of insertion of a vascular catheter
into a patient. The microbial biofilms adhere tightly to the catheter surface [38]. For this

reason biofilm formation has to be precluded in the first place. Catheters on the market



Chapitre 2: Antibacterial active surfaces: biomedical textiles and catheters as examples

are impregnated with antibiotics and showed short-term effect [39,40]. This was attributed
to the low stability of the coating containing the antibiotic from one hand and to the
increasing bacterial resistance to antibiotics from the other hand [36,25,17].

Studies have shown rapid killing of bacterial cells when exposed to Cu-surfaces but
the mechanism of the Cu-MRSA Kkilling is still controversial. It seems that Cu does not
affect membrane integrity of cells. The Cu- antimicrobial effect seems to comprise the
cellular metabolism damaging cell DNA [41]. In a recent study, the uptake of Cu-ions by
MRSA was fast and damaged the cell DNA, but the mechanism of this uptake remains
unknown [41]. The weak points of Cu, Ag, antibiotic and antiseptic coated catheters are:

a) They are not effective over long-operational times,

b) They lose the biocidal properties within short-times,

c) In some cases they are not compatible with mammalian cells, and

d) Antibiotic impregnated catheters diffuse their components and by doing so induce

microbial resistance in the blood stream.
In the past few years, the continuous exposure to antibiotics over long times has led to
increased antibiotic resistance of bacteria. But at present only a few pathogens display
resistance to Ag and Cu [18,19,25,30]. Consequently, the development of innovative
antibacterial films and innovative biocidal catheters like Ag/Cu should be investigated and
are addressed in this thesis [45-46]. The use of DCMS, DCPMS and HIPIMS sputtering
to prepare active, highly adhesive, uniform and stable Cu, Ag [45-46] and TiO2 [47]
antibacterial film addresses the objective chosen for this Thesis work. The approach we
use to prepare these antibacterial coatings uses up-to date thin film technology. The
stability of the innovative Ag/Cu coatings and films does preclude any metal nanoparticles
entering the blood stream. Antibiotics/antiseptics used currently rapidly detach from the
carrier surface entering the blood stream. This decreases very rapidly their antibacterial
performance currently in use.

Recently, Heidenau et al., [29,30] demonstrated that Cu possess the most favorable
ratio Cu:Ag inactivating bacteria compared to other metal. These surfaces presented also
acceptable in vitro compatibility. Recent work In our laboratory with Cu-sputtered surfaces
induced a faster kinetic bacterial inactivation [43,44] compared to Ag-sputtered surfaces
[48,49].
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TiO2 surfaces in the dark are ineffective against bacterial infection, but Cu addition
to TiO2 surfaces introduce an effective antibacterial action under light and in the dark on
medical implants [50,51]. TiO2 has been reported to increase the adhesion of Cu on glass
and other surfaces [31-32, 52].

Recently, high power impulse magnetron sputtering (HIPIMS) has gained increasing
attention to deposit metal films on a variety of surfaces due to the high pulse power
densities applied (kW/cm? range). This leads to very thin coatings presenting very
effective bactericide effects. A high degree of ionization is attained by HIPIMS close to
70% [54-56] compared to conventional DCMS [53] showing ionization of 1%-5% and the
pulsed-DCMS ionization of about 10%. HIPIMS pulses range from 1 microsecond and up
to seconds and generate current densities of 10'8/m3. This is 10* times higher than that
obtained with conventional DC-sputtering. In the present work we investigated the
sputtering of Ag/Cu nanoparticles on polyurethane (PU) 3D catheters. This is an area that

has not been addressed until now [45-46].

2.8. Thin Films Deposition

Conventional deposition techniques e.g. sol-gel or films prepared via colloidal route
enable the synthesis of materials presenting a high thermal resistance leading generally
to coating thickness in the micrometer range. Commercial sol-gel method have reported
TiO2 and other thin films on heat resistant substrates. But the thickness of these sol-gel
deposited films is not reproducible, they are not mechanically stable and they exhibit low
adhesion due to the fact that they can be wiped off by a cloth or thumb [18-19,47]. These
traditional colloidal coatings require temperatures of few hundred degrees for an adequate
adherence to the selected substrate. This approach does not work on low thermal
resistant substrates like the polyester, polyethylene or polyurethane used in this study.

During the last four decades, the sputtering of surfaces was used to protect the
surface against external corrosion. Nowadays, thin coatings are used for many purposes
like anti-reflective, self-cleaning and/or self-sterilizing among of others. More recently,
reactive sputtering methods (in the presence of O2) have been carried out to deposit thin
metal oxides on non-heat resistant substrates like textiles at temperatures <130 °C out of
our laboratory. DCMS, DCPMS) [48] and HIPIMS [54] have been used to graft Ag-

metal/oxide nano-particulate adhesive films on a variety of polymer thin membranes and
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textile fabrics. The bacterial inactivation performance by Ag textiles in the dark and under
light has been recently reported [17]. The Scheme in Figure 2.1 shows plasma assisted

deposition methods used on different substrates.

Thermal
- . Electron Beam
Evaporation
Pulse Laser Deposition
physical Vapor < 0 blode DCMS
oy Cathode Magnetron - pcusP
Depostion (PVD) Sputtering Reactive HIPIMS
RF
Plasma | . PLD
assisted
depositions
Metalorgainc CVD(MOCVD)
) Photo-enhanced (PECVD)
Chemical Vapor Low-pressure CVD(LPCVD)
Deposttion (CVD) Laser-induced (LICVD)
L Atmospheric-pressure (APCVD)

Figure 2.1. Plasma assisted deposition methods.

2.9. Physical vapor deposition coatings: Magnetron sputtering

Physical Vapor Deposition (PVD) is a coating process carried out in high vacuum at
temperatures between 120 and 500°C. Solid coating materials (such as titanium,
aluminum, zirconium) are either evaporated by heat or by bombardment with ions
(sputtering) from a high-purity source called “target”. At the same time, a reactive gas (e.g.
oxygen or Nitrogen) is introduced leading to a thin uniform adhesive metal/metal oxide
film. In order to obtain a uniform coating thickness, the substrate is rotated at a pre-
selected speed in a defined axe. The properties of the coating such as hardness,
microstructure, chemical composition and adhesion can be accurately controlled. The
PVD processes include arc evaporation, sputtering, ion plating, and enhanced sputtering.
During the Thesis work, we will focus on the sputtering on non-heat resistant substrates

like textiles and thin polymer membranes.
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Magnetron sputtering is a widely used PVD technique to deposit thin films. This
technique is based on the generation of low-pressure magnetically enhanced glow
discharge plasma so called magnetron discharge. Figure 2.2 shows: a) the magnetron-
sputtering chamber, (b) the sputtering process and (c) the target emission of metal and

ions during the sputtering process.

(a) anode (+) (b) Substrate (textile)

Atom or ion with
kinetic energy .
' hits surface f

¥

Cathode (-)

(C) plasma ring
\ electron trajectory

magnetic field erosion trench

shape of an eroded/used target

Cooling water

Figure 2.2. (a) Magnetron sputtering chamber and (b) sputtering process and (c) an
eroded target.

The anode comprises the substrate used to fix the metal, metal-ions and composites
coming from the target and the walls of the deposition chamber. After evacuation of the
deposition chamber, the inert working plasma gas is introduced in the sputtering chamber.
Argon (Ar) is typically chosen as the inert working gas. The name "argon" is derived from
the Greek word “apyov”, neuter singular form of “apyog¢” meaning "lazy" or "inactive", as

a reference to the fact that the element undergoes almost no chemical reactions. When
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the plasma is established between the electrodes, positive ions from the plasma are
accelerated towards the cathode. When the ions strike the cathode, momentum transfer
results in the ejection of neutral atoms and secondary electrons. The neutral atoms travel
to the substrate anode, where they are deposited, whereas the secondary electrons have
an added ionizing effect on the plasma gas.

2.9.1. Direct Current Magnetron sputtering (DCMS)

The low rate deposition for a direct current deposition is proportional with the applied
power to the target. To overcome this disadvantage, electromagnets can be placed behind
the target(s) and the corresponding process is referred to as direct current magnetron
sputtering (DCMS). As shown in Figure 2.2, the orientation of the electric and magnetic
fields forces the electrons to follow a hopping trajectory close to the target leading to more
collisions with the gas atoms. As consequence, a higher ions-flow is produced in the
direction of the target. Increased ion flux leads to increase the deposition flux increasing
the deposition rate.

2.9.2. Direct Current Pulsed Magnetron sputtering (DCPMS)

To prevent arc formation during the deposition, pulsed discharges can be introduced
by neutralizing the surface charges. Positive charges accumulate near the target
hindering the deposition. Periodic interruption of the negative DC-voltage eliminate the
accumulated positive charges on the target. This process is called direct current pulsed
magnetron sputtering (DCPMS). Kelly et al., [57] showed that enhanced film properties
were achieved through the use of pulsed sputtering processing. This process is attractive
because it offers stable arc free operating conditions during the deposition of functional
films on architectural and automotive glass, or antireflective/antistatic coatings and
displays [57].

2.9.3. High Power Impulse Magnetron Sputtering (HIPIMS)

By the application of HIPIMS to coat surfaces in the car and plane industries the
anticorrosive Fe-Cr coatings applied at a high energy per pulse led to high-density
coatings. In part this was due to the increased ionization of the sputtered species. Also,
HIPIMS improved the direction of the flow of the metal-ions in the sputtering chamber.
Furthermore, the plasma density of the conventional magnetron discharges increases with

the applied power to the cathode. The maximum applied power to the cathode is limited
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by the heat resistance threshold of the target during the pulse during the HIPIMS
sputtering.

Nonetheless, to avoid the heating limitation the duration of the high power pulses
can be shortened. A dead recovery period is introduced in a repetitive way that is
sufficiently long so that the heat accumulated on the surface of the target can be removed.
The HIPIMS sputtering requires a time consuming calibration before it can be applied (see
annex 1 and 2). This technique has been reviewed by Helmersson et al. [58-59-60].

Sputtering processes of surfaces lead to an enhanced film uniformity, film adherence
and compactness [43,48,52]. HIPIMS present an important development in the PVD field
[57] and is gaining acceptance in many applications for surface treatments of metallic
surfaces due to its high plasma density of 109/m3 compared to 10'4/m?3 for DCMS and
10"8/m3 for DCPMS [52,57,60]. The inconvenience of HIPIMS is its slow rate of

deposition.
2.10. Antibacterial surfaces

2.10.1. Catalytic/photocatalytic property of Silver and Copper surfaces

The bactericidal properties of Ag thin layers involve release of Ag*-ions reacting with
the bacteria cell wall, damaging the outer bilayers and translocating Ag-ions to the
cytoplasm. Ag-ions are capable of penetrating the cell wall and interacting with the DNA.
But there are still many open questions regarding the Ag- antibacterial mechanism [43,61-
62]. Some reports showed that only Ag-ionic species present meaningful bactericide
action compared to the metal-Ag [63].

Another biocide material is Cu/CuOx. This metal is found in the structure of many
enzymes involved in electron transport and redox cycles in living microorganisms. CuOx
can produce reactive oxygen species like H202 leading to the damage of the iron-sulfur
enzymes or even DNA by generating free radicals [64]. The complete mechanism of
bacterial inactivation by CuOx has not been completely worked out but it is suggested to

be similar to the one suggested for the AgOXx [65-68].

Borkow et al., [25], Sunada et al., [69] and Kiwi et al., [11,17,43,48,62,63] have

recently shown that metal oxides of Ag and Cu play a major role in the antibacterial
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behavior of powders and surfaces. They attributed this fact to the semi-conducting
properties of the oxides formed by these metals in contact with air. These semi-conductors

presenting narrow band-gaps are photo-activated by low intensity solar irradiation.

A semi-conductor (sc) is defined as a material that has an intermediate electrical
conductivity between that of a conductor and an insulator. The excitation of a
semiconductor is governed by the applied energy to its band- gap. When the applied
energy is higher than the energy of the band-gap an electron is promoted from the valence
band (vb) to the conduction band (cb) of the sc leaving a hole in the VB. Titanium dioxide
(TiO2) is one of the most used semi-conductors in catalysis/photocatalysis, water
treatment, air treatment, self-cleaning and self-sterilizing processes due to its stability,
lack of corrosion, and chemical inertness.

The intrinsic light absorption by TiO2 induces the transition 2p (O) —3d (Ti). The
photo-generated electrons and holes interact with surface adsorbed molecules such as
water and oxygen to form active radicals so called reactive oxygen species (ROS) [47].
The catalytic reaction of the TiO: involves the water, dissolved oxygen and the catalyst

surface groups. Indeed, they are summarized in equations 1 and 2:

HO + h'w — °OH +H" )

O, + e — O, 2)

At the molecular level, the photo-generated electrons tend to reduce Ti4* to Ti* and
the holes react with the bridging oxygen sites leading to oxygen vacancies and free °OH-
radicals. Water molecules heal the oxygen vacancies producing OH-groups on the
surface leading to the oxidation of Ti3* into Ti4* [47].

The performance of a TiO2 can be improved as to increase the light absorption in
the visible region by doping. Kiwi et al., recently reported that associating Ag and/or Cu
oxides with other metal oxides hinders the photo-generated charges recombination
through the introduction of intra-gap energy level midway between the cb and vb of TiO>

facilitating the indirect transition of the electron trough the forbidden band [70].
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2.10.2. Hospital acquired infections, bacterial resistance to antibiotics and
antibacterial catheters

Hospital Acquired Infections (HAIs) has become a great challenge during the last
decades. Statistics revealed deteriorating situation in developed countries like UK and
European countries. About 1.7 million HAIs occurred leading to almost 99,000 deaths in
2002. This makes HAIs the sixth leading cause of death in the USA and Europe. Recently
Peleg and Hooper [71] reported that gram-negative (gram-) bacteria are responsible for
more than 30% of HAls, and these bacteria predominate in cases of ventilator-associated
pneumonia (47%) and urinary tract infections (45%) and account for about 70% in
intensive healthcare units. Figure 2.3 shows the surfaces (textiles, polyethylene and
catheters) in contact with the pateient in a healthcare room susceptible to host/bring
infections. The preparation, characterization and antibacterial performance of these

surfaces will be the focus of the present thesis.

Polyethylene
bags

Textile

Caf
Figure 2.3. Surfaces hosting bacteria in hospital facility.

Gram negative bacteria have been described to be highly efficient at up-regulating
or acquiring genes that code for mechanisms of antibiotic drug resistance. There are
different modalities of acquisition of the antibiotic resistance for gram negative bacteria.
This will not be discussed further during the presentation of this thesis.

The level found for a variety of infectious bacteria in many UK hospitals is higher
than the allowed level for the hospital rooms. For example, the contamination of 105

CFU/cm? was observed in a diabetic wound dressing. But in the vicinity of the patient, a
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microbial density of about 102 CFU/cm? was found. The use of Ag-textiles previously
reported [48,63] should be sufficient to decrease significantly the room bacterial
concentration, since we do not deal with a high bacterial concentration to start with.
Research in this area for more effective antibacterial surfaces presenting a faster bacterial
inactivation precluding the formation of biofilms is warranted. To eliminate the Ag-
leaching during the textile washings [72] and keep at the same time a meaningful Ag-
disinfection performance is one of the objectives when searching for more adhesive Ag-
textiles. Ag reaching drinking and natural water bodies through furtive emissions is a
recurrent problem due to the increasing amounts of Ag being used in different industrial
processes.

Sputtered surfaces should in principle be able to reduce/eliminate the contamination
of public hospitals from E. coli and MRSA. This is why we have focused our work on the
sputtering of Cu/Ag-surfaces [62] presenting new Ag/Cu surfaces with almost no leaching
of Cu/Ag. This is not the case for Ag-surfaces prepared by sol-gel methods used in wound
pads and in disinfecting fabrics [62,72]. Ag-hydrophilic textiles like cotton are used to
disinfect presenting a large uptake of water. The cotton provides an effective brewing
media for bacterial colonization [73].

Inhibiting bacterial adhesion is essential to prevent implant-associated infection,
because biofilm are extremely resistant to both the immune system and antibiotics [71].
To avoid bacterial colonization/adhesion, we coated catheters with Ag/Cu leading to
continuous release of Cu or Ag-ions in the ppb range below the cytotoxicity limits allowed
by sanitary regulations for mammalian cells. Sputtering Ag/Cu from mixed targets with
different atomic ratios was determined to a) find the optimal amount of Ag/Cu to achieve
the fastest bacterial inactivation kinetics and b) find the most suitable ratio between Ag

and Cu for faster bacterial disinfection [45-46].

Commercial catheters impregnated with antibiotics or antiseptics or combination of
both last for short operational lifetime. Microbial colonization on the catheter surface has
been observed after 24 hours after insertion of a vascular catheter in the CHUV,
Lausanne. The microbial biofilms attach tightly to the catheter surface [38] and this is the
reason why biofilm formation has to be precluded in the first place.

The actual state of the art can be resumed as:
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- Antibiotics impregnated as an adhesive layer on catheters present only a short-
term effect. Gentamicin-sulfate on hydroxyapatite layers (Synthacer) elute up to
350 micrograms for up to 5 days and stops the release of the antibiotic after 10
days [40]. As effective drug carriers gentamicin [40] and amikacin [74] have worked
towards the covalent bonding on vascular prostheses extending the release of the
drugs with respect to less sophisticated grafting methods

- Minocycline-rifampin coated intravascular catheters showed a 0.3% intravascular
infection ratio [75] but induce a drug a decrease in the resistance towards
antibiotics over the years.

- Ag-coatings have been used widely to preclude the microbial colonization on
catheters [27,28,18,19]. Ag-polyurethane catheters releasing Ag hinder microbial
colonization and decreased by >50% microbial infections compared to catheters
not coated with Ag for periods beyond 5 days [76].

- Catheters impregnated with antiseptics like chlorhexidine and Ag-sulfadiazine have
been shown to be effective but present significant antimicrobial activity lasting for
shorter times than the catheter action is required on the patient [77].

- Anti-adhesive films like hydrogels [8] and antimicrobial polymers [78] show also
antibacterial action, but the adhesion and the uniformity of the antimicrobial agents
does not reach the concentration needed to be highly effective.

Studies to date have shown rapid killing of bacterial cells when exposed to Cu-surfaces
but the mechanistic action of Cu on MRSA remains controversial. Cu-surfaces induce a
rapid antimicrobial effect comprising cellular metabolism and DNA damaging [44,18]. In a
recent study, the uptake by MRSA of Cu-ions was reported, but the mechanism of this
uptake remains unknown [44,18-19]. Ag-ions were investigated since they present a long
effective operational time against bacterial colonization. Recent research explored
oligodynamic effect of Ag-ions leading to bacterial inactivation occurring at ppb levels Ag-
nanoparticles [79]. The antibacterial properties of Ag and Cu-ions eluting from Ag/Cu
coated surfaces prepared by sputtering [18-20, 41-44] and took into consideration:

a) the wide antibacterial spectrum of Ag and Cu being nano-particles with a high

oxidation potential,

15



Chapitre 2: Antibacterial active surfaces: biomedical textiles and catheters as examples

b) Ag and Cu in the ppb range (micrograms) are only necessary to inactivate
bacteria/fungi/virus. The ppb-release is believed to depend on the coating network
and the surrounding biological medium. In many cases Ag and Cu fast bacterial
inactivation proceed with a low cytotoxicity below the standards allowed in mammalian
cells.

c) Ag and Cu coatings have shown acceptable inactivation kinetics in minutes/hours
ranges,

d) The long-term bio-compatibility (from 5 to 30 days) is not known at the present time
and will not be monitored as part of this thesis [31-32].

Cu-Ag coated surfaces offer an innovative way for preventing catheter-associated

infections [16,47,52] against E. coli, MRSA, P. Aeruginosa and fungi. No catheter Cu-

coated surfaces showing stable long-term effective antibacterial performance has been

reported so far.

The Cu-induced bacterial inactivation kinetics work recently reported [46,17] used
as initial bacterial concentration 108 CFU/ml. The level of contamination found in public
hospitals in the UK of ~105 CFU/cm? in a diabetic wound dressing and it is much above
the level found in a common hospital room of 102 CFU/cm2. Therefore, Cu-sputtered
surfaces should be able to eliminate bacteria in the presence of a low bacterial

concentration as found in hospital facilities [34].

During the last few years, Prof. Pulgarin’s laboratory have addressed the bacterial
inactivation of E. coli by Cu/CuOx-textiles prepared using Rf-plasma Magnetron sputtering
[43], DCMS [80], DCPMS [81] and HIPIMS technologies [82,83]. The performed
experiment during these studies followed the standard methods to determine the E. coli
concentration described in reference [49] (ISO 27 447: 2009) and for the evaluation of the
MRSA inactivation was recently described [44].

The work described in this thesis involves reactive and non-reactive magnetron
sputtering offering many advantages such as the uniformity of the coating, the high
adhesion to the substrate and the relatively low-temperature of deposition on low thermal
resistant substrates. This approach is less aggressive compared to CVD, and it is easily
scaled-up for industrial applications. The use of energetic-ions and controlled-ion
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bombardment can modify the nucleation process, improve the film adhesion, change the
grain size and crystallite preferential orientation and achieve an effective antibacterial
action employing very thin films [48,52]. The correlation between roughness and
bactericide inactivation has been recently reported for Ag-ZrN surfaces [49].

In general, when a semi-conductor (e.g. TiO2, Ag20, CuOx...) is photoexcited,
electron-hole pairs are generated and separated at the semi-conductor surface. In the
case of photoexcited TiO-, the electrons in the conduction band tend to reduce Ti4* to Ti3*
and the photo-generated holes (in the valence band) react with oxygen generating oxygen
vacancies and free OH-radicals. Adsorbed water molecules react with the oxygen

vacancies producing OH groups and oxidizing Ti3* into Ti4*.

2.11. Set-up optimization for deposition on 3D shape catheters

More effective and stable coated antibacterial catheters are needed now to prevent
intravascular infections. For this reason, during the last 2 years at the EPFL, we modified
the DCMS, DCPMS sputtering equipment to coat effectively Cu on the 3D cylindrical
catheter surface. This modification is shown in Figure 2.4. The metal targets are in the
lower part of the deposition chamber, in positions (1) and (2). In the case of standard
substrate holder (3), the position of the metal-targets with respect to the flat substrate
makes the ions follow the direction of the axis perpendicular to the metal-target until they
reach the sample. Since the ionization degree attained by DCMS is around 1-5%, the
attachment of this positive plasma flow is effective only on the top of a negatively biased
substrate. The new holder (4) can clutch cylindrical and more complex-shaped objects.
The axial rotation of the holder (4) and the application of negative bias ensure a Cu-

uniform distribution on the catheter tube surface.
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Figure 2.4. Schematic of the Pulsed Magnetron unit for catheter sputtering: (1) and (2)
magnetron cathodes for Ti and Cu targets, (3) rotary substrate holder for flats surfaces
with axial variable positioning possible (4) retractable axial rotary substrate holder for
catheter. Both substrate holders can be biased.

2.12. Surface pretreatment of surfaces/textiles

To bind the Ag/Cu/TiO2 layers on textiles, polyethylene (PE) and polyurethane (PU)
surfaces sometimes it is hard to bind the coating to the substrate. Rf-plasma surface
pretreatment introducing polar negative groups like carboxylate, peroxides —O-O-
enhancing/modifying textile surfaces was reported by Kiwi et al., [85] This lead us to
pretreat textiles by RF-plasma in the presence of residual Oz to introduce the O-containing
negative polar groups on the activated sustrate surfaces. These sites introduce additional
bonding functionalities able to attach the Ag found in colloidal suspension.

2.12.1. RF-plasma pretreatment

Fabrics were pretreated in a RF-plasma cavity (Harrick Corp. 13.56 MHz, power 100
W). Generally for RF-plasma, low pressures are used to increase the capture length of
the electrons generated in the electric field generated in the RF-chamber. The RF-plasma
is created when a gas is exposed to an electromagnetic field within radio frequencies.
Vacuum at 1 torr avoids the collisions between the electrons allowing the electrons to
react with residual O. In the low temperature plasma, the gaseous ions present
temperature ranges between ambient and few hundred degrees, but the electrons have

transient energies corresponding to high temperature values. The system is not under
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thermal equilibrium. The activated RF-plasma interacts with oxygen leading to atomic,
excited O, anionic O- and cationic O*, giving rise to carboxyl, per-carboxylic, peroxides,
lactam etc able to chelate/complex or/and attach by electrostatic attraction with the partial
positive Ag-species. Without vacuum, the RF-plasma induces a localized heating breaking
intermolecular H-bonds and generating for very short times temperatures >160°C able to
segment the textile [85-89]. The introduction of additional O-containing air creates binding
sites for metal/oxide binding at the textiles surface.
2.12.2. Functionalization of fibers by atmospheric or vacuum UVC

The textile polymer surface can also be functionalized by UVC light irradiation using
the 185 nm line (6W) from a 25W (254 nm + 185 nm light) low-pressure mercury lamp
(Ebara Corp. Tokyo, Japan). UVC activation having a lower energy than the RF-plasma,
does not lead to cationic or anionic oxygen species in the gas phase. Only atomic (O) and
excited oxygen (O") species under UVC are obtained. The energy necessary for the O2
— 20’ reaction is at the wavelength 241 nm (495 kJ/mole). The absence of cationic or
anionic oxygen species when pre-treating with UVC leads to a more uniform TiO2 layer of

the textile surfaces and has been reported in the literature [30].

The O2 cross section is 1020 cm2 and the molar absorption coefficient ¢O2 (185 nm)
~26 M/cm [47,85]. The cross section of N2 is about 10 times smaller than for O at this
wavelength. Therefore, the eN2(185 nm) would be negligible. At 185 nm the extinction
coefficients of O2 and N2 are so low, that practically no UVC-radiation is lost in the optical
pathway between the light source and the sample even at atmospheric pressures. Figure
2.5 below shows a schematic for oxygen activation by RF-plasma or UVC. The negative
polar groups like: COO-, -O-O- and other -O-C- were obtained by surface pretreatment
(RF-plasma or UVC) and were identified/quantified using X-ray photo-electron

spectroscopy (XPS) or titrated with a base.
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Figure 2.5. Schematic of surface pretreatment by Rf-plasma and UVC to generate surface
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Chapter 3

Co-sputtered polyester showing duality in the E. coli and
MRSA bacterial inactivation under actinic light

This chapter is based on the following publication: S. Rtimi, M.K.S. Ballo, D. Laub, C.
Pulgarin, J. M. Entenza, A. Bizzini, R. Sanjines, J. Kiwi, Applied Catalysis A: General
498 (2015) 185-191 (Reproduced with permission of Elsevier, Copyright 2015).

3.1. Introduction

Recently, some laboratories [1,90,5,15], have reported antibacterial Ag, Cu and TiO2
coatings on glass and polymer films depositing the metal/oxides by CVD and sputtering
techniques. Studies on the photo-activated TiO2 and Cu-TiO2 mediated bacterial
inactivation have been reported [10,91-92]. There is a need for active, uniform and
adhesive surfaces to decrease more effectively environmental risks associated with HAls.
In this chapter we report DCMS co-sputtering of TiO2 and Cu films leading to uniform,
adhesive and robust layers on polyester (PES) at temperatures not exceeding 120-130°C.
This approach allows the sputtering of antibacterial films_on textiles and polymers
presenting a low thermal resistance.

Recent studies [93-96] report the preparation of Cu and TiO2/Cu films by sol-gel
methods inducing significant bacterial inactivation under UV-visible light. Nevertheless,
the sol-gel films are not mechanically stable, nor reproducible, present low uniformity and
litle adhesion [12]. This moved us to work on the preparation of sputtered antibacterial
films to overcome the shortcomings of colloidal loaded films.

Escherichia coli (E. coliy and MRSA inactivation on Cu-sputtered polyester (Cu-PES)
[95,18] have recently been reported by our laboratory [44]. This study is a continuation of
previous work on TiO2/Cu surfaces leading to E. coli [49] reduction, focusing on new
aspects to show: a) the bacterial reduction on novel TiO2/Cu co-sputtered PES, b) the
differential effect of the applied actinic/visible light (400-700 nm) on the bacterial reduction
kinetics of E. coli and MRSA, c) the stabilizing effect of TiO2 on the Cu release from the

co-sputtered surfaces during bacterial reduction/inactivation compared to Cu sputtered
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individually, d) by inductively coupled plasma mass spectrometry (ICP-MS) to account for
the Cu-oligodynamic effect leading to bacterial reduction and finally e) the effect of a co-
sputtered catalyst TiO2/Cu-PES on the bacterial reduction kinetics of Gram+ and Gram-

bacteria, as well as the effect of actinic/visible intensity on bacterial reduction.

The novelty of this work is the preparation of highly performing, uniform, adhesive
and robust TiO2/Cu on PES textile using magnetron sputtering. Co-sputtering TiO2 and
Cu/CuOx simultaneously led to fast bacterial inactivation kinetics with a surprisingly low

release of Cu compared to Cu sputtered alone on PES.

3.2. Experimental Section

3.2.1. Catalyst Preparation

The PES used corresponds to the EMPA test cloth sample No 407. It is a polyester
Dacron polyethylene terephthalate, type 54 spun, 130 microns thick, plain weave ISO 105-
FO04. Direct current magnetron sputtering deposition of Ti and Cu was carried out in a
CMS-18 Vacuum system from Kurt Lesker Ltd. evacuated to 5.8x10-3 mbar by a turbo-
molecular pump. The Cu as well as the Ti target were 2 inches in diameter, 99.99% pure
from K. Lesker Ltd. UK. Co-sputtering was carried out at 300 mA. The Ti and Cu targets
used for the co-sputtering were positioned at 10 cm of the PES substrate. The nominal
calibration of the film thickness was carried out on the Si-wafers and the film thickness
was determined with a profilometer (Alphastep500, TENCOR).

3.2.2. Catalyst Characterization:
3.2.2.1. Surface loading and ions release during bacterial inactivation

The X-ray fluorescence (XRF) determination of the Ti and Cu on PES was evaluated
in a PANalytical PW2400 spectrometer. A Finnigan™ |ICP-MS (Inductively Coupled
Plasma-Mass Spectrometry) was used to determine the Ti and Cu release during the
bactericidal cycles with a resolution of 1.2x10° cps/ppb and detection limit of 0.2 ng/L. A
washing solution of the TiO2/Cu samples were digested with nitric acid 69% (1:1 HNOz +
H20) to remove the organics in the solution and to guarantee that there were no remaining
ions adhered to the flacon wall. The samples droplets were introduced to the ICP-MS

trough a peristaltic pump to the nebulizer chamber at ~7700°C allowing the evaporation
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and ionization of the elements in the sample. The Cu and Ti found in the nebulizer droplets
were subsequently quantified by mass spectrometry.
3.2.2.2. Diffuse reflectance spectroscopy (DRS)

Diffuse reflectance spectroscopy (DRS) was carried out in a Perkin ElImer Lambda
900 UV-VIS-NIR spectrometer within the wavelength range of 200-800 nm. The rough
UV-Vis reflectance data cannot be used directly to assess the absorption of the
TiO2/Cu/CuO-PES samples because of the large scattering contribution of the PES fabric
to the DRS spectra. Normally a weak dependence is assumed for the scattering coefficient

S on the wavelength. The spectra were plotted in Kubelka-Munk (KM) units.

3.2.2.3. High-resolution transmission electron microscopy (HRTEM) and
stereomicroscopy
The transmission electron microscopy (TEM) required the PES fabrics embedding

in epoxy resin (Embed 812) and cross-sectioned with an ultra-microtome (Ultracut E) up
to a thin section of 70 nm for TEM images. The used microscope was a CM12 (120 kV).

The fluorescence stereomicroscopy was carried out on samples inoculated with 108
CFU of E. coli and incubated for 2 hours in a humidification chamber. This method uses
a fluorochrome-based staining procedure from Filmtracer™ LIVEDEAD® Biofilm Viability
Kit (Molecular Probes, Invitrogen). The kit contains a combination of the SYTO 9% green
fluorescent nucleic acid stain and propidium iodide fluoro-chromes for the staining of live
and dead cells, respectively. The sample fluorescence was monitored in a fluorescence
stereomicroscope (Leica MZ16 FA, Leica Microsystems GmbH Wetzlar, Germany) and
the images were processed using the LAS v.1.7.0 build 1240 software from Leica
Microsystems CMS GmbH. Adhesion of bacteria to the sputtered PES was allowed for 2
min before washing the sample with sterile Milli-Q water to remove non-adherent bacteria.
3.2.2.4. X-ray-photoelectron spectroscopy (XPS)

The XPS of the samples was carried out in an AXIS NOVA unit (Kratos Analytical,
Manchester, UK) equipped with monochromatic AlK, (hv = 1486.6 eV) anode and the
deconvolution software CasaXPS-Vision 2. The carbon C1s line with position at 284.6 eV
was used as a reference to correct the charging effects. The surface atomic concentration
of some elements was determined from the peak areas and known sensitivity factors [97-
98]. Spectrum background was subtracted using the program of the Kratos unit. The
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etching depth induced by the Ar-ions was referenced to the etching of Ta of 15 atomic

layers per minute equivalent to ~3 nm/min.

3.2.3. Catalytic tests

3.2.3.1. Bacterial reduction and irradiation sources

Unsputtered and sputtered PES samples were sterilized in 70% ethanol and dried
overnight at room temperature (RT). Cultures for the preparation of the MRSA ATCC
43300 and E. coli K12 inoculum were prepared by picking a single bacteria colony from
the agar plate and incubated in tryptic soy broth at 37°C overnight. Overnight cultures of
the microorganisms were washed two times in 0.9% NaCl and lately diluted to the selected
concentration.

E. coli K12 strain was obtained from the Deutsche Sammlung von Mikroorganismen
und Zellkulturen GmbH (DSMZ) ATCC23716, Braunschweig, Germany, to test the
antibacterial activity of the co-sputtered samples. The PES fabrics were sterilized by
autoclaving at 121°C for 2h. The 20 uL culture aliquots with an initial concentration of ~108
CFU mL-" in NaCI/KCI (pH 7) were placed on coated and uncoated (control) PES fabric.
Samples were then placed on Petri dishes provided with a lid to prevent evaporation. After
each determination, the fabric was transferred into a sterile 2 mL Eppendorf tube
containing 1 mL autoclaved NaCl/KCI saline solution. This solution was subsequently
mixed thoroughly using a Vortex for 3 min. Serial dilutions were made in NaCI/KClI
solution. A 100 uL aliquot was pipetted onto a nutrient agar plate and then spread over
the surface of the plate using standard plate method. Agar plates were incubated lid down,
at 37°C for 24h before colonies were counted. Three independent assays were done for
each sputtered sample during the course of this study. To verify that no re-growth of E.
coli occurs after the first bacterial inactivation cycle, the TiO2/Cu-film was incubated for 24
hours at 37°C. Then, the bacterial suspension of 100 uL was deposited on three Petri
dishes to obtain replicates. The samples were incubated at 37°C for 24 h. No bacterial re-
growth was observed for these samples.

For MRSA testing, PES samples (4 cm?) were inoculated with 20 ul of cell culture
and incubated for 30, 60 and 120 min in a humidified chamber at room temperature (RT)

in the dark or under light. The temperature inside the light box was maintained (20-23 °C).
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Bacterial loss of viability on TiO2/Cu-PES samples was then evaluated by direct agar
transfer plate (incubated at 37 °C).
3.2.3.2. Irradiation sources

The irradiation of the E. coli and MRSA bacteria on the co-sputtered samples was
carried by a Philips Master TLD-18W/865 actinic lamps as used in hospital facilities with
an emission between 400 and 720 nm with different light doses between 1.01 mW/cm2 up
to 4.65 mW/cm2,

3.3. Results and discussion

3.3.1. Surface characterization of sputtered TiO2/Cu-PES

Co-sputtering Ti and Cu for 3 min in Ar-O2 atmosphere led to a coating thickness of ~135
nm (equivalent to ~700 atomic layers). The Cu, TiO2 and TiO2/Cu content were
determined by X-ray fluorescence (XRF) and are reported in Table 3.1. The amounts of

Cu, and TiO2 are seen to increase with sputtering time as expected.

Table 3.1. Cu, TiO2 and TiO2/Cu determined by X-Ray Fluorescence (XRF) as a function
of the DC-sputtering time.

Sample %wt Cuwt | %wt CuO/wt | %wt  Tiiwt | %wt TiOz/wt
PES PES PES PES
Cu (5 min) 019 024 = =
Cu (3 min) 016 020 = —
Cu (1 min) 005 0.07 = -
TiOz (5 min) = = 018 020
TiOz (3 min) - = 012 014
TiOz (1 min) = = 0.09 0.10
TiO2/Cu (5 min) 009 011 011 017
TiO2/Cu (3 min) 0.06 0.07 0.10 014
TiO2/Cu (1 min) 002 0.04 002 003

It is important to note that TiO2 sputtered for ~2 min has an equivalent to the amount of
TiO2 co-sputtering TiO2/Cu for 3 min. CuO sputtered for ~1 min deposited Cu equivalent

to a Cu/TiOz film co-sputtered for 3 min.
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The diffuse reflectance spectra (DRS) show an increase in the optical absorption as
a function of the co-sputtering time in Kubelka-Munk units up to 3 min as shown in figure
3.1.

1.0 (1) TiO/Cu sputtered for 30 s
(2) TiO/Cu sputtered for 1 min
(3) TiOEICu sputtered for 3 min

(3)

KM/S

0.5F

0.0

1 L | 1 1 ]
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Wavelenght (nm)

Figure 3.1. Diffuse reflectance spectroscopy (DRS) of co-sputtered TiO2/Cu on PES for
the times: 1) 30 s, 2) 1 min and 3) 3 min.

The wide spectral range for Cu(l)/Cu(ll)-species between 200 and 800 nm extending
allows a considerable absorption of the actinic light between 400 and 700. The optical
absorption between 500 and 600 nm is due to the inter-band transition of Cu(l) and the
absorption between 600 to 720 nm is attributed to the exciton band and the Cu(ll) d-d
transition [98,95].

Figure 3.2 shows the transmission electron microscopy (TEM) of TiO2/Cu co-
sputtered for 3 min on PES. The more dense Cu-clusters presented diameters between
16 and 20 nm while the TiO2 clusters revealed smaller sizes between 5 and 10 nm. The
TiO2/Cu coating of 120 to 160 nm thick (500 to 800 atomic layers) presented a close

contact between the TiO2 and Cu-nanoparticles.
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Figure 3.2. Transmission electron microscopy (TEM) of TiO2/Cu co-sputtered for 3 min
on PES. E stands for the epoxide that is required to embed the sample during the
preparation of the TEM image.

3.3.2 Evaluation of the E. coli reduction and effects of the applied light doses

Figure 3.3 shows the bacterial reduction by TiO2/Cu-PES under actinic light
irradiation and in dark as a function of TiO2/Cu co-sputtering times. PES by itself in the
dark and actinic light does not reduce E. coli. But in the dark, E. coli bacterial reduction
proceeds within 120 min in the dark on TiO2/Cu-PES. The mechanism of TiO./Cu
mediated E. coli inactivation under light irradiation has been reported in detail and for this
reason it will not be addressed in the present study [95,93]. Reduction in the dark as
shown in Figure 3.3, trace 4 proceeds through a mechanism involving the reaction of O2
(air) with the Cu®/Cu-ions. It will be discussed below in the XPS section and to suggest a
possible reaction mechanism. Figure 3.3, trace 1 shows the complete bacterial reduction
under visible light within 30 min for TiO2/Cu samples co-sputtered for 3 min. In this case,
sufficient amount of TiO2 and Cu was coated on the PES leading to a number of exposed

catalytic sites inducing the fastest E. coli load reduction (see Table 3.1).
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Figure 3.3. E. coli inactivation on TiO2/Cu co-sputtered for different times on PES as
indicated in the traces: (1) 3 min, (2) 2 min, (3) 5 min, (4) 10 min, (5) 1 min (6) 3 min in the
dark and (7) PES-alone. The bacterial reduction under light irradiation used a lamp Philips
Master-18W/865 (4.65 mW/cm2).

Co-sputtering for 1 and 2 min (Figure 3.3, traces 2 and 5) did not attain the necessary
TiO2 and Cu active sites to induce fast bactericidal activity. Co-sputtering TiO2/Cu for 5
and 10 min (Figure 3.3, traces 3 and 4) led to longer bacterial inactivation kinetics
compared to TiO2/Cu (3 min). This may be due to the inward charge diffusion [17,3]. In
addition, longer sputtering times facilitate the TiO> inter-particle growth decreasing the
TiO2 contact surface with bacteria [47,52]. Figure 3.3, trace 6 shows the complete
bacterial reduction in the dark. This is an important result showing that even in the
absence of light (dark/actinic light switched off), the bacterial reduction continue to
proceed. The effect of Cu on bacteria has been associated with the ingestion of copper
leading to adverse reactions with transport-proteins of enzymes regulating the respiratory
chain [30,93,98-101].

Figure 3.4 show that TiO2/Cu-PES surfaces damage the E. coli cell wall more than
the TiO2 surface under light and in the dark due to the added effect of cytotoxic Cu. This
suggests that E. coli damage is located at the cell wall [47] in contact with the bactericide
TiO2/Cu-PES surface in Figures 3.4. TiO2 and Cu on PES proceeded with a similar trend
in the bacterial reduction kinetics in Figure 3.4. Increased Cu-loading on PES led to faster

bacterial inactivation kinetics, but this effect was not observed in the case of TiO2 (Figure
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3.4). Figure 3.4 also presents the effect of the actinic light intensity on the E. coli reduction
mediated by TiO2/Cu-PES surface at different light intensities.
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Figure 3.4. E. coli reduction under Philips Master-18W/865 (4.65 mW/cm?2) light
irradiation: (1) PES alone (2) TiO2 sputtered on PES for 2 min, (3) TiO2/Cu-PES sputtered
3 min and (4) Cu sputtered on polyester for 1 min. Error bars: standard deviation (n=5%)

At the highest light dose of 4.65 mW/cm?2 the PES by itself does not lead to E. coli
reduction (Figure 3.4a, trace 1). TiO2 sputtered samples for 2 min are seen to inactivate
E. coli within 120 min (Figure 3.4a, trace 2). Figure 3.4a, trace 4 indicate that Cu sputtered
for 1 min with the same surface content of Cu found in TiO2/Cu co-sputtered for 3 min
reduced E. coli as TiO2/Cu-samples co-sputtered for 3 min. A similar trend was observed
for the E. coli bacterial reduction applying intensities of 2.85 mW/cm?2 (Figure 3.4b) and
1.01 mW/cm? (Figure 3.4c). Under light irradiation TiO2/Cu is a p-type semiconductor with
band gap of 1.7 eV, a flat-band potential of -0.3 V vs SCE (pH 7) and a valence band of
+1.4 'V SCE [102].
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Figure 3.4a shows that the bacterial reduction on TiO2 (trace 2) is far below the
bacterial reduction induced by Cu (trace 4). TiO: is acting as a semiconductor generating
highly oxidative species under light irradiation. But Cu induces toxicity in the sputtered
films that more effectively inactivate bacteria. The interfacial charge transfer (IFCT) [95]
from CuO to TiO2 inhibits the O2 reduction by Cu>O/CuO since cb electrons are injected
into the TiO2 decreasing the amount of electrons available to reduce O2 by Cu2O/CuO that

subsequently would lead more effectively to HO2° and °OH.

The effect of the light dose in Figure 3.4 shows that the density of active sites on the
TiO2/Cu-PES surface leading to E. coli reduction is higher than the photon/cm? reaching
the TiO2/Cu-PES surface. A higher light dose led to light saturation on the photocatalyst
accelerating bacterial reduction (Figure 3.4). Cu/CuO/NPs-ions and other heavy metals
have been reported to denature bacteria proteins by binding to reactive groups resulting
in their precipitation and inactivation through an oligodynamic effect [103-105]. This last
effect will be accounted in the section below providing the data for the Cu released in ppb

quantities during bacterial reduction as monitored by ICP-MS,

3.3.3. Repetitive bacterial reduction and Ti and Cu-release during disinfection:
mechanistic implications

Repetitive bactericidal cycles of E. coli were carried out by TiO2/Cu-PES under light
irradiation and showed a stable repetitive performance. The time necessary for the
complete bacterial reduction up to the 5t cycle was about 40 min and increased by a small
amount during the last repetitive recycling. After each cycle, the co-sputtered samples
were washed thoroughly with sterilized MQ-water, vortexed for 3 min and dried. No
bacteria remained on the TiO2/Cu-PES sample. This observation motivated us to assess
the Cu- and Ti-release from the TiO2/Cu-PES during bacterial reduction. The metal
released during the bacterial reduction cycles when sputtering separately Ti (2 min) and
Cu (1 min) on PES is shown on Table 3.2.
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Table 3.2. Metal-ions released during bacterial loss of viability cycles when sputtering TiO2
or Cu on PES compared to ions release in co-sputtered TiO2/Cu-PES.

First cycle | Third cycle Fifth cycle
TiO2-PES (2 min) | Ti (ppb/cm?2) 14 11 8
Cu-PES (1 min) | Cu (ppb/cm?) 11 5 9
Co-sputtered Ti (ppb/cm?) 7 3 2
TiO./Cu-PES
Cu (ppb/cm?) 6 4 4
(3 min)

Table 3.2 shows the Cu, Ti release at the end of the bacterial reduction when both
metals were co-sputtered for 3 min. The release of Ti and Cu decreases to 2 and 4
(ppb/cm?) respectively after the fifth bacterial reduction cycle. Table 3.2 shows that the Cu
and TiO2 released during the cycles leading to complete reduction on samples co-
sputtered for 3 min are significantly below the Cu and TiO2 amounts released from
samples loaded independently with similar amounts of Cu and TiO2 on PES. A slower
release of Cu allows a longer operational lifetime for the TiO2/Cu-PES samples and this
is important for any practical application of these films.

The copper toxicity toward mammalian cells have been reported with a median of
lower effective concentration at 50% e.g. (L(E)C50 of 25 mg/L for mammalian cells [99-
101]. The low release Cu of 4 ppb/cm? < 25 ppb/cm?2 shown in Table 3.2 is well below the
Cu-cyto-compatible level [95,99]. Cu-levels of 4 ppb/cm? inducing bacterial reduction
provide disinfection through an effective oligodynamic [79,95]. The Cu-ions have been
reported to bind S, N and COO- and other electron donor negative groups of the bacteria
cell wall or entering the bacteria cytoplasm. Copper in the blood exists in two forms: bound
to ceruloplasmin (85-95%), and the rest "free Cu" loosely bound to small molecules,
protein, lipids and DNA.

The small amounts of toxic Cu NP’s below 25 ppb/cm? released by the Cu-polyester
allow for a higher cytocompatibility compared to a similar Ag-concentration as reported for
mammalian cells. Cu is a metabolizable agent compared to Ag remaining in the body after

ingestion increasing the Ag-serum levels [99-104].
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3.3.4. Ar etching of TiO2/Cu-PES film and Ti, Cu depth profile determined by XPS
By XPS the depth of Cu deposition on PES was investigated as well as the state of

oxidation of the Ti- and Cu-species during bacterial reduction. The surface atomic

percentage composition of C, O, N, Cu, and Ti is shown in Table 3.3 at time zero and after

30 min bacterial reduction of E. coli as shown in Figure 3.3, trace 1.

Table 3.3. Surface atomic percentages determined by XPS of TiO2/Cu-PES co-sputtered
for 3 min as detected by XPS.

C O N | Cu Ti
Before bacterial loss of viability | 31.8 | 22.1 | 0.7 | 19.3 | 26.1
After bacterial loss of viability 39.0| 194|109 | 16.6 | 241

Table 3.3 shows a small increase in the C-content due to bacterial decomposition
residues besides the C-absorbed from the atmosphere during the bacterial reduction. A
small decrease in the Cu and Ti-surface concentration after 30 min bacterial reduction
was observed and was triggered by the increase of C on the topmost layers as described

in the preceding paragraph.

Figure 3.5a presents the Cu doublet at time zero and Figure 3.5b presents the
changes in the XPS spectra after bacterial reduction. This doublet is attributed to the
presence of the Cu2*-oxidation state (Cu?*) prevalent in the Cu-sputtered sample exposed
to air [93,95]. The Cu/Cu20 with BE 932.2 eV at time zero remains stable after bacteria
reduction at 933.1 eV. The CuO deconvoluted peak at time zero shifts to 943.2 eV after
bacterial reduction as shown in Figure 3.5b. A shift of > 0.2 eV is indicative of a change in
the oxidation state in the XPS specie [97,98]. Redox catalysis seems to take place during
the disinfection process. The redox chemistry is associated with the production of highly

oxidative radicals for composites of TiO» and Cu-composites [93-95].

The Cu oxidation state at time zero was monitored to be 75.5% for Cu/Cu2O and
24.3% for CuO. A significant change in the oxidation state was observed after bacterial
reduction rendering Cu/Cu20 4.1% and 95.7 % for CuO. The Ti3*/Ti** surface electron
traps have been reported to enhance the Oz chemisorption in the presence of Cu in

TiO2/Cu- more markedly than in the case of TiO2 alone [47].
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Figure 3.5a. XPS deconvolution of the Cu2p peak of co-sputtered TiO2/Cu PES 3 min

samples (a) before bacterial reduction of E. coli.

Figure 3.5b. XPS deconvolution of the Cu2p peak of co-sputtered TiO2/Cu PES 3 min

samples bacterial inactivation of E. coli under a Philips Master lamp irradiation18W/865

(4.65 mW/cm?2).

Production of reactive oxygen species (ROS) by the Cu-clusters on the PES leads
to bacterial inactivation due to the interaction of the Cu-clusters with E. coli in the dark:

Cu* +0,° < Cu’+0, (1)
Cu’+0, &Cu™+0, (2)
The CuO (Cu?*) is reduced
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Cu**+ew «>Cu’ (3)

Or by a two electron transfer from Cu?* leading to Cu® atoms
Cu™ +2¢ < Cu’ 4)
The Cu-atoms then coalesce to Cu® nanoparticles settling in the Cu-network of the PES
with Eredox =-0.34 V vs. NHE [105].
Figure 3.5c presents the deconvolution of the Ti and Cu, of TiO2/Cu-PES samples
co-sputtered for 3 min as a function of penetration depth of the Ar-ions. By following the

decrease of the Ti2p doublet in Figure 3.5c it is readily seen that the Ti penetration into

the PES reaches ~118 nm (or ~ 600 atomic layers).
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Figure 3.5c. XPS of the TiO2/Cu-PES top-most layers for a sample co-sputtered for 3 min
and etched by Ar*-ions (5 KeV) up to a depth of 118 nm.

The penetration depth of Cu in Figure 3.5¢ on PES goes beyond 118 nm, since the
Cu2p doubilet is still present when the etching by Ar-ions has attained 118 nm. The etching
of TiO2/Cu-PES layers essentially takes off mostly the PES C-layers.

3.3.5 MRSA reduction as a function of initial CFU concentration and the effects of
applied light intensity

Figure 3.6a shows the MRSA reduction as a function of the bacterial loading of the

sample on: (1) PES alone (2) co-sputtered TiO2/Cu-PES for 3 min in the dark with 108
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CFU/ml, (3) co-sputtered TiO2/Cu-PES for 3 min in the dark with 108 CFU/mlI, (4) co-
sputtered TiO2/Cu-PES for 3 min in the dark with 105> CFU/ml.
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Figure 3.6a. Effect of initial bacterial concentration of MRSA loss of viability on: (1) PES
alone (2) co-sputtered TiO2/Cu-PES for 3 min tested in the dark, 108 CFU/mlI, (3) co-
sputtered TiO2/Cu-PES for 3 min tested in the dark, 106 CFU/ml, (4) co-sputtered TiO2/Cu-
PES for 3 min tested in the dark, 105 CFU/mI. Figure 3.6b. Effect of light intensity
irradiation on MRSA bacterial reduction on co-sputtered TiO2/Cu-PES for 3 min under:
1.01 mW/cm?2, 2.85 mW/cm2 and 4.65 mW/cm?Z. Error bars: standard deviation (n=5%)

After initial optimization the co-sputtered TiO2/Cu-PES (3 min) samples presented
an MRSA bacterial reduction above the activity presented by co-sputtered TiO2/Cu-PES
samples sputtered for 1 and 2 minutes and are therefore the results presented in Figure
3.6. The bacterial reduction of MRSA in the dark is an important observation indicating
the potential use of this catalyst in health facilities without any necessity of using photo-

energy to activate the disinfection process.

Figure 3.6b shows the effect of light intensity on MRSA bacterial reduction by a
TiO2/Cu-PES sample co-sputtered for 3 min applying light intensities of 1.01 mW/cm?,
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2.85 mW/cm? and 4.65 mW/cm?2. Figure 3.6b shows that only a marginal increase in the
MRSA bacterial reduction was observed with an increase in light intensity. We suggest
that the MRSA reduction is predominantly controlled by the Cu/Cu-ions inherent toxicity
and not by the reactive oxygen species (ROS) induced by light irradiation of the TiO2/Cu-
PES sample.

In the case of E. coli bacterial reduction under light shown in Figure 3.4a, the
TiO2/Cu-PES samples sputtered for 3 min (trace 3) reduced by a factor of two the E. coli
reduction time when the light intensity was increased from 1.01 to 4.65 mW/cmZ2. An
accelerated reduction was observed for E. coli, but this was not the case for MRSA. The
Gram- E. coli has a thinner peptoglycan cell wall compared to the Gram+ MRSA and
containing additional bilayers with a high structural complexity [10,92]. The significant
difference in wall thickness/wall microstructure between MRSA and E. coli lead to the
different interaction for E. coli and MRSA with TiO2/Cu-PES surface under light irradiation.
MRSA is a Gram positive bacterium presenting a cell-wall ~ 40-80 nm thick with a
peptidoglycan content > 50 %, a lipid content of < 3% and no lipo-polysaccharide content.
E. coli is a Gram negative bacterium presenting a cell wall thickness of ~10 nm with a
peptidoglycan content of 10-20%, a lipid content of < 58% and a lipo-polysaccharide
content of 13%.

Kihn et al., [106] reported recently a fast bacterial reduction of E. coli and P.
Aeruginosa compared to Staphyloccocus aureus presenting a thicker cell wall. Another
important difference for the interaction of both types of bacteria with CuNP’s is the strong
electrostatic interaction of Cu NP’s-positive-ions with the negative lipopolysaccharide
(LPS) outer layer of E. coli. This is not the case for the interaction between MRSA and the
Cu NP’s positive-ions since both surfaces present similar charges. Cu-NP’s absorption
has been reported on the teichoic acid and the peptidoglycan outer MRSA cell wall [42].
For E. coli and MRSA the bacterial reduction has been reported to occur on several metal
and oxide agents [104,107-108].

3.3.6. E. coli staining and viability on TiO2/Cu-PES samples
Live and dead E. coli bacteria were determined by the staining with the dye

fluorochrome that enters the cell and stains the cell DNA only if the cell wall membranes
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are damaged [109]. To test the time at which E. coli cells suffer destabilization/damage
leading ultimately to cell dead (red dots indicate membrane damage), the cells were
incubated on PES in the dark and in parallel for 60 and 120 min on TiO2/Cu-PES (See
Annex 1). E. coli cells kept alive (green dots) on PES alone up to 120 min of incubation.
But for cell incubated for 60 and 120 min on TiO2/Cu-PES, the loss of viability was
observed to become faster as the incubation time increases leading to membrane damage
and cell death [110].

3.4. Conclusions

Visible light induced bacterial reduction kinetics of E. coli and MRSA on TiO2/Cu-
PES were shown in this chapter to be different. There seems to be a significant
stabilizing effect of the TiO2/Cu-PES on the release of Cu during bacterial reduction
compared to Cu alone as monitored by ICP-MS. An oligodynamic effect seems to
be responsible for the bacterial reduction of E. coli and MRSA occurring at ppb
levels of Cu. This effect seems to be beneficial during repetitive bacterial reduction
processes in processes related to long-operational lifetimes.

During this chapter, sputtering at conventional energies led to adhesive coatings. It
has been shown in the literature that high energies applied to the sputtering target
lead to more ionization in the plasma phase. This is why we thought about exploring
the high power impulse magnetron sputtering unit to depose TiO2 and Cu/CuOx on
textiles and investigate the bacterial inactivation kinetics and the film microstructure

as it will be shown in chapter 4 hereafter.
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Chapter 4

TiO2/Cu films prepared by HIPIMS showing accelerated
bacterial loss of viability

This chapter is based on the following publication: Sami Rtimi, Oualid Baghriche,
Cesar Pulgarin, Jean-Claude Lavanchy, John Kiwi, Surface & Coatings Technology
232 (2013) 804—813 (Reproduced with permission of Elsevier, Copyright 2015).

4.1. Introduction

Antimicrobial surfaces can reduce/eliminate hospital-acquired infections (HAI)
acquired on contact with bacteria surviving for long times in hospital facilities [2,111]. To
preclude/decrease viral, nosocomial infections and antibiotic resistant bacteria Borkow
and Gabbay [112] introduced Cu into textile fabrics. Recently Sunada et al., [69,91],
Torres et al., [43] Akhavan et al., [113-115] among others [11,116-119] have reported the
preparation of the Cu and TiO2/Cu films by sol-gel methods with materials absorbing in
the visible range. Films obtained by DCMS/DCPMS as reported to avoid the
disadvantages of films prepared by sol-gel methods [43,120] since they deposit uniform
and adhesive metal films showing robust mechanical structures at temperatures
compatible with low resistant polymer/textiles < 120-130°C.

In recent years, CVD has been used to produce antimicrobial films by condensation
of a vaporized precursor onto the substrate at relatively high temperatures. The
disadvantages of the CVD deposition approach are the high investment costs, the high
temperatures needed precluding film deposition on textiles besides the large amount of
heat used requiring costly cooling systems. HIPIMS has been used recently to prepare
films by applying strong electrical pulses leading to sputter layers presenting superior
resistance against corrosion and oxidation [55-56]. Surface presenting a high roughness
is one of the main problems encountered when depositing uniform Cu-fiims by
DCMS/DCPMS [56].
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We address in this study HIPIMS sputtering on 3-D substrates leading to ultrathin
uniform films showing an accelerated bacterial deactivation due to high amount of —metal-
ions (M*) produced in the magnetron chamber. The HIPIMS plasma high energy allows
the generation of a high density of metal-ions. These ions interact strongly with the higher
applied bias voltage on the substrate applied in the HIPIMS chamber compared to
DCMS/DCPMS. This chapter presents the work on Cu and TiO2/Cu films sputtered by
HIPIMS describing the deposition parameters, the loss of bacterial viability under light and
providing a detailed surface characterization. The results obtained will be compared to Cu
and Cu/TiO2 layers sputtered by DCMS and DCPMS [81,83,121,95]. The TiO./Cu
polyester samples described in this study present the potential to be practical candidates
to avoid biofilm formation due to their fast bacterial inactivation kinetics [111,2,25,43,12].

The novelty of this work is the use of advanced sputtering plasma technology (High
Power Impulse Magnetron Sputtering, HIPIMS) to prepare robust, uniform and highly
adhesive TiO2/Cu films applying high energies leading to higher ionization compared to
conventional sputtering. These films showed fast bacterial inactivation kinetics. HIPIMS
has shown to depose denser films compared to DCMS leading to high adhesion to the

substrate and a lower release of Cu-species [17,52].
4.2. Experimental section

4.21. Sputtering parameters, film thickness, sample composition and
determination of the Cu and Ti by ICP- during bacterial inactivation
HIPIMS deposition of Ti and Cu was carried out in a CMS-18 Vacuum system from

Kurt Lesker Ltd. evacuated to 5.8x10-3 mbar by a turbomolecular pump. The Cu- and the
TiO2 targets were 50 mm in diameter, 99.99% pure from K. Lesker Ltd. UK. The TiO2/Cu
target was 2 inches in diameter and had a composition of 60/40 atomic % in TiO2 and Cu
respectively. The HIPIMS was operated at 500 Hz with pulses of 100 microseconds
separated by 1.9 ms, leading to a deposition rate for TiO2/Cu of 15.3 nm/min. The average
power was 87.5 W (5 A x 350 V) and the power per pulse of 100 microseconds was 1750
W. The 5 A current is the current at one pulse, the voltage at one pulse is 350V and the
pulses had a rectangular shape since the pulse duration was 100 microseconds with an

off period of 1900 microseconds (See Annex 2 & 3).
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In the case of DCP, 622 V and 0.3 A were applied during the 3 pulses of 10
microseconds each within a 50 microsecond period. This gives 187 W per period or 62.3
W/ pulse and an average power of 312 W/period.

The PES used was described in chapter 3. The calibration of the Cu-nanoparticulate
film thickness by HIPIMS on the Si-wafers is shown in Figure 4.1a. The film thickness was
determined with a profilometer (Alphastep500, TENCOR). The X-ray fluorescence (XRF)
determination of the Ti/Cu samples was evaluated in a PANalytical PW2400
spectrometer.

Inductively coupled plasma spectrometry (ICP-MS) was used to determine the Cu
since it is a sensitive analytical technique because due to the low background and high
ion transmission. The Finnigan™ ICPMS used was equipped with a double focusing
reverse geometry mass spectrometer able of a resolution of 1.2x10°% cps/ppb, detection
limit of 0.2 ng/L. The solutions were then diluted 10 times to reach the volume necessary
for the ICP-MS analyses.

4.2.2. E. coli loss of viability evaluation

Antibacterial activity of sputtered PES fabrics was carried out according to previous
work reported by our laboratory [121]. The counting data reported were replicated three
times. To verify that no re-growth of E. coli occurs after the total inactivation observed in
the first disinfection cycle, the samples were incubated for 24 hours at 37 °C. Then
bacterial suspension of 100 microliters was deposited on 3 Petri dishes to obtain replicates
of the bacterial counting. These samples are incubated at 37 °C for 24 h. No bacterial re-
growth was observed. Statistical analysis of the results was performed on the bacterial
CFU values for the runs showing the fastest bacterial inactivation reporting standard
deviations. The average values were compared by one-way analysis of variance and with

the value of statistical significance.

4.2.3. Diffuse reflectance spectroscopy (DRS), electron microscopy (TEM, HAADF)
and XRD of samples

Diffuse reflectance spectroscopy was carried out using a Perkin EImer Lambda 900
UV-VIS-NIR spectrometer provided for with a PELA-1000 accessory within the
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wavelength range of 200-800 nm and a resolution of 1.0 nm. The absorption of the

samples was plotted in Kubelka-Munk (KM) arbitrary unit vs wavelength.

Transmission electron microscopy was carried out in a FEI Tecnai Osiris instrument
microscope at 200 kV was used to measure grain size of the TiO2/Cu films. The textiles
were embedded in epoxy resin 45359 Fluka and the fabrics were cross-sectioned with an
ultramicrotome (Ultracut E) and at a knife angle at 35°. High-Angle Annular Dark-Field
(HAADF) imaging was used to map the scanning electron microscopy (STEM). These
images (Z-contrast images) are obtained by collecting the scattered electrons passing
through the objective provided with an annular dark-field detector.vCrystal structures were
characterized by X-ray diffraction (XRD) and recorded on an X'Pert MPD PRO from
PANalytical equipped with a secondary graphite (002) monochromator and an X'Celerator
detector operated in Bragg—Brentano geometry. A step size of 0.0081 was chosen and

an acquisition time of 2 min per degree.

4.2.4. X-ray photoelectron spectroscopy (XPS) and detection of highly oxidative
radicals in the sputtered samples

An AXIS NOVA photoelectron spectrometer (Kratos Analytical, Manchester, UK)
equipped with monochromatic AlK., (hv = 1486.6 eV) anode was used during the study.
The electrostatic charge effects on the samples were compensated by means of the low-
energy electron source working in combination with a magnetic immersion lens. The
carbon C1s line with position at 284.6 eV was used as a reference to correct for charging
effects. The XPS spectra for the Cu-species were analyzed by means of spectra
deconvolution software (CasaXPS-Vision 2, Kratos Analytical UK). The surface atomic
percentage concentration of some elements was determined by fitting of the peak areas
using known sensitivity factors [97,122]. Spectrum background was subtracted according

to the Shirley subtraction GL(30) program attached to the Kratos unit [122].

The detection of the oxidative species (mainly OH-radicals) in the TiO2/Cu sputtered
samples was carried out according to Ishibashi et al., [123]. Terephthalic acid 99% was
an ACROSS reagent. The fluorescence spectrum of the 2-hydroxyterephthalic acid
generated by the reaction of terephthalic acid with OH was measured on a Perkin Elmer

LS-50B fluorescence spectrometer.
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4.3. Results and discussion

4.3.1 Sample film thickness bacterial loss of viability, diffuse reflectance
spectroscopy (DRS) and determination of elusive Cu

Figure 4.1a shows the results of the thickness calibration for HIPIMS sputtered Si-
wafers at 5A for Cu, TiO2 and TiO2/Cu 60%/40% target. The fastest bacterial inactivation
leading to complete inactivation was observed when the polyester sputtered for 150 s
with the TiO2/Cu target (Figure 4.1b) depositing a composite film 38 nm thick.
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Figure 4.1a. Thickness calibration of: (1) Cu, (2) TiO2-Cu and (3) TiO2 HIPIMS-sputtered

under current intensity of 5 A.

This is equivalent to ~190 layers 0.2 thick nm with 105> atoms/cm?2 and deposited at
a rate of 15.3 nm/min or 7.6x10'6 atoms/cm2/min. X-ray fluorescence in Table 4.1 shows
the content of TiO2 and CuO with increased sputtering time. When using the TiO2/CuO
60%/40% target a ratio of TiO2/CuO of 4-5 times was observed for the different sputtering

times.
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Table 4.1. TiO2 and Cu loadings determined by X-ray fluorescence for the HIPIMS

sputtered polyester samples used in this study

Current
Samples % wt CuO/wt polyester | % wt TiOz/wt polyester intensity
TiOz (30 min) _ 0513
TiOz (20 min) = 0382
Ti02 (10 min) - 0102 oA
TiOz (4 min) _ 0.042
TiOz (1 min) — 0039
TiO= (30 5) — 0025
Cu (60 min) 0.340 _
Cu(305s) 0169 _ DA
Cu(15s) 0144 —
TiO=/Cu (300 s) 0107 0570
TiO2/Cu (150 5) 0088 0446
TiO=/Cu (60 5) 0063 0317 oA
TiO=/Cu (30 5) 0.060 0243

The bacterial loss of viability in Figure 4.1b, trace 6 shows that no bacterial loss of

viability occurs on polyester alone under light irradiation. Runs the dark for samples
sputtered for 150 s induced a slow loss of bacterial viability within 120 min, showing that
the bacterial CFU reduction involves Cu-layers.

— —Iil H—n
(1) TiO,/Cu 150 s
(2) TiO,/Cu 300 s
(3) TiIO,/Cu 60s
(4) TiIO,/Cu 30s
(5) TiO,/Cu 150 s in dark

(6) polyester alone

<\\

Figure 4.1b. E. coli survival on TiO2/Cu HIPIMS-sputtered on polyester for different times
in the dark and under Osram Lumilux 18W/827 actinic lamp (4mW/cm?2). Error bars:
standard deviation (n=5%).
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Under actinic light radiation, traces 3 and 4 indicate that sputtering times of 30 s and
60s induce faster bacterial loss of viability kinetics. A sputtering time of 150 s induced the
shortest inactivation time (trace 1). Sputtering for 300 s induce bacterial inactivation taking
longer times compared to samples sputtered for 150 s. Therefore, the amount of Cu® is
not the main species leading to bacterial inactivation. A sputtering time of 150 s is seen to
lead to the most favorable structure-reactivity for the Cu-polyester leading to the shortest
E. coli inactivation. This sample presents the highest amount of Cu-sites held in exposed
positions interacting on the surface or close to the polyester surface with E. coli leading to
bacterial loss of viability [95]. The surface bactericide action seems to be due to a
synergistic effect introduced by the TiO2/Cu layers since longer times was observed when

sputtering TiO2 as shown next in Figure 4.1c.

Figure 4.1c shows the bacterial inactivation kinetics by the HIPIMS TiO; sputtered
samples. As shown in Figure 4.1c no bacterial inactivation take place in the dark but the
bacterial inactivation becomes faster for HIPIMS sputtering times between 1 min (trace 5)
and 4 min (trace 2).

| [ | 1
(1) TiO, sputtered for 4 min
(2) TiO, sputtered for 10 min
(3) TiO, sputtered for 20 min
(4) TiO, sputtered for 30 min

5) TiO, sputtered for 1 min
6) TiO, sputtered for 4 min in dark

~ (
\\\ \(

E. coli (CFU/mI)

60

time (min)

Figure 4.1c. E. coli survival on TiO2 HIPIMS-sputtered (5 A) on polyester for different
times in the dark and under solar simulated irradiation. Error bars: standard deviation
(n=5%).
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Longer deposition times between 10 and 30 min did not accelerate the loss of
viability kinetics due to the fact that an increased TiOa thickness > 12 nm sputtered within
4 min leads to: a) bulk inward diffusion of the charge carriers generated on TiO2 under
light leading to highly oxidative radicals [124-125], and b) longer sputtering times facilitate

the TiO2 inter-particle growth decreasing the TiO2 contact surface with bacteria [81,83].

Figure 4.1d shows the E. coli inactivation within 60 min for HIPIMS Cu-sputtered
samples within 15, 30, and 60 s. This inactivation time is longer than the time reported in
Figure 4.1b for TiO2/Cu HIPIMS of 10 min suggesting a synergic effect between TiO2 and
Cu leading to a faster loss of viability.

Cu sputtered for 60 s
Cu sputtered for 30 s
Cu sputtered for 15 s
Cu sputtered for 60 s in dark

o=

(1
(2
(3
(4

E. coli (CFU/mI)

120 150

time (min)

Figure 4.1d. E. coli survival on Cu HIPIMS-sputtered for different times in the dark and
under Osram Lumilux 18W/827 actinic lamp (4 mW/cmZ2). Error bars: standard deviation
(n=5%).

Figure 4.1e presents the results for the diffuse reflectance spectroscopy (DRS) for
the TiO2/Cu samples used to evaluate the bacterial inactivation (Figure 4.1b). The
absorption in Kubelka-Munk units shows agreement with the data reported for TiO2 and
Cu Table 4.1, showing that TiO. is the main surface element. The Cu/Cu2.O/CuO
absorption increases with longer Cu-sputtering times up to 300s [102]. The weak
absorption from 400 and 500 nm is due to the interfacial charge transfer (IFCT) from the

TiO2 to CuO. The optical absorption between 500 and 600 nm is due to the interband
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transition of Cu20. The absorption between 600 to 800 nm has been attributed to the

exciton band and the Cu (ll) d-d transition.

The rough UV-Vis reflectance data cannot be used directly to assess the absorption
coefficient of the sputtered polyester because of the large scattering contribution to the
reflectance spectra. Normally, a weak dependence is assumed for the scattering
coefficient S on the wavelength. The KM/S values for the samples in Figure 4.1e are
proportional to the TiO2/Cu absorption coefficient up to sputtering times of 150s and these
values are in agreement with the trend observed for the inactivation kinetics reported
(Figure 4.1b).

30}
4 (1) TiO,/Cu sputtered for 30 s
251 ” (2) TiO,/Cu sputtered for 60 s
AN (3) TiO,/Cu sputtered for 150 s
20 : (4) TiO,/Cu sputtered for 300 s
2 15} / .
¥4 .

500 600 700 800
Wavelenght (nm)

Figure 4.1e. DRS of TiO2/Cu polyester samples sputtered by HIPIMS for different times
at 5A.

Figure 4.1f shows that the loss of bacterial viability due to the TiO2/Cu sample
irradiated by three different light doses. The loss of bacterial viability with time is shown to
be a function of the intensity of the applied light. The mechanism will be discussed below

in the section describing the results presented in Figure 4.4.
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E. coli (CFU/ml)

30 45 . 60
time (min)
Figure 4.1f. E. coli survival on TiO2/Cu HIPIMS-sputtered samples for 150s under
different light intensities of 1) 5.0 mW/cm2, 2) 3.5 mW/cmZ2 and 3) 2.2 mW/cm?2. Error bars:
standard deviation (n=5%).

Figure 4.1g shows the reuse cycles of the TiO2/Cu (150 s) sample up to the 8" cycle.
No loss in activity was observed in the sample during the sample recycling. The sample
was thoroughly washed after each recycling run leading to the reuse of the sample since
complete bacterial loss of viability was attained after each cycle. The chemical state and
environment of the CuO/Cu-ions seem not to change after the bacterial loss of viability
showing the stable nature of the TiO2/Cu on the polyester fabric.

Figure 4.1h shows the release of Cu-ions inactivating E. coli as a function of catalyst
recycling. Figure 4.1h shows the repetitive release of Cu-ions up to the 8 reuse cycle as
measured by ICP-MS. The release of Cu- from the TiO2/Cu samples shown in Figure 4.1h
was ~8 ppb/cm2. This value is lower compared to the Cu-release from the Cu-sputtered
samples reaching up to ~18 ppb Cu/cm? at the end of the 8t cycle. In both cases the small
amounts of Cu are considered not to be cytotoxic to mammalian cells and seems to
proceed through an oligodynamic effect [79,95]. The Cu and TiO2/Cu induced bacterial

inactivation is carried out in a way that it is not toxic to human health.
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Figure 4.1g. E. coli survival on TiO2/Cu HIPIMS-sputtered sample for 150 s under solar
simulated light up to the 8™ repetitive cycle. Error bars: standard deviation (n=5%).
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Figure 4.1h. Concentration of ions eluted into solution determined by ICP-MS up to the
8th recycling of TiO2/Cu samples inactivating E coli.
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4.3.2 Steric factors, transmission electron microscopy (TEM) and XRD of samples
The particle size of the film nanoparticulate and the hydrophobic-hydrophilic balance
determine to great extent the surface photocatalytic properties. Samples sputtered for 30s
show Cu-nanoparticles between 8-15 nm. The TiO2 samples sputtered for 150 s present
sizes between 8-12 nm, and the TiO2/Cu samples sputtered for 150 s presented particles

5-10 nm (Figure 4.2a). The TiO> stabilize the Cu-clusters on the polyester surfaces.

Figure 4.2a. Transmission electron microscopy (TEM) of: a) Cu sputtered for 150s by
HIPIMS on polyester, b) TiO2/Cu sputtered for 30s by HIPIMS on polyester and c¢) TiO2/Cu
sputtered for 150s on polyester

The nanoparticles small size accounts partly for the favorable bacterial inactivation
kinetics due to the large surface area per unit mass [81,83,124,126]. The distribution of
TiO2 and Cu-nanoparticles on the polyester was found to be uniform not presenting any
cracks. The uniformity of the film is beneficial for the bacterial adhesion which is a primary
step leading to bacterial loss of viability to proceed favorably [111,2,5]. The electronic
transfer between the TiO2/Cu sample and the E. coli depends on the length of the charge
diffusion in the composite film. This in turn is a function of the TiO> and Cu particle size
and shape [124-125].

The interfacial distances between TiO2 and Cu/CuO on the polyester surface range
from below 5 nm and up. This allows the interfacial charge transfer (IFCT) to proceed with
a high quantum efficiency [124,126]. Quantum size effects have been shown to occur in
particles with sizes 10 nm having about 104 atoms as presented by the TiO> particles with
sizes ~10 nm [126-127]. But in the CuO nanoparticles, the charge recombination

increases takes place within shorter times due to the decrease in the space available for
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charge separation. Also, the decrease of the space charge layer decreases further the
potential depth.

Figure 4.2b presents in the left hand side TiO2/Cu microscopy contrasted by high
angular annular dark field (HAADF) showing the Cu-nanoparticles to be immiscible with
Ti. Cu?* does not substitute Ti** in the TiO- lattice because of the significant difference in
the radii of Ti** (0.53 Angstrom) and Cu?* (1.28 Angstrém). The right hand side inserts
shows the mapping of the Cu, Ti and O.

Figure 4.2b. High-Angle Annular Dark-Field imaging (HAADF) images of TiO2/Cu HIPIMS
sputtered for 150s showing the complete sample and the mapping of Cu, Ti and O by Z-
contrast imaging in the TEM image.

Due to its size, the CuO/Cu nanoparticles with particle size > 8 nm are not able to
penetrate into the bacteria core through the cell wall porins with diameters of 1-1.3 nm
[128]. Only Cu-ions are able to diffuse through bacterial porins leading to DNA damage

and finally to the total loss of bacterial viability.
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XRD pattern for anatase and TiO2/Cu were deposited on the HIPIMS samples
sputtered for 30 s, 150 s and 300 s.The distinct pattern of the Cu peaks were not observed
since the loading <0.1% was too low to be detected by XRD. The Cu/Cu2O/CuO were
deposited on the TiO2 surface and did not lead to lattice doping. The TiO2 sharp peak at
24.6° shows the highly crystallized TiO2 sputtered on polyester (See Annex 4).

4.3.3. X-ray photoelectron spectroscopy and Ar-etching of TiO2/Cu films

The surface atomic percentage composition of C, O, N, S, Ti and Cu is shown in
Table 4.2 as a function of bacterial inactivation time for HIPIMS sputtered samples up to
15 min. Table 4.2 shows a constant atomic percentage concentration implying that a rapid
catalytic decomposition of the bacterial residues on the sample surface. Within 15 min the
bacterial residues are destroyed enabling the catalyst recycling as shown in Figure 4.1g.

Table 4.2. Percentage surface atomic concentration of TiO2/Cu (150 s) HIPIMS film as a
function of bacterial inactivation time under simulated solar irradiation

Samples C 0 N 5 Ti Cu
Ti02/Cu (150 s) at time zero 5263 | 3000 | 000 000 |[475 961

TiO=2/Cu (150 s) contacted with | 5421 | 31.02 | 0.09 0.00 571 1097
bacteria at time zero
TiO2/Cu (150 s) at 5 min of 5519 | 3188 | 010 0.03 555 9.99
bacterial inactivation
TiQ=2/Cu (150 s) at 10 min of 5304 | 3057 |0.06 0.00 557 10.02
bactenal inactivation

TiQ2/Cu (150 s) at 15 min of 5307 | 3098 (004 0.00 555 10.00
bacterial inactivation

Figure 4.3a presents the atomic percentage concentration of Cu, Ti, O2 and C of
TiO2/Cu samples sputtered for 150s as a function of depth penetration of the Ar-ions. It is
readily seen that Cu, Ti and O decrease up to 240 Angstroms due to the Ar-bombardment.
The etching depth induced by the Ar-ions was referenced by the known etching value for
Ta of 15 atomic layers per minute equivalent to ~30 Angstroms/min.

The penetration of the Cu inside the sample protects the Cu-clusters inside the 130
microns thick polyester network during the E. coli inactivation process. The increase in
the C-content in Figure 4.3a is due to the etching removing the TiO2/Cu layers making

available the C-content of the polyester. The insert in Figure 4.3a shows the significantly
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lower percentage of Cu and Ti for TiO2/Cu sputtered by DC/DCP [95]. The concentration
of Ti followed a different pattern compared to the one observed when sputtering by

HIPIMS and increases beyond 100 Angstroms because Ti deposition was hindered by the
Cu-layers.
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Figure 4.3a. XPS etching showing the microstructure of TiO2/Cu film sputtered by HIPIMS

up to 240 Angstroms (~120 atomic layers). Insert: depth profile of the TiO2/Cu film
sputtered by DC/DCP.

Figure 4.3b presents the 3-D view of the Cu 2p3/2 doublet and the Cu shake-up
satellites at 933.4 eV and at 933.1 eV [97] for the TiO2/Cu 150s HIPIMS sample. The Cu-
enrichment within the 10 first layers is seen to decrease with sample depth and remain
stable up to ~ 100 layers. Figure 4.3c shows the Ti 2p3/2 doublet peaks with a binding
energies (BE) at 458.5 and 464.1 eV, increasing steadily as we go deeper into the TiO2/Cu
film up to ~125 layers.

XPS envelope for the Ti2p signals at zero, 5 min and 10 min showed a shift >0.2 eV.
It is readily seen that redox Ti3*/Ti4* processes take place during bacterial inactivation
shifting the peak from 457.8 to 458.3 eV. This is >0.2 eV accepted as a true change in the
oxidation state of a specific specie [83,97].
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Figure 4.3b. Depth profile of an Ar-etched TiO2/Cu HIPIMS sputtered sample showing
the Cu penetration in the film.
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Figure 4.3c. Depth profile of an Ar-etched TiO2/Cu HIPIMS sputtered sample showing
the Ti penetration in the film.

Figures 4.3e present the deconvolution of the peaks for the Ti2p doublet before and
after the bacterial inactivation process. Evidence is presented for the reduction from Ti(iV)
to Ti(lll) in Figures 4.3 by the shift of the deconvoluted peak from 457.9 eV at time zero to
458.3 eV after 10 min, at the end of the bacterial inactivation.
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Figure 4.3e. XPS Ti2p deconvolution during bacterial inactivation with TiO2/Cu HIPIMS
sputtered for 150s and irradiated by solar simulated light before and after bacterial
inactivation.

Evidence is presented in figures 4.3f and 4.3g by XPS for Cu-redox chemistry during
the bacterial inactivation in addition to the redox chemistry described above in Figures
4.3d and 4.3e for Ti3*/Ti** states. Figure 4.3f at time zero presents the experimental
envelope for the XPS peaks at time zero at 934.3 eV for CuO and at 932.1 eV for Cuz0.
The Cu20 peak in TiO2/Cu in Figure 4.3f grows during the bacterial inactivation after 5

minutes and after 15 min when the bacterial inactivation is complete.

Table 4.3. Surface atomic concentration percentage of CuO and Cu20 on TiO2/Cu
HIPIMS sputtered for 150 under light.

% CuO % Cu,Q
TiO4/Cu at time zero 72 27
TiO4/Cu at time 15 min 18 80
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In agreement with Table 4.3a, a significant growth of the Cu20 peak is detected in
Figure 4.3g due to two reasons: a) the CuO initial decreases from 72% to 18% while
concomitantly the CuxO grows from 27% to 80% in line with the redox catalysis taking
place in TiO2/Cu shifting the CuO peak in Figure 4.3g from CuO 934.3 eV to CuO 934.1
eV and b) the bacteria covering initially the TiO2/Cu catalyst has been removed during the

inactivation process.
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Figure 4.3g. Cu2p peak deconvolution at time zero and after 15 min after bacterial
inactivation on a TiO2 HIPIMS sputtered sample for 50s under solar simulated light.

It can be suggested that the interaction between Cu*/Cu2* and Ti®*/Ti4* in the TiO2
/Cu samples play an active role accelerating the bacterial inactivation. The Ti3*/Ti4*
surface electron trappers enhance the Oz chemisorption at the surface more markedly in
the TiO2/Cu samples. This leads to a fast bacterial inactivation TiO2/Cu compared to Cu
in Figure 4.1d. The hole transition from TiO2vb to the intra-gap states is followed by indirect
electronic transitions from the intra-gap states reaching the TiOxcb.
4.3.4. Mechanism of the bacteria inactivation under visible light.

Figure 4.4a shows the interfacial charge transfer between TiO2 and Cu in the
TiO2/Cu photocatalyst TiO2/Cu under light. In the TiO2> semiconductor the light induces

both the e transfer and h* transfer from TiO2 to CuO since the potential energy levels of
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the TiO2cb and TiO2vb lie at higher potential energy levels compared with the CuOcb and
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Figure 4.4a. Diagram suggested for of bacterial inactivation under solar simulated light
photocatalyzed by TiO2/Cu films on polyester.

The partial recombination of e-/h+ in the TiOz is hindered by the transfer of charges
to the CuO facilitating the reactions occurring at the TiO2cb and CuOcb as shown in Figure
4.4a. Under light, the CuO can be reduced to Cu20. The Cu20 can reduce Oz via a multi-
electron process and re-oxidize to CuO. The charges generated by light in the TiO2/Cu
lead to the rapid loss of E. coli viability within 10 min (Figure 1b), along the O2 and CuO
reduction at the CuOcb as suggested in Figure 4.4a.

The interfacial charge transfer (IFCT) in the TiO2/Cu sample seems to proceed with
a high quantum efficiency since the bacterial inactivation proceeds within short times of
about 10 min (Figure 4.1b). But the magnitude of the increase in the IFCT absorption of
the TiO2/Cu shown by the DRS spectra in Figure 4.1¢ is relatively small. The conduction
band of CuO at -0.30 V vs SCE (pH 7) is at a more negative potential than the potential
required for the one electron oxygen reduction Oz + H* + e — HO2° -0.22 V [128-129].
Furthermore, the Cu?* can react with e- (or O2") — Cu* + (or O2). The Cu* can reduce O>
consuming electrons or be oxidized to Cu-ions by the photo-generated TiO2 holes to Cu?*
[130]. The TiO2vb holes react with the surface -OH of the TiO2 releasing OH-radicals to
inactivate bacteria [131].

Figure 4.4b presents the increase in fluorescence of the TiO2/Cu HIPIMS sputtered

samples irradiating up to 15 min in the solar simulator. The OH-radicals originate from the
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reaction between the OH-radical and terephthalic acid leading to formation of a fluorescent

hydroxy-product [123].
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Figure 4.4b. Fluorescence intensity as a function of irradiation time for HIPIMS sputtered
150s samples on polyester irradiated under solar simulated light.

The TiO2 vb holes in Figure 4.4a have the potential to degrade polyester during the
bacterial inactivation cycles. But the stable repetitive E. coli loss of viability reported in
Figure 4.1g shows that bacterial inactivation did not lead to the degradation of polyester
up to the 8t reuse cycle.

4.3.5. DCP and HIPIMS sputtering of samples, applied power, charge density and
bias voltage considerations
Figure 4.5a presents the loss of viability time vs thickness for DCP and HIPIMS TiO./Cu

sputtered films. Figure 4.5a shows the much thinner TiO2/Cu layer thickness necessary
for complete bacterial inactivation sputtered by HIPIMS compared to DC/DCP. Fig 4.5a
shows that the HIPIMS film with a thickness of 38 nm inactivated bacteria within ~10 min.
Bacterial inactivation within similar time span was found to need more deposition time
(more material) when using DC/DCP. Samples of 600 nm thick was needed to induce

bacterial inactivation within the same time as HIPIMS samples.
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Figure 4.5a. Bacterial inactivation time vs nominal thicknesses for HIPIMS sputtered
TiO2/Cu films and by DC/DCP sputtered layers under solar simulated irradiation

In Figure 4.5b, left hand side presents a scheme for the DC sputtering proceeding
with an ionization of the Cu-ions of 1% [132]. The DCP sputtering is schematically
presented in Figure 4.5b (middle section) and proceeds with ionization of Cu-ions well
above the values attained by DC [133]. Figure 4.5c, right-hand side involves HIPIMS
sputtering leading to a Cu-ionization of ca. 70% and an electronic density of ~1018-19 e-
/m3 [60]. The HIPIMS power per pulse was 1750 W/100 microseconds. This value is
significantly higher than the power per pulse applied by DCP of 62.3 W/10 microseconds.
The HIPIMS higher energy increased the ionization percentage Cu® — Cu*/Cu?* [134].
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Figure 4.5b. Scheme for the magnetron chamber induced M* ionization by a) DC, b)
DCP and c¢) HIPIMS sputtering of metal-ions (M*) on 3-D substrates showing the higher
density ionization induced by HIPIMS.
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This increased arrival energy of the Cu-ions on the substrate allows the alignment
of the Cu-ions on the polyester textiles showing high roughness surface leading to a
uniform coverage of the 3-D polyester. The polyester 3-D presenting high roughness could
not be quantified by atomic force microscopy (AFM) since it is beyond the AFM

experimental range of 10 microns.

4.4. Conclusions
This study presents the first evidence for the surface functionalization of polyester by very

thin HIPIMS layers of TiO2/Cu able to inactivate bacteria in the minute range on 3-D
surfaces like polyester fabrics. The TiO2/Cu thin films were uniform, presented adhesive
properties and led to repetitive loss of bacteria viability. A faster inactivation kinetics was
observed by the TiO2/Cu films compared to Cu or TiO2 sputtered separately. HIPIMS
sputtered sample for 10 min at 5 A led to a complete inactivation within 10 min under solar
simulated light irradiation.

A considerable saving in metal and deposition time (energy) was found with HIPIMS
compared to conventional DC/DCP-sputtering on 3-D surfaces. HIPIMS films of TiO2/Cu
and Cu on PES have been shown to preclude biofilm formation in the dark and more
significantly under light irradiation.

The previous chapters showed bacterial inactivation kinetics on polyester textiles
deposited with different energies applied to the sputtering targets. In addition to the textile
surfaces, polyethylene bags can also harbour bacteria leading to HCAIs. This is why |
choosed to prepare antibacterial, stable and adhesive polyethylene fabrics. The low
surface energy of the polyethylene will be a challenge needing surface

pretreatment/engineering as it will be shown in chapter 5.
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Chapter 5

Innovative transparent non-scattering TiO2 bactericide thin
films inducing increased E. coli cell wall fluidity on PE

This chapter is based on the following publication: Sami Rtimi, Rosendo Sanjines,
Mariusz Andrzejczuk, César Pulgarin, Andrzej Kulik, John Kiwi, Surface &
Coatings Technology 254 (2014) 333-343 (Reproduced with permission of Elsevier,
Copyright 2015).

5.1. Introduction

TiO2 film preparation on glass, iron plates, textile fabrics and polymer films is a
subject of timely research related to self-cleaning and antibacterial films [135-137,124].
Sol-gel commercial methods are used to prepare TiO2 thin films on heat resistant
substrates and they are generally adhered to heat resistant surfaces by calcination
[138]. Colloid deposition on substrates requires temperature of few hundred °C for an
adequate adherence to the selected substrate. The disadvantages of colloidal
preparations to coat surfaces uniformly have been already discussed in chapter 3.

RF-plasma or UVC pretreatments induce surface sites able to bind TiO2
nanoparticles [85,86,121,63]. RF-plasma pretreatment increases the polarity,
roughness and hydrophilicity (C-OH) of polymeric films improving its bondability and
interfacial adhesion [48,43]. The largest increase in surface polarity has been reported
for the surfaces presenting the highest O/C atomic ratio [141-144]. The RF-plasma
pretreatment induces negatively charged functional groups, e. g., carboxylic,
percarboxylic, epoxide and peroxide groups by the atomic O, excited O, anionic and
cationic O generated in the RF-plasma chamber. The functionalized negative sites bind
the slightly positive sputtered Ti4*/(TiO2) through electrostatic attraction involving
chelation/complexation [85,141].

Kelly and Sarakinos have reported sputtering of TiOz2 films on substrates [56,53]
and recently, Mills [90], Parkin [27], Foster [32], Dunlop [15] and Yates [31] have
deposited antibacterial TiO2 films on glass and polymers by chemical vapor deposition
(CVD). The disadvantage of CVD is the high temperature required for the deposition,

the high investment costs and the large amounts of heat used requiring costly cooling
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systems. Radetic and Kostic [145,146] have reported polymer surfaces with
antibacterial properties.

Polyethylene (PE) is a low cost and is widely available material. It is chemically
inert, mechanically stable and flexible, UV-resistant and does not oxidize in air under
sunlight. For this reason PE has been selected as the support for the TiO2 film reported
in this study. The PE-TiO2 films are designed to increase the quantum yield for light
induced processes due to their relatively high transparency [124,137,138,108]. This
chapter describes the preparation of TiO2 transparent, uniform, non-scattering films on
PE (thermally stable up to 90°C). The low temperature preparation of TiO2 on polymers
at temperatures below the PE flowing point is investigated in this study.

This chapter addresses: a) design, preparation, evaluation and characterization
of innovative pretreated PE-TiO: films inactivating E. coli, b) the bacterial inactivation
kinetics under solar simulated light concomitant with the time of the PE-TiO2
hydrophilic-hydrophobic conversion, c) the surface characterization addressing: the
film thickness, optical absorption roughness, nanoparticle size, Ti-loading and surface
atomic concentration and d) the ATR-FTIR spectroscopy description of the vibrational-
rotational peak shifts due to the increase of the -CH inter-bond distance leading to cell
wall lysis causing bacterial death.

The novelty of this work consists in the deposition of photoactive coatings on non
thermoresistant substrate (PE) without loosing the mechanical stand. The PE is used
for serum-bags and can be a source of contamination for the patient. Antibacterial
coating on PE needs to respect the transparency of the PE allowing the visualization

and the control of the serum/drug level inside the bag.

5.2. Experimental section
5.2.1. Pretreatment by RF-plasma and UVC; XRF determination of TiO2

The low density polyethylene (LDPE) consists of highly branched low crystalline
semi-transparent film with the formula H(CH2-CH2)H. The (LDPE) 0.1 mm thick was
obtained from Goodfellow (ET311201), had a density of 0.92 g/cm3, an upper working
temperature of 90°C and a flowing point of 185°C. The single bond in PE makes it
stable towards chemical/corrosive agents favoring its wide use as insulator.

The polyethylene fabrics were pretreated in two ways: a) in the cavity of the RF-
plasma unit (Harrick Corp. 13.56 MHz, 100 W) at a pressure of 1 torr. Oxygen RF-

plasma reacts with the PE surface inducing functional PE-surface groups by: a) etching
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of the PE surface by the O-gas species, b) formation of surface O-hydrophilic surface
groups and c) scission of intermolecular PE-bonds due to localized heat segmenting
the fibers [148] and b) The PE was also functionalized by UVC irradiation using the
185/254 nm low-pressure mercury lamp obtained from Ebara Corp. Tokyo, Japan).
The UVC lamp presented emission lines at 254 nm and 185 nm in a ratio 4:1 with a
total power of 25W. The pretreatments were carried out at atmospheric pressure and
at 1torr. The UVC activation, having a lower energy than the RF-plasma, does not lead
to cationic or anionic oxygen species but only to atomic (O) and excited oxygen (O%).
The radiant energy at 185 nm provides energies above 241 nm equivalent to 495
kdJ/mole or 5.12 eV, the energy required for slitting O2 — 20*.

The Ti-content on the polyethylene was evaluated after the Ti sputtering in

reactive Oz gas by X-ray fluorescence (XRF) in a PANalytical PW2400 spectrometer.

5.2.2. Sputtering details of TiO2 on PE and X-ray diffraction (XRD)

The TiO2 was sputtered by direct current magnetron sputtering (DC) on PE as
reported previously out of our laboratory [95]. Before sputtering the films, the residual
pressure Prin the sputtering chamber was set to P- < 104 Pa. The substrate to target
distance was set at 10 cm. The TiO2 thin films were deposited by reactive DC-
magnetron sputtering (DC) in an Oz gas flow from a 5 cm diameter Ti-target 99.99 %
pure (Kurt J. Lesker, East Sussex, UK). The current on the Ti target was set at 280
mA, at a power of 128 Watt. The thickness of the sputtered layers was determined by
means of a profilometer (Alphastep500, Tencor) by deposing TiO: films onto silica
wafers.

The crystalline structure of the PE-TiOz film was investigated by X-ray diffraction
(XRD) and recorded on an X’Pert MPD PRO from PANalytical equipped with a
secondary graphite (002) monochromator and an X'Celerator detector operated in
Bragg—Brentano geometry. A step size of 0.0081 was chosen and an acquisition time

of 2 min per degree.
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5.2.3. Diffuse Reflectance Spectroscopy (DRS)

Diffuse reflectance spectroscopy was carried out a Perkin Elmer Lambda 900
UV-VIS-NIR spectrometer provided for with a PELA-1000 accessory within the
wavelength range of 200-800 nm and a resolution of one nm. The absorption of the

samples was plotted in the Kubelka-Munk (KM) unit’s vs wavelength.

5.2.4. Atomic force microscopy (AFM) and contact angle

The AFM images were acquired in contact mode using a PSIA Xe-100 AFM.
Silicon nitride cantilevers were used with feedback set points around 1.0 nN. The
images originate from the Z-scanner and are not influenced by the non-linearity and
the hysteresis of the z-scanner. The roughness values involve an experimental error

below 10%. The mean surface roughness (Ra) was calculated for the scanned area by

applying eq (1)

N (ZX - Zavera 6)2
Ra:\/z = NE . eq.(1)
X,y

Where: Ra is the normalized standard deviation calculated from the local heights (Zxy)
and the average height (Zaverage) determined over the x,y coordinates (N) measured in
the AFM image.

The hydrophilicity of the PE-TiO2 films was determined by the water droplet

contact angle by the sessile drop method on a DataPhysics OCA 35 unit.

5.2.5. Evaluation of E. coli inactivation on PE-TiO2 and light sources

The samples of E. coli K12 were obtained from the Deutsche Sammlung von
Mikroorganismen und Zellkulturen GmbH (DSMZ) ATCC23716, Braunschweig,
Germany, to test the antibacterial activity of the PE-TiO2 samples. The 2cm by 2cm
samples were placed into a glass Petri dish to be inoculated with bacteria and
irradiated in the cavity reactor. 100-uL of E. coli solution was contacted with the PE-
TiO2 uniform films. The 100 pL culture aliquots with an initial concentration of ~108
colony forming units per milliliter (CFU mL-") in NaCI/KCI (pH 7) were placed on coated
and uncoated (control) PE fabrics. After preselected irradiation times, the fabric was
transferred into a sterile 2 mL Eppendorf tube containing 1 mL autoclaved NaCIl/KCI
saline solution. This solution was subsequently mixed thoroughly using a Vortex for 3
min. Serial dilutions were made in NaCI/KClI solution. A 100-uL sample of each dilution

was pipetted onto a nutrient agar plate and then spread over the surface of the plate
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using standard plate method. Agar plates were incubated lid down, at 37°C for 24h
before colonies were counted. The 100-pL of the E. coli solution was contacted with
the PE-TiO2 films. The PE samples were kept in a sterile oven at 60°C to avoid
contamination prior to the photo-activated bacterial tests. The exposition of the PE-
TiO2 samples to the Suntest light was carried out on Petri dishes provided with a lid to
prevent evaporation in the Suntest cavity. The agar was purchased from Merck GmbH,
Microbiology division KGaA under the cat N° 1.05463.0500.

Three independent assays were carried for each PE-TiO2 sample inactivating
bacteria. The CFU statistical analysis was performed calculating the standard deviation
values. The average values were compared by one-way analysis of variance and with
the value of statistical significance. One way analysis of variance (one-way ANOVA)
was used to compare the mean of the samples using the Fisher distribution. The
response variable was approximated for the sample data obtained from the
photocatalytic bacterial inactivation on tested samples presenting approximately the
same distribution within similar sputtering times.

PE-TiO2 samples were irradiated with the Xe-400W light in the Suntest solar
simulator CPS (Atlas GmbH, Hanau, Germany). The integral light dose in the range of
310 to 800 nm was 52 mW/cm?. The power density of 52 mW/cm? is equivalent to 52%
of the maximum solar dose AM1 reaching perpendicularly at 12 AM the Equator
latitude. A cut-off filter was added in the Suntest cavity to block the light between 290

and 310 nm amounting to about 3% of the total irradiation.

5.2.6. Fourier Transform Infrared Spectroscopy (FTIR-ATR) and
malondialdehyde (MDA) formation during E. coli inactivation
FTIR spectra were measured in a Portmann Instruments AG spectrophotometer

equipped with a Specac attachment (45° one pass diamond crystal). Spectra were
taken by 256 scans with a resolution of 2 cm-'in the range 900-4000 cm-'. The position
of the IR peaks was found by the second derivative of the spectra after Fourier
deconvolution.

By ATR-IR spectroscopy the oxidative damage of lipids was detected by an
increase in the bands a) at 1018 cm-! assigned to O-O bonds of hydroperoxides, b) at
972 cm-" assigned to trans C=C bonds and c) at 1720 cm~" assigned to the formation
of aldehydes during lipid peroxidation [108]. The lipid peroxidation leads to the
formation of MDA. By high performance liquid chromatography (HPLC) the MDA was

measured in an Agilent 1100 series HPLC equipped with a UV absorbance detector.
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Filtered samples were injected via auto-sample and eluted at a flow rate of 0.9 ml/min
through a Nucleosil C18 (Marcherey-Nagel) column. The mobile phase consisted of a
solution 3 mM KH2PO4-MeOH (65-35v/v%). Chromatograms were monitored at 268

nm and the retention time of MDA was 3.9 min.

5.2.7. X-ray photoelectron spectroscopy (XPS) of PE-TiO. and transmission
electron microscopy (TEM)

The X-ray photoelectron spectroscopy (XPS) of the PE-TiO2 films was
determined using an AXIS NOVA photoelectron spectrometer (Kratos Analytical,
Manchester, UK) provided for with monochromatic AlK,, (hv=1486.6 eV) anode. The
carbon C1s line with position at 284.6 eV was used as a reference to correct the
charging effect. The surface atomic concentration was determined from peak areas
using the known sensitivity factors for each element [97]. Spectrum background was
subtracted according to Shirley [122]. The XPS spectral peaks of TiO> were
deconvoluted with a CasaXPS-Vision 2, Kratos Analytical UK.

As the PE is soft, many tests with different embedding media were tried. Two
pieces from the same sample were glued together without extra embedding and were
cut using Cryo-ultramicrotomy sectioning at temperature —140°C (Ultramicrotome:
Leica EM UC7). The section thicknesses were in the range 60-100 nm.

The microscope used during the course of this study was FEI Tecnai Osiris with
accelerating voltage 200 kV. Imaging of PE-TiO2 sputtered for 8 min was performed in
Bright-field STEM and High Angle Annular Dark-field (HAADF) modes. Chemical

analysis was performed on energy dispersive X-ray spectroscopy (EDX) system.
5.3. Results and discussion

5.3.1. PE pretreatment, TiO2> surface sputtered PE, diffusion reflectance
spectroscopy (DRS) and TiO: crystalline phases

Figure 5.1a shows the thickness of the TiO2 sputtered on PE as a function of
sputtering time. For the sample pretreated in air for 15 min by RF plasma and sputtered

for 8 min, a TiO2 thickness of ~58 nm was attained on PE equivalent to ~290 layers.
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Figure 5.1a. Thickness calibration of TiO2> sputtered on PE (1) PE without
pretreatment, (2) PE pretreated with RF plasma for 15 min at 1 torr, (3) PE pretreated
with RF-air plasma for 15 min and (4) PE pretreated with UVC for 20 min at 1 torr.

If one atomic layer contains 1015 atoms/cm? with a thickness of 0.2 nm, the rate
of TiO2 deposition was can be estimated as 6x10'* atoms/cm?2s. The TiO2 sputtering
for 8 min on PE pretreated by RF-plasma led to the highest TiO2 loading on PE without
affecting the PE transparency which is a sign of PE-degradation (See Table 5.1).

Table 5.1. X-ray fluorescence determination (XRF) analyses of PE-TiO2 samples
sputtered for different times with and without PE-pretreatment.

Sample Surface TiO> wt % / wt PE
PE-TiO2 (1 min), no pretreatment 0.009
PE-TiO2 (3 min), no pretreatment 0.019
PE-TiO2 (5 min), no pretreatment 0.031
PE-TiO2 (8 min), no pretreatment 0.051

PE-TiO- (8 min), RF plasma pretreated 0.081

under vacuum 15 min (1 torr)

PE-TiO, (8 min), RF air plasma 0.096

pretreated for 15 min

PE-TiO2 (8 min), UVC pretreated for 20 0.101

min (1 torr)
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The surface atomic percentage concentration during bacterial inactivation
reported in Table 5.2 remained stable, showing an invariant amount of TiO2 on the

topmost PE surface.

Table 5.2. Surface percentage atomic concentration of PE-TiO2 sputtered for 8 min,
before and after bacterial inactivation.

Sample C O Ti N
_ No pretreated PE 5237 |30 6.17 0.00
o
85 += | RF air plasma 55.14 | 33.27 8.82 0.07
0 = ©
o @
g % % RF plasma 53.58 | 31.84 7.44 0.09
sg 2
o ;._f uvC 54.01 | 33.1 7.62 0.11

No pretreated PE 58.19 | 32.08 6.17 0.00

_ (irradiation for 270 min)
@
E _5 .. | RF air plasma (60 5578 | 33.96 8.99 0.00
S © E min)
Q=
5 ® *g RF plasma (90 min) 56.43 | 31.84 7.01 0.04
£ P
‘( -+

g UVC (60 min) 57.33 | 3453 711 0.09

Tennakone reported back in 1991 [149] supported TiO2 on PE by a single thermal
treatment sprinkling anatase on PE and ironing at 74°C. The PE-TiO2 was used to
photomineralize phenol under UV and solar light. This study selected PE as the
polymer substrate since it is stable against oxidation and UV-light, inexpensive and
readily available. Ohtani et al., [150] reported in a separate study that PE undergoes a
significant degradation when TiO2 particles were embedded internally as compared
when the TiO. was deposited only on the surface leading to a negligible PE
degradation. In the present study RF-plasma pretreatment led to functional polar
groups on the PE topmost layers since no color changes were observed indicative of
PE-degradation as reported in references [149,150]. Until now sol-gel [151], dip-
coating [152], CVD [153], plasma enhanced chemical vapor deposition [154], metal
organic chemical vapor deposition (MOVCD) [149] and spray-methods have been
used to bind TiOz2 to surfaces resisting high temperatures. But they are not convenient
to deposit TiO2 on PE since they involve calcination temperatures of few hundred
degrees. The lack of binding sites of PE and its low surface energy lead to lower

adhesion of TiO2. To improve the deposition of TiO2 relative to the former methods, the
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PE has been pretreated to induce a higher amount of binding sites and subsequently
sputtered TiO2 nanoparticles. The amount of TiO2 found on the pretreated PE was
determined by XRF. Table 1 shows the TiO2 amounts found on the pretreated surfaces.

For practical uses of PE-TiO2 films an estimation of the electrical power required
for the sputtering can be put forward for a sample when sputtering with a Ti-target at
500V and 0.3 A or 150W for 8 min. The electrical power needed is equivalent to ~0.2
KWh/4 cents taking the cost of 0.20 US per KWh. The sputtering cost is high, but the
uniformity, stability and activity of the PE-TiO2 may justify the expense for some special

applications where a transparent photocatalyst are needed.

Figure 5.1b (i-iii) shows in Figure 1b (i) the photographic image of a non-scattering

transparent PE-TiO- film obtained after 15 min RF-air plasma pretreatment and 8 min

Figure 5.1b. (i) Photographic image of the transparent non-scattering PE-TiO2 film
obtained after 15 min RF-air plasma and sputtering for 8 min. (ii) and 1b (iii) show a
bacterial suspension drop at time zero and after 60 min irradiation under solar
simulated light (52 mW/cm?2).

The optical spectra of the samples (DRS) are routinely plotted in Kubelka-Munk
(KM) unit’'s vs wavelength since the rough UV-Vis reflectance data cannot be used
directly to account for the optical absorption due to the decrease in the transmittance

introduced by the TiO2 nanoparticles. KM/S units were used in Figure 5.1c.
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Figure 5.1c. DRS of TiO2 sputtered (8 min) on PE: (1) pretreated with UVC 1torr (2)
pretreated with RF air plasma (3) pretreated with RF plasma and (4) TiO2 sputtered on
PE for 1 min without pretreatment.

The DRS spectra of the PE-TiO2 films confirm that the TiO2 absorption is related
to the type and pretreatment time preceding sputtering of TiO2 (Figure 5.1c). Sputtering
TiO2 for 1 to 3 min on PE led to transparent TiO> films showing low absorbance and
almost no antibacterial activity. A decrease of ~5% or more in optical transmittance
has been reported for RF-plasma pretreated PE [155-156,125]. The decrease in
transmittance observed for the PE-TiO2is due to the inherent high refractive index of
TiOa.

The XRD TiO2 crystal phases on PE shows a high anatase (A) peak at 6=21.5°
[149] for a PE-TiO2 with and without RF-plasma pretreatment. But XRD peaks of rutile
(R) at temperatures < 130°C available in the DC-magnetron chamber were also
observed (See Annex 5). The generation of rutile at low temperatures is due the
structure forming function of the PE film on TiO. was previously reported for polyamide
on TiO2 textiles [85]. The XRD signals for both, the high anatase peak and the smaller

rutile peaks became more intense as a function of the sputtering time.

5.3.2. Antibacterial kinetics evaluation and sample reuse cycles
Figure 5.2 shows the E. coli inactivation on PE-TiO2 films under simulated solar
light with an integrated light dose of 52 mW/cm?2. The fastest bacterial inactivation was

found for pretreated PE samples TiO2 sputtered for 8 min.
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Figure 5.2. E. coli inactivation on TiO2 sputtered on PE for 8 min irradiated with
simulated solar light (52 mW/cm?) a) TiO- sputtered for different times without RF-
plasma pretreatment for: (1) 8 min, (2) 10 min, (3) 5 min and (4) PE alone. b) TiO2
sputtered for 8 min with surface RF-plasma pretreatment at 1 torr for: (1) 15 min, (2)
20 min, (3) 30 min and (4) 5 min. ¢) TiO2 sputtered 8 min RF air plasma pretreatment
for: (1) 15 min, (2) 20 min, (3) 30 min and (4) 5 min. d) TiO sputtered 8 min with UVC
pretreatment for: (1) 20 min, (2) 15 min, (3) 10 min and (4) 5 min. Error bars: standard
deviation (n=5%).

Figure 5.2a presents the bacterial inactivation on PE-TiO2 samples sputtered for
8 min and RF-pretreated for different times. No significant bacterial inactivation was
observed for bacteria on uncoated PE (Figure 5.2a, trace 4). Only trace 1) was
subjected to statistical analyses since it showed the most favorable kinetics and
presents the highest amount of TiO2 sites in exposed positions interacting with bacteria

[86,5]. PE-TiO2 sputtered for 1 and up to 5 min did not contain sufficient TiO2 to drive
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a fast bacterial inactivation. The Ti-loading on PE was determined by XRF at times 1,
3, 5 min and the values found were 0.009, 0.019 and 0.031 TiO2 wt% / wt PE
respectively.

Samples sputtered for times longer than 8 min led to layer thickness >45 nm
(Figure 5.2). Higher thicknesses lead to the bulk inward diffusion of charges decreasing
the charge transfer between the PE-TiO2 and bacteria [125]. Sputtering for 8 min led
to a TiO2 loading with the most suitable thickness for the charge diffusion able to reach
bacteria in Figure 5.2c, trace (1). No bacterial inactivation was observed for bacteria
on PE films in the dark.

To verify that no re-growth of E. coli occurs after the first bacterial inactivation
cycle, the PE-TiOz2 film was incubated on an agar Petri dish for 24 hours at 37°C. No
bacterial re-growth was observed meaning that there were no bacteria was present on
the surface after the inactivation cycle.

The bacterial inactivation by PE-TiO2 samples sputtered for 8 min and pretreated
with RF-plasma in air for 15 min was investigated up to the 6t cycle. The reuse cycles
of the samples show stable inactivation kinetics up to the 5-cycle, then the reuse time
became slower by ~20%. After each cycle, the samples were washed with distilled
water and dried at 60°C to avoid bacterial contamination. After washing PE-TiO2 the
samples were left standing for 24 h to regain the sample initial hydrophobicity. This will
be discussed below in section 5.3.4, when commenting on the hydrophilic-hydrophobic

transformation induced by light irradiation PE-TiO2 samples in Figure 5.5.

5.3.3. AFM topography of PE-TiO2 sputtered surfaces

The roughness values for different PE samples were observed to be higher for
pretreated samples compared to non-pretreated samples. Figure 5.3 presents PE-TiO2
RF air plasma pretreated samples: a) Rg=7 nm was attained for PE-TiO> sputtered 8
min, without PE pretreatment. A larger Rq value of 16 nm was observed for PE-TiO2

sputtered for 8 min and pretreated for 15 min at 1 torr.
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Figure 5.3. AFM topography of PE-TiO2 a) PE-TiO2 sputtered for 8 min without
pretreatment, b) PE-TiO> sputtered for 8 min with RF plasma pretreated at 1 torr for 15
min, c) PE-TiO2 sputtered for 8 min with RF air plasma pretreated for 15 min, d) PE-
TiO2 sputtered for 8 min with UVC pretreatment for 20 min in air, €) PE-TiO> sputtered
for 1 min on a RF air plasma pretreated for 15 min.

The found roughness (Rg) for PE-TiO2 pretreated by RF air plasma for 15 min
and sputtered for 8 min was Rg=11 nm [48]. The trend in the Rg-values showed that a
higher roughness lead to an accelerated bacterial inactivation involving thicker TiO2

layers.

5.3.4. Contact angle and hydrophobic-hydrophilic photo-switching on PE-TiO>
Figure 5.4a presents the hydrophobic to super-hydrophilic transformation
occurring on the PE-TiO2 sample induced by simulated solar light [157-158]. The
decrease of the contact angle to less than 5° within 60 min is shown in Figure 5.4a,
traces a-e. The recovery from the PE-TiO2 hydrophilic surface to the initial hydrophobic

surface proceeded within 24 hours in the dark (see Figure 5.4b).
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a) 121° b) 108° c) 89° d) 44° e) <5°
' - - -
Figure 5.4a. Photo-induced induced hydrophilicity under Solar simulated light
irradiation followed by water droplet contact angle of a PE-TiOz film pretreated by RF-

air plasma for 15 min and sputtering for 8 min at times: a) t=0 min, b) 15 min, c) 30
min, d) 45 min and e) 60 min.

a) 37° b) 81° c) 106° d) 118°
Figure 5.4b. Restoration of the initial hydrophilicity on the PE-TiO2 as a function of
times in the dark: @) 6 h, b) 12 h, ¢) 18 h and d) 24 h.
Figure 5.5 illustrates the rate of photo-induced hydrophilicity and of the back
reaction to the initial hydrophobic PE-TiO2 surface as a function of "cos ©”. The kinetics

of the conversion to the super-hydrophilic state is shown in Figure 5.5, trace 1. The

kinetics of the back-reaction is described in Figure 5.5, trace 2.
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Figure 5.5. (1) Kinetics of the hydrophobic-hydrophilic transformation under solar
simulated light of a film pretreated by RF-air plasma for 15 min and sputtering for 8 min
at times up to one hour and (2) kinetics of the dark reverse reaction to the initial state
for PE-TiO2 film RF-air plasma pretreated for 15 min and sputtered for 8 min.
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According to Young’s theory the “cos ©” of a liquid droplet on a solid surface is a
function of the interfacial energy between the solid and the liquid. The contact angle
conventionally measures the angle where the liquid meets the solid quantifying the
wettability of a solid surface via the Young equation. The Young equation involves
solid-vapor, liquid-vapor and solid-liquid interfacial energies. The solid-vapor interfacial
energy is denoted by ysg, the solid-liquid interfacial energy by ys., and the liquid-vapor
interfacial energy (i.e. the surface tension by y.c, then the equilibrium contact angle 6¢

is determined from these quantities by Young’s equation:

0= %a- % - fccos&k ep(2)

In eq. (2), yis the surface free energy and t=« corresponds to interfacial energy of the
hydrophobic surface before irradiation. The rate of the hydrophobic to hydrophilic
conversion and the reverse reaction were: 0.277 min' and 8.71x103 min-’
respectively. These rates were calculated according to the Young's equation in the
following way [138,12]. During the irradiation the hydrophobic surface is converted to
a hydrophilic surface reducing the interfacial energy between the solid and liquid
surface. Seki and Tachiya [159] optimized this equation taking into account the

difference in interfacial energy and the equation becomes:

cosez(YSG —ySL)/y:[le+yzj/y:f1C+fz eq(3)

Where: f1 = Y1/, f2 = Y2/7Y and c is the surface fraction of hydrophilic region.
Taking a single rate constant for the photo-assisted hydrophilic conversion and the
back hydrophilic to hydrophobic conversion, Seki and Tachiya [159] obtained two

equations. The first one applies for the hydrophilic to hydrophobic conversion in the

dark and the second one for the photo-assisted hydrophilic conversion:

cos @ =1, (0) exp('Kb)’ + 7, eq(4)
0)— fik, .
0S 9:{%} eXp—(kt o +[f1 kf/(kf + kb) + fz] GQ(5)
f b

The hydrophobic properties of the PE-TiO surface before the photo-switching is
important in antibacterial films (see Figures 5.4 and 5.5). E. coli and S. aureus present
a preferential adhesion to hydrophilic surfaces [10,160,44]. Bacteria with hydrophobic
surface properties like S. epidermis adhere preferentially to hydrophobic surfaces
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[161]. Hydrophobic bacteria have been reported to adhere to a variety of surfaces
forming biofilms to a greater extent than hydrophilic bacteria [162]. Recently, R. Amal
et al., reported the reversible photo-switching behavior by TiO2 and Ag-nanoparticles
[163,109]. There has been a controversy for a long time if hydrophilic, hydrophobic or
mixed hydrophilic-hydrophobic surfaces enhance bacterial adhesion, a step preceding
bacterial inactivation. This study shows that the complete inactivation of E. coli occurs
while PE-TiO2 undergoes the transformation to the super-hydrophilic state within 60

min irradiation (Figures 5.2 and 5.5).

5.3.5. FTIR analysis and bacterial inactivation on PE-TiO2

FTIR spectroscopy was used to monitor the changes in the structure/dynamics in
the E. coli lipo-polysaccharide (LPS) bilayer induced by PE-TiO2 under solar simulated
light. LPS amphiphiles are localized in the outer E. coli bilayer cell wall consisting of
LPS units covalently linked to lipid A, anchoring the LPS to the E. coli cell wall
envelope. The LPS spectra did not vary within a wide hydration range since it is made
up of fluid chains [164]. The (CH2)- and (CHs)- groups make up 70% of the E. coli
bilayer envelope containing lipo-polysaccharide (LPS), phosphatidyl-ethanolcholine
(PEC) and peptidoglycan (PGN).

The characteristic bands of the methylene (-CH) stretching vibrations in the
2800-2900 cm" spectral region are shown in Figure 5.6. Figure 6a shows the shift of
the asymmetric methylene stretching vibrations at na(CH2) 2922.2 cm-! and of the
symmetric stretching vibrations of ns(CH2) at 2849.2 cm-! for RF-plasma pretreated
samples for 15 min and sputtered for 8 min and then irradiated up to 60 min. The shifts
in the peaks for RF-plasma pretreated PE-TiO2 samples in Figure 5.6a,b are seen to
be more important compared to the non-pretreated samples shown in Figures 5.6¢,d.
This is due to the lower amount of TiO2 on the non-pretreated PE leading to longer
bacteria inactivation times. The IR-assignment is possible due to the functional group
related IR-parameters [15,108]. Shifts in the peak of the -CH> stretching vibrations
reflect structural transformations that occurred in the LPS. These shifts are the
precursors of the structural/conformation in LPS during lipid peroxidation leading to:
peroxides; alcohols and carboxyl groups.

The decrease observed for the stretching vibrations in the IR-spectra in Figure

5.6a-d, was due to isolated double bonds in the LPS. The spectral changes reported
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in Figures 5.6a-d are sensitive enough to monitor LPS conformation changes without

introducing additional perturbations.
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Figure 5.6. a and b show the shifts of va(CH>) vibrational bands on PE-TiO2 samples
pretreated with RF-air plasma for 15 min and then sputtered for 8 min. Shift of the
stretching vibrations as a function of time detected by ATR-FTIR for the asymmetric
va(CHy) vibrational bands and the symmetric vs(CH2) vibrational bands for E. coli up
to 60 min under solar simulated irradiation. Figure 5.6¢c and d show the IR shifts of
vs(CH?2) vibrational bands for non-pretreated PE-TiO2 sputtered for 8 min.

The discontinuous shifts in Figures 5.6a/b are suggested to occur due to an
increased mobility of the LPS units in the LPS chain-packing [164]. The increased
disorder modifies the frequencies of the -CH> symmetric and anti-symmetric bands,
shifting the peak positions during the irradiation time. As the inactivation process, the
shift of the asymmetric Va(CH2) and the symmetric Vs(CH2) peaks reflect a variation in
the density of the LPS polar head modifying the LPS packing-pattern [165]. This is
associated to the enlarged intermolecular C-H bond distance in the LPS fatty chain
[166] increasing the LPS fluidity [108].

Figure 5.2c, trace 1 showed that E. coli inactivation is complete within 60 min.

This E. coli inactivation time corresponds to the time in which LPS stretching vibrations
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attain the fluidity necessary for E. coli inactivation [167-168]. The discontinuous but
constant increase in the LPS packing leads to longer -CH:z interbond distances and
ultimately to E. coli lysis and MDA formation as described in the section 5.3.6 below
[169].
5.3.6. Evolution of MDA formation within the time of increase of hydrophilicity
and IR-peak shifts-numerical correlation

Lipid peroxidation is a complex process whereby an unsaturated lipid reacts with
molecular oxygen to yield lipid hydroperoxide and dialkyl-peroxides. The kinetics of
MDA formation during photocatalytic oxidation of the cell wall bilayer is shown in Figure
5.7a.
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Figure 5.7a. Evolution of malondialdehyde (MDA) on Figure 6a,b on PE-TiO2 samples
pretreated with RF air plasma for 15 min and sputtered for 8 min : 1) E. coli irradiated
under solar simulated light irradiation, 2) E. coli irradiated under solar simulated light
irradiation as a function of time for non-pretreated PE-TiO: films sputtered for 8 min.

The breakdown of hydroperoxides and lipid endoperoxide radicals leads to the
formation of various products including malondialdehyde (MDA) [170]. Figure 5.7a,
trace 1 shows a steep increase within 60 min of the MDA production for RF-pretreated
samples compared to the case of non-pretreated samples (Figure 5.7a, trace 2). The
increase in MDA production occurs within similar times as: a) the increase in
hydrophilicity shown in Figure 5.5a and 5.5b, b) the IR peak shifts seen in Figure 5.6.

Quantitative evidence is shown for the increase in the hydrophilicity PE-TiOg,
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concomitant with the shift in amplitude of the IR-peaks and the evolution of MDA during
bacterial cell wall peroxidation.

A significant increase in the hydrophilicity of PE-TiO2 within 20-60 min was
observed in Figure 5.5, trace 1. This increase in MDA shown in Figure 5.7a occurs
within similar times observed for the shift of: a) the peak frequencies and b) the
amplitudes reported in Figure 5.6.

Pearson's correlation coefficients were used to relate the cell wall fluidity to the
increase of the photo-generated hydrophilicity. Figure 5.7b shows a relationship
between the cell wall fluidity and hydrophilicity of 0.912. This negative correlation
means that when contact angle decreases, the cell wall fluidity increases. The closer

the value is to -1, the stronger the degree of linear dependence.
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Figure 5.7b. Correlation between the peak shift of the symmetric -CH> stretching for
E. coli irradiated samples (52 mW/cm?2) and the contact angle on PE-TiO2 RF-air
plasma pretreated for 15 min and sputtered for 8 min.

5.3.7. XPS analysis of PE-TiO2 surfaces and EM images

Figures 5.8a-d show the deconvoluted signals of PE-TiO2 films with no
pretreatment and after pretreatment. The peaks of the Ti-O, Ti-OH and O-C signals for
non-pretreated PE-TiO2 are shown in Figure 5.8a. Figure 5.8b presents a PE-TiO2
sample pretreated in air plasma for 15 min. A significant increase in the Ti-O peak is
observed with respect to Figure 5.8a. The presence of Ti-O and Ti-OH species in the
XPS spectrograms was evaluated by means of the peak area introducing the sensitivity

factor for oxygen [146]. The Ti-OH on the PE-TiO2 samples are noted by the peaks at
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532.4 eV, 532.7 eV and 532.9 eV in Figures 5.8a-c. A redox process during RF-plasma
pretreatment takes place during the sample pretreatment since a shift 2 0.2 eV was
observed for samples pretreated with respect to the non-pretreated sample in Figure
5.8a [97]. Figure 5.8c shows the XPS signals for an RF-pretreated sample for 15 min
and 1 torr. A redox reaction for the Ti-O takes place, since this peak differs in position
respect to the peak for the PE-TiO2 sample without pretreatment at 532.4 eV (Figure
5.8a).

Figure 5.8d shows that no Ti-OH signals could be detected for the UVC pretreated
PE-TiO2 sample for 20 min. The disappearance of the Ti-OH peak is due to a thermal
effect since the UVC lamp increases the temperature in the cavity up to 95°C. This
shows that the PE-TiO2 does not involve chemisorbed water that would vaporize at
lower temperatures [171]. The fraction of Ti-OH species with respect to total oxygen-

species bonded to Ti is given in Table 5.3.

Table 5.3. Fraction of OH/(Ti-O+OH) on the PE-TiO> films

OH/(Ti-O+0H) OH/(Ti-O+0H)
before irradiation after irradiation

PE-TiO2 without pretreatment 0.1 0.15
PE-TiO2 with RF air plasma 0.23 0.39
pretreatment

Different pretreatment times of the PE gives rise to a different boundary Ti-O-C
layer between PE and TiO2 introducing a different accessibility of bacteria to the PE-
TiO2 [41]. Tables 5.2a and 5.2b show the PE-TiO2 atomic surface concentration
percentage for C, O, Ti and N before and after bacterial inactivation. The data reported
shows only a marginal increase in C1s and O in Table 5.2b. This increase is due to
adventitious hydrocarbons being absorbed from ambient air on the sample surface
during the time of bacterial inactivation. The photocatalytic bacterial inactivation
destroys rapidly the C, O and N-species on the catalyst surface, not allowing the
accumulation of residues. Due to the rapid E. coli inactivation kinetics, the potential
applications of the PE-TiO2 films seems to be a valid proposition when optical
transparency is required.

The differently pretreatment of the PE gives rise to boundary Ti-O-C layers
between PE and TiO2. The PE-TiOz2 films will react with their own specificity during

bacterial inactivation. The decrease in the inactivation kinetics is possibly due to: a)
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different accessibility of the bacteria to the Ti-O-C catalytic sites on the PE-TiO2 and

b) different distances between the interfacial layers and bacteria [170-171].
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Figure 5.8. O1s deconvolution of PE-TiO> XPS spectral peaks: (a) without
pretreatment, (b) after RF-air plasma pretreatment during 15 min and TiO2 sputtered
for 8 min, (c) RF-plasma pretreatment for 15 min (1 torr) and TiO2 sputtered for 8 min
and finally (d) UVC PE pretreatment for 20 min followed by TiO> sputtering for 8 min
(1 torr).

Redox processes involving Ti4*/Ti3* occur on PE-TiO2 during the photocatalytic
bacterial inactivation. This is shown next in Figure 5.9. At time zero Figure 5.9 shows
that a Ti** peak at 458.6 eV is slightly higher than the Ti3* peak at 457.8eV, both
oxidation states coexisting on the PE-TiO2 sample. But after bacterial inactivation, the

Ti3* peak amounts to more than 90% of the XPS signal and the Ti4* only amounts to
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less than 10%. This redox reactions on the TiO2 occurs concomitant to the increase of
hydrophilicity within 60 min observed on the PE-TiO2 samples (Figure 5.5a).
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Figure 5.9. Ti2p peak deconvolution of PE-TiO2 samples RF-air plasma pretreated
during 15 min samples followed by TiO- sputtering for 8 min: a) before the bacterial
inactivation process, time zero, and b) after bacterial inactivation under solar simulated
radiation showing Ti3*/Ti** oxidation states variation within the 60 min bacterial
inactivation period.

Figure 5.10a-d show the SEM images for PE-TiO2> RF air-plasma pretreated for
15 min and sputtered for 8 min, inducing the faster bacterial inactivation (Figure 5.6).
Figure 5.10a show a continuous coating of TiO2 on PE. TiOz thickness of ~60 nm is
equivalent to 300 layers, taking an atomic layer thickness of 0.2 nm [125]. Figure 5.10b
shows the High Angle Annular Dark Field (HAADF) used to map the scanning electron
microscopy. The uniform distribution obtained by EDX of O and Ti on the coating is
shown in Figures 5.10c and 5.10d.
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Figure 5.10. a) STEM Bright Field Image of PE-TiO2 RF air-plasma pretreated for 15
min and TiO2 sputtered for 8 min, b) STEM-HAADF image taken on the same sample

area, c) EDX mapping of titanium and d) EDX mapping of oxygen.

Figure 5.10a shows the TiO2 is dispersed uniformly over the PE-surface. By

inspection of Table 5.1, it is readily seen that the TiO2 content increases with longer

sputtering times, accelerating the bacterial inactivation (see Figure 5.2). The

conventional model bacterial inactivation of E. coli under light irradiation is shown next

in Figure 5.11. This model has been generally cited widely for the overall disinfection

mediated by TiO2 photocatalysis [135-136,160,169].
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Figure 5.11. Bacterial inactivation scheme on PE-TiO2 films under solar simulated

light.
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5.4. Conclusions

The findings reported in this study are; a) a uniform transparent non-scattering
PE-TiO2 film inactivating bacteria under low intensity solar simulated radiation and b)
a quantitative correlation between the bacterial inactivation time and the hydrophilicity,
roughness and IR peak shifts in the stretching vibration of the E. coli outer LPS layer
due to the increase in the -CH: interbond length. Contact angle determination allowed
the quantitative determination of the photo-switching rates related to bacterial

inactivation.

In the previous 3 chapters, | studied bacterial inactivation on sputtered 2D
surfaces. We had the idea to adapt the magnetron sputtering unit to depose 3D
surfaces and to study the coating adhesion, its uniformity and its bacterial inactivation
dynamics on complex shapes. Chapter 6 and 7 show the first account for the
preparation of coated complex 3D-catheters able to bring the bacterial infection directly

to the blood vessels.
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Chapter 6

Quasi-instantaneous bacterial inactivation on Cu-Ag nano-
particulate 3D-Catheters in the dark and under light: mechanism
and dynamics

This chapter is based on the following publication: Sami Rtimi, Rosendo Sanjines,
Cesar Pulgarin, John Kiwi, ACS-Appl. Mater. Interfaces 2016, 8, 47-55
(Reproduced with permission of ACS, Copyright 2016).

6.1. Introduction

Cu has been known for long time to have effective bactericide action [172-175]. More
recently, Cu-ions have been reported to be biocidal by binding to specific sites in the
DNA-phosphate destroying the DNA double helix or damaging the bacterial cell walls
[176]. In the latter case, the Cu-ions enter into the cytoplasm causing membrane
disruption [177]. Cu has also been shown to produce reactive oxygen species (highly
oxidative radicals) and the Cu-ions stick to the negatively charged E. coli cell walls
allowing Cu-ions penetration into the cells as reported by Borkow et al., [112,96].
Cu/Cu-oxides/Cu-ions in contact with microorganisms leading to cellular damage and
bacterial death in the dark or under light has been reported by Hashimoto et al.
[94,120,93]. Cu-toxicity to microorganisms has been suggested partly due to the
displacement of bacteria essential metals [31,179-182]. Our group has worked during
the last few years on the sputtering of uniform, adhesive kinetically fast Cu-surfaces to
inactivate bacteria in the dark or under low intensity light [95,52,183]. This chapter
focuses on Cu-Ag bimetal sputtered 3D-surfaces (catheters) in comparison to compare
the inactivation performance with Cu or Ag sputtered surfaces.

Silver nano-particulates have been applied on cotton and artificial fibers like
polyester, wound-pads, and thin polymer films like polyethylene. The silver ion-release
kinetics [183-184] extends over long-operational times with a low concomitant
cytotoxicity [185-190]. Ag is believed to react with microbial membranes, and once
inside the cell Ag* attaches to DNA and RNA interrupting cell metabolism. Ag°® shows
a reduced bacterial inactivation performance compared with the Ag*-ions when

contacted with tissues [191-192]. Sol-gel commercial preparations are widely used at
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the present time to prepare Ag-thin disinfecting films on heat resistant substrates. But
the thickness of these sol-gel deposited films is not reproducible, they are not
mechanically stable, and they exhibit low adhesion and can be wiped off by a cloth or
thumb [12]. Colloid deposition on substrates require temperatures of few hundred
degrees for an adequate adherence to the substrate and this will not work on low
thermal resistant substrates like polyurethane (PU) [193], poly-methyl-methacrylate
(PMMA) [194] and PE [47,144] used in hospital catheters. Electro-deposition of Cu and
Ag has been used to coat catheters [195]. CVD has been used to heat metal/oxides in
vacuum until they decompose and are mostly used to coat 2D-surfaces [14,
32,15,196]. The disadvantages of the CVD deposition approach are: a) the high
temperatures needed precluding film deposition on textiles like polyester and b) the
amount of heat used requiring costly cooling systems. Ag-films have been deposited
by CVD leading to nano-particles films from 6 to 50 nm in size [14, 32,15,196]. To
investigate on silver biocide surfaces is warranted since they are the strongest growth
segment in the medical and health-care applications.

In this chapter we address: the design and the sputtering of Cu-Ag at relatively
low temperatures of nano-composite films on catheters and their bacterial inactivation
dynamics. Cu-Ag coated 3D-polyurethane catheter surfaces will be shown to inactivate
bacteria within <5 minutes. The bacterial inactivation kinetics reported hereby is an
improvement compared to two types of films reported recently by our laboratory: a)
TiO2/Cu films inactivating E. coli within ~10 min [95] and b) Ag-TaN films inactivating
E. coli within ~20 min [197].

Until now, magnetron sputtering led to uniform and adhesive coatings on 2D-
surfaces. The present chapter shows the first evidence of 3D-shapes coated with
magnetron sputtering leading to fully covered 3D surfaces with highly adhesive

antibacterial films.

6.2. Experimental section
6.2.1. Sputtering of Cu-Ag films and XRF determination of the film content

The coating of the 3D catheters was carried in the sputtering chamber with the
geometry shown in section 2.5 (page 16-17). This sputtering set-up allows the
deposition of uniform 3D-film coverage on the cylindrical catheter surfaces. Thin films

were deposited by reactive DCMS in an Ar + Oz gas flow from a 5 cm round target
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(Kurt J. Lesker, East Sussex, UK). The sputtering current was set at 280 mA. The
different Cu/Ag atomic ratios sputtered during the course of this study were: 25%-75%,
33%-67% and 50%-50% in %Cu-%Ag respectively. Single Ag and Cu surfaces were

sputtered as control materials.

Sputtering Cu-Ag for 1 min leads to a thickness of about 50 nm with 2.5x10”
atoms/cm?2. This allows the estimation of a deposition rate 4.5x 10'® Cu-Ag atoms/cm?2s
(height of each atomic layer as 0.2 nm). The error % in the coating between the
periphery and the center of the sample was 5-8% on catheters 5 cm long. The film
thickness was determined with a profilometer (Alphastep500, TENCOR). The
thickness data was taken in triplicate. By X-ray fluorescence (XRF), the composition of
the Cu-Ag coatings was evaluated in a PANalytical PW2400 spectrometer. The used
catheters were Jelco Optiva W24G-Ref. No 1124 from Smiths Medical International
Ltd. (Lancashire, UK).

6.2.2. CFU Evaluation, stereomicroscopy of Live/Dead cells, ICP-MS of samples
and light source
PU-Catheters were sterilized by keeping them in an oven at 70 °C overnight since they
cannot support autoclaving at 121 °C. 100 pL culture aliquots with an initial
concentration of ~108 CFU mL-" in NaCI/KCI (8/0.8 g L', pH 7) were placed on coated
and uncoated (control) catheters. Experiments were run at room temperature and the
samples were placed on glass Petri dishes provided with a lid to prevent evaporation
during the illumination. Then, the samples were transferred into a sterile 5 ml tube
containing NaCl/KClI saline solution and subsequently mixed thoroughly using a Vortex
for 2 min. Serial dilutions were made in NaCl/KCI solution. A 100 uL sample of each
dilution was pipetted onto a nutrient agar plate and spread over the surface of the plate
using the standard plate method. Agar plates were incubated lid down, at 37°C for 24h
before colonies counting. Three independent assays were done for each sputtered
sample. To verify that no re-growth of E. coli occurs after the first bacterial inactivation
cycle, samples were incubated for 24 hours at 37°C. Then, 100 uL of the suspension
was deposited on three Petri dishes to obtain the replica samples for the bacterial
counting. These samples were incubated at 37°C for 24 h.

Fluorescence stereomicroscopy was carried out on samples inoculated with 108
CFU of E. coli and incubated in a humidification chamber. This method uses a

fluorochrome-based staining procedure from Filmtracer™ LIVE/DEAD® Biofilm Viability
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Kit (Molecular Probes, Invitrogen). The kit contains a combination of the SYTO® 9
green fluorescent nucleic acid stain and propidium iodide fluoro-chromes for the
staining of live and dead cells, respectively. The samples fluorescence was monitored
in a fluorescence stereomicroscope (Leica MZ16 FA, Leica Microsystems GmbH
Wetzlar, Germany) and the images were processed using the LAS v.1.7.0 build 1240
software from Leica Microsystems CMS GmbH. Adhesion of bacteria to PU-catheters
was allowed for 2 minutes before washing the sample with sterile Milli-Q water to
remove non-adherent bacteria.

Determination of Cu and Ag-ions was carried out by inductively coupled-plasma
mass-spectrometry (ICP-MS) in a FinniganTM ICPS unit equipped with a double
focusing reverse geometry mass spectrometer with an extremely low background
signal and a high ion-transmission coefficient. The samples washing solutions were
digested with nitric acid 69% (1:1 HNO3z + H20) to remove the organics in the solution
and to guarantee that there were no remaining ions adhered to the flask wall. The
samples droplets are introduced to the ICP-MS trough a peristaltic pump to the
nebulizer chamber allowing the sample components evaporation and ionization.

The irradiation of the samples was carried out in a cavity provided with tubular
actinic Osram Lumilux 18W/827 emitting in the range 360-700 nm with total output of
3 mW/cm2. These lamps are used in hospitals and schools indoor illumination
presenting an efficient compromise between the energy consumption and the intensity
of the emitted light.

6.2.3. Contact angle determination, micro-oxidation analysis and FTIR of the LPS
stretching vibration shift during bacterial inactivation

The film hydrophilicity was determined by dynamic water droplet contact angle (CA) by
the sessile drop method on a DataPhysics OCA 35 unit. The interfacial potential and
pH changes were followed on a Jenco 6230N (pH/mV/Temp meter) provided for with
a microprocessor and a RS-232-C IBM interface. The peak shifts and displacements
of the lipo-polysccharide (LPS) stretching peaks were followed in an ATR-IR Portmann
Instrument equipped with a Specac attachment (45° one pass diamond crystal).
Spectra signals comprised 256 scans with a resolution of 2 cm' in the range between
900 and 4000 cm'. The position of the IR peaks was found by the second derivative

of the spectra after Fourier deconvolution.
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6.3. Results and discussion
6.3.1. Cu, Ag, Cu-Ag coating thickness and determination of sample composition

Figure 6.1a shows the nominal thickness calibration of Cu-Ag sputtered films on
non-porous Si-wafers by profilometry. Sputtering for 30s by direct current magnetic
sputtering (DCMS) from a Cu-Ag (50%-50%) target, a nominal thickness of 22 nm was
attained. In Figure 6.1a, the thicknesses of the coating with different Cu:Ag atomic
ratios, increased with the percentage of silver in the Cu-Ag deposited films. A coating

thickness of 22 nm corresponds to about 110 atomic layers [95,52,184].
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Figure 6.1a. Thickness calibration of the Cu, Ag and Cu-Ag layers sputtered on Si-wafers.

Figure 6.1b shows: (a) an uncoated catheter, (b) a Cu-Ag catheter sputtered for 60s,
(c) the reverse side of the catheter (b) showing a uniform distribution of the coating on
the 3-D shaped catheter. Finally, a sample sputtered only for 30s is shown in (d).
Quantitative information about the microstructure by up-to-date surface techniques will

be discussed below.
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Figure 6.1b. Uniform sputtered coating on the catheters 3D-surfaces: a) uncoated catheter, b)
60 s sputtered Cu-Ag (50%-50%) catheter, c) 60 s sputtered Cu-Ag (50%-50%) back-side
catheter and d) 30 s sputtered Ag catheter.

6.3.2. E. coli Inactivation as a Function of Cu, Ag and Cu-Ag Film Thickness

The E. coli inactivation time as a function of the thickness for Cu and Ag films is
shown in Figure 6.2, traces 1-4 for Cu and Ag respectively. Figure 6.2 shows the
complete E. coli inactivation by Cu-PU-catheter and Ag-PU-catheters within 30 min for
Cu coatings with a nominal thickness of 60 nm (~300 atomic layers) and in the case of
Ag with a nominal thickness of 105 nm (~525 atomic layers). Bulk inward diffusion of
the photo-induced charge carriers in Cu- and Ag-films has been reported to be
responsible for the charge transfer slowing the bacterial inactivation for a thickness
layers 2100 nm. [95,52,184].

89



Chapitre 6: Quasi-instantaneous bacterial inactivation on Cu-Ag coated catheters

360 \
~300f . .
= .
2u0L O o\
= | .
(=)
=REnNE
=
5 0 u
c
Sq20t m.
uj by m—" o
.l - /D
-4 )ED><8
D 1 1 1

0 30 50 90 120 150
nominal thickness (nm)

Figure 6.2. Effect of the coating thickness on the bacterial inactivation kinetics for: (1) Cu- PU-
catheter under low intensity actinic light (3 mW/cm?), (2) Ag-PU-catheter under low intensity
actinic light (3 mW/cm?), (3) Cu-PU-catheter in the dark, (4) Ag-PU-catheter tested in the dark.

Table 6.1 shows the Cu and Ag content on the sputtered catheters obtained by
X-ray fluorescence (XRF). Table 6.1 shows the amount of Cu and Ag sputtered on the
PU-catheters for 1 min from different targets. Sputtering Cu-Ag from mixed targets
shows lower amounts of Cu and Ag compared to Cu and/or Ag sputtered from two

single Cu and Ag targets.

Table 6.1. Cu and Ag content on the sputtered PU-catheters obtained by X-ray
fluorescence (XRF).

Samples sputtered for 1 min Wit%/wt PU
Cu 0.05
Cu-Ag (50%-50%)
Ag 0.03
Cu 0.02
Cu-Ag (33%-67%)
Ag 0.04
Cu 0.01
Cu-Ag (25%-75%)
Ag 0.05
Cu (100%) 0.11
Ag (100%) 0.07

This may be due to the Cu and Ag ad-atoms competition when clustering on the PU-
catheters. Table 6.2 shows the ICP-MS data of the Cu- and Ag-PU-catheters sputtered

for 1 min.
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Figure 6.2 showed that Cu-films due to their higher toxicity inactivate bacteria
within shorter times compared to Ag-films under light and in the dark. The low ppb
levels for Cu and Ag shown in Table 6.2 suggest an oligodynamic effect leading to
bacterial inactivation by these films. No cytotoxicity on mammalian cells is induced by
these sputtered thin films, since the Ag- and Cu release at the ppb level is below the
sanitary regulations valid for mammalian cells as reported in the Table 6.2 below
[96,93,95,52]. Ag-films do not provide the required level of efficacy to preclude biofilm
formation, since the diffusion of Ag-ions from a metallic surface is short or negligible
[180-184]. Therefore, this study addresses the investigation of the bacterial inactivation
kinetics by Cu-Ag kinetics and efficiency of Cu-Ag films to overcome the drawbacks of

Ag-films on catheters.

Table 6.2. Inductively coupled plasma mass spectrometry (ICP-MS) determination of the
released Cu and Ag-ions from Cu-Ag PU-catheters sputtered for 1 min.

Sample Cu (ppb) Ag (ppb)
(%Cu-%Ag) | The whole catheter | Needle only | The whole catheter | Needle only
50%-50% 20.78 346 9.29 1.54
33%-67% 22.92 3.82 1.20 02
25%-75% 24.23 4.03 0.80 0.13
100% Cu 26.64 4.44 - -
100% Ag - -- 19.10 3.18

6.3.3. Bacterial inactivation kinetics as a function of the Cu:Ag ratio

Figure 6.3a shows that the bacterial inactivation of E. coli was accelerated to 5
min on a 50%/50% Cu-Ag PU-catheter under actinic light irradiation or in the dark
compared to Cu or Ag deposited independently. Sputtered Cu-Ag film presenting a
50%/50% Cu:Ag ratio led to the highest release of Ag-ions as shown in Table 6.2.
Figure 6.3a show that in some cases the bacterial inactivation times become longer as
the amount of Ag in the Cu-Ag film increases. The 50%/50% Cu-Ag involve Cu-Ag
catalytic comprising the highest number of active catalytic centers held in exposed
surface positions in contact with bacteria [174,93,95]. The bactericide action by the Cu-
Ag film may also involve synergic effects between Cu and Ag, difficult to detect and
quantify [173]. Films sputtered for one minute with less than 50% Cu-content led to
longer bacterial inactivation times since not enough Cu was present to induce a high

cytotoxic effect.
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Figure 6.3a report bacterial inactivation kinetics being in some cases the same in
the dark and under light. In this semiconductor character CuO/Cu20 and Ag20 is
absent and the highly oxidative nanopatrticle properties of Cu and Ag are the species
leading to bacterial inactivation. Cu-Ag films inactivate bacteria within 5 min, 6 times

faster compared to the 30 min inactivation period required for Cu (see Figure 6.2, trace

1),
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Figure 6.3a. E. coli inactivation on Cu-Ag PU-catheters sputtered for different times showing
the effect of the atomic ratio of Cu:Ag on the bacterial inactivation time. The applied light is a
low intensity actinic light (3 mW/cm?). Error bars: standard deviation (n=5%).

Recent studies using Cu- and Ag-films report that the bacterial inactivation by
CuO/Cu20 and Ag20 under light irradiation were faster compared to similar processes
in the dark [172-174,93,52,12]. The insert in Figure 6.3a shows that thicker Cu-Ag
coatings led to longer bacterial inactivation times in the dark and under light.
Compaction of the coating at higher thicknesses may hinder the Cu and/or Ag ppb
releases.

6.3.4. Stereomicroscopy of stained E. coli on Cu-Ag films on PU-catheters

To test the time at which E. coli cells suffer destabilization/damage leading to cell
death (red dots indicate membrane damage), the cells were incubated on a Cu-Ag PU
50%/50% sample after light irradiation. Figure 6.3b shows the live/dead bacteria on

the surface of a Cu-Ag PU-catheters. Figure 6.3b shows that after 2 min no living E.
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coli bacteria could be identified. This lends further support for the short bacteria
inactivation time < 5 min reported in Figure 6.3a. Imaging under fluorescent light would
facilitate the detection of the fluorescent species. But the applied light would be enough
to inactivate E. coli on Cu-Ag films. Therefore, this experiment was not feasible. Figure
6.3b shows red stained/damaged membrane cells dead after 10 min. The
Fluorochrome dye enters the cell and stains DNA due to the abnormal high

permeability [109] of the damaged cell wall.

Time zero Time zero Time 2 min Time 10 min
(uncoated catheter) (coated catheter)

Figure 6.3b. Monitoring after 2 and 10 min, live/dead E. coli inactivation in the dark on Cu-Ag
(50%-50%) PU-catheters sputtered for one min with respect to uncoated PU-catheter (left-
hand side).

The faster inactivation kinetics of Cu-Ag films involves redox reactions between
Cu and Ag as found in galvanic batteries. Ag acts as a cathode and Cu as the anode,

releasing Cu* on the Cu-Ag film.
Ag®+ Cu?* — Ag* + Cu* (1)

Ag introduces galvanic corrosion at the bimetal interface between the Cu and Ag and
leads to the generation of Cu and Ag-ions during bacterial disinfection. The amount of
these Cu/Ag-ions is shown in Table 6.2. This Galvanic effect is favored by the Ag-Cu
nano-particle uniform distribution on PU. The Galvanic effect can be understood taking
into account the potentials of Ag®/Ag* -0.80V SHE and Cu?*/Cu* 0.15V SHE driving
reaction (1) with a potential of -0.65V SHE. This effect leads to atomic disorder
[198,199] in the Cu-Ag film. This atomic disorder is higher for Cu-Ag films compared to
Cu and Ag sputtered films. The biocidal effect of the Cu-Ag films can be accounted for

by the positively charged Ag and Cu-ions as stated above in eq(1). These ions enter
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subsequently the bacterial cell and interfere with the cellular electron transport chain
[167,200].

6.3.5. Contact Angle (CA) and Interface Potential Shifts

Figure 6.4a shows the contact angle (CA) hydrophobic-hydrophilic transformation of
Cu-Ag 50%/50% coated PU-catheters within 30 min under low intensity actinic light (3
mW/cm?2). The CA hydrophobic-hydrophilic transformation time does not coincide with
the 5 time of min bacterial inactivation reported in Figure 6.3a. The reverse
transformation to the initially hydrophobic state needed 24 hours and was completed
either at 24°C or at 60°C in the dark.
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Figure 6.4a) Contact angle variation within the bacterial inactivation period showing the
hydrophobic-hydrophilic transformation on the Cu-Ag (50%-50%) on one minute sputtered
catheters irradiated under low intensity actinic light (3 mW/cm?) and b) reverse hydrophilic-
hydrophobic kinetics after bacterial inactivation in the dark re-establishing the initial
hydrophobic state: (1) at room temperature (24°C) and (2) at 60°C.

Figure 6.4a shows the hydrophobic to hydrophilic transformation as a function of
cos © took within ~30 minutes. The back transformation to the initial hydrophobic state
occurs within 24 hours. The wettability is commonly evaluated in terms of the contact
angle (CA) in Young’s equation and Figure 6.4 was plotted by integrating “cos ©” in
the Young’s equation [201,47,144].

0= %c- %L - Hccos b ep(2)
The Young equation involves solid-vapor, liquid-vapor and solid-liquid interfacial

energies. The solid-vapor interfacial energy is denoted by ySG, the solid-liquid
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interfacial energy by ySL, and the liquid-vapor interfacial energy (i.e. the surface
tension by LG, then the equilibrium contact angle 6 is determined from these
quantities by Young’s equation.

Interface potential shifts in the dark on Cu-Ag films are shown in Figure 6.5a (left
hand side) as a function of the bacterial contact time. The interface potential shift is
seen to be smaller with respect to the signals registered in Figure 6.5b for experiments
carried out under actinic light. This is the evidence for the change in the permeability
of the E. coli cell wall reflecting the increase in the bacterial K, Na, Mg-ions and other
essential metabolic bacterial-ions, passing through the cell wall envelope [202-203]

due to the increased permeability as the inactivation time became longer.
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Figure 6.5a. Interfacial potential and local pH shifts of the bacterial culture contacted with Cu-
Ag 50%/50% on PU-catheter in the dark.

The right hand side in Figure 6.5a shows the pH-shifts as a function of time when the
bacterial culture was contacted with Cu-Ag 50%/50% films in the dark. The initial pH
of 6.8 decreases to 6.4 within 5 min due to the production of long-lived carboxylic acids
intermediates during bacterial degradation. Subsequently in Figure 6.5a, the pH
recovers its original level when the carboxylic acids decompose generating CO2. A pH-
shift between 6.8 and pH 6.4 takes place within 150s. This is equivalent to a fourfold
increase in the concentrations of H*. The short changed carboxylic acids (branched or
not) generated in solution during the bacterial inactivation period present a pKa ~3.
After 150 s, the pH increases again up to a pH ~6.7 due to short carboxylic acids being
mineralized into CO. [167,108,164,166]. This is the final step in the bacterial
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mineralization chain as reported for many organic compounds and dyes like methylene
blue. Figure 6.5a shows that a small pH-recovery step in the dark involving acid de-

carboxylation between pH 6.4 and 6.75 takes place due to the Kolbe CO: elimination

reaction.
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Figure 6.5b. Interfacial potential and local pH of the bacterial culture contacted with Cu-Ag
50%/50% on PU-catheter under a 3mW/cm? actinic light.

In Figure 6.5b the decomposition of the carboxylic acids lead to CO> through a
photo-Kolbe reaction [204-205]. A steeper/decrease is observed in the pH-values
compared to dark runs in Figure 6.5a. The solution pH recovers within 15 min to the
initial value of 7.0 in Figure 6.6b. This is expected since the bacterial inactivation

kinetics is faster for runs under light compared with dark runs in Figure 2.

RCOO- + actinic light - R + CO2 (3)

The interface potential on the Cu-Ag films decreases during dark bacterial oxidation as
shown in Figure 6.5a, due to the increase permeability/destruction of the E. coli bilayer
cell wall during bacterial inactivation. The increase in cell wall permeability leads to
loss of the cell barrier integrity which is essential to control the exchange of ions. Figure
6.5b shows that the interface potential changes under low intensity actinic light are

more significant compared to the same effect in the dark.

The fast bacterial inactivation by cytotoxic Cu-Ag films with the associated changes in
pH would preclude pathogen biofilm formation/survival [206]. Biofilm formation has

been reported in aqueous media occur within non-negligible time spans [207].
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Therefore, the cytotoxic Cu-Ag films show a potential for applications in hospital

settings as reported in this study.

6.3.6. Stretching Peak Shifts under Light and in the Dark during E. coli
Inactivation

The ATR-FTIR spectroscopy was used to monitor the (-CHz) LPS stretching
vibration band shifts within the bacterial inactivation time and the results are shown in
Figures 6.6a and 6.6b. The -(CH2) and -(CHs) groups make up 70% of the lipo-
polysaccharides (LPS), phosphatidyl-ethanolcholine (PE) and peptidoglycan (PGN).
These are the three main E. coli cell wall components. Figure 6.6a shows the peaks
for runs under light showing the decrease in the methylene -(CHz)s symmetric band
concomitant with a stretching peak shift from 2832.6 cm-! (time zero) up to 2841.6 cm-
(10 min). The stepwise decrease in the -(CH.)s band intensity occurs in parallel with
the -(CH2)s band position shift due to the perturbation of the outside lipid-
polysaccharide layer (LPS) in contact with the Cu-Ag film [167,108]. The use of the
second derivative of the FTIR spectral bands was used for the determination of the -
(CH2)s peak positions in Figure 6.6a. The decrease of the -(CHz)s bands reflect the
structural reorganization of the LPS outer layer [164] leading also to bacterial LPS lipid
peroxidation [167]. Peroxides, alcohols and carboxyl type functionalities are formed
during the peroxidation reactions as recently reported [199-203]. The FTIR of E. coli-
(CH2)s symmetric bands as a function of time in the dark are shown in Figure 6.6b. In
this case the spectra are less defined, but a loss of amplitude between time zero and
10 min was observed, in a smaller scale compared with the amplitude decrease
monitored in Figure 6.6a.

The -(CH2)s symmetric band shifts are due to: a) an increase in the lipid bilayer
fluidity and micro-viscosity of the outer LPS during photocatalysis [164] and b) an
increase in the intermolecular C-H bond distance [166]. Figure 6.6¢c shows that the -
(CH2)s band shifts are directly related with the increase in the C-H intermolecular
bonding distance. After 10 min the -(CH2) functional groups attain the

fluidity/mobility/intermolecular distance necessary for bond lysis [166,108].
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Figure 6.6a. FTIR-ATR spectroscopy of the symmetric -(CH2)s E. coli on Cu-Ag (50%-50%)
PU-catheter sputtered for 1 min under low intensity actinic light irradiation (3 mW/cm?).
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Figure 6.6b. FTIR-ATR spectroscopy of the -(CH2)s symmetric E. coli on Cu-Ag (50%-
50%) PU-catheter sputtered for 1 min in the dark.

The increase in the bond stretching within the time reported in Figure 6¢ was very
short for E. coli on Cu-Ag films compared to the TiO2-polyester recently reported for E.
coliunder light [108,167]. This explains the shorter E. coli bacterial inactivation times

of E. coli on the Cu-Ag films compared to TiO2 on polyester.
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Figure 6.6¢c. FTIR-ATR -(CH2)s symmetric vibration peak shift under low intensity
actinic light (3 mW/cm?2) on Cu-Ag (50%-50%) PU-catheter sputtered for 1 min.

Figure 6.6d shows the FTIR 1653 cm™' and 1625 cm™' of the phosphatidyl-
ethanolcholine PE-peptide group Amide |. The Amide | bands have been reported in
the 1650-1592 cm-' region [172-174,108]. Figure 6.6d shows the FTIR 1653 cm-
stretching band vanishes completely within 2 min under actinic light irradiation. This is
a proof for the rapid degradation of the peptide cell upper bilayers compared to the -
(CH)s bands. This shows the higher stability of the -(CH2)s functional groups on Cu-
Ag films compared to Amide |. Next, Figure 6e shows the dark runs for the bands
reported previously in Figure 6.6d. The step-wise reduction of the PE Amide | within 5
minutes occurs concomitant with the time of E. coli inactivation reported previously in
Figure 6.3a.

Figure 6.6e shows the shift of the PE-band at 1653 cm'. This is due to the
oxidation of the LPS polar heads, increasing the LPS fluidity [167] on the Cu-Ag PU
(50%-50%) samples in the dark. Peptoglycan (PGN) -(CH2)s lysis has been reported
within times of 30-40 hours on supported TiO2 polyester under light [108]. These times
were much longer compared to the times reported for the photocatalytic degradation
of E. coli phosphatidyl-ethanolamine (PE) and lipo-polysaccharide (LPS) on the same
TiO2-surfaces varying from one to two hours [108,167]. A synergistic mechanism is
suggested to explain these short times for E. coli inactivation using for the PGN
degradation the oxidative radicals produced during the degradation of PE and LPS. A

synergic/collective/cooperative  mechanism leads within short times to E. coli

99



Chapitre 6: Quasi-instantaneous bacterial inactivation on Cu-Ag coated catheters

inactivation as shown by CFU data and by the spectroscopic IR stretching shifts

respectively in Figures 6.3a and 6.6a.
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Figure 6.6d. FTIR-ATR spectra of E. coli Amide | bands on Cu-Ag (50%-50%) PU-
catheter sputtered for 1 min under low intensity actinic light irradiation (3 mW/cm?2).
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Figure 6.6e. FTIR-ATR spectra of E. coli Amide | bands on Cu-Ag (50%-50%) PU-
catheter sputtered for 1 min in the dark.

6.4. Conclusions

This chapter reports the sputtering of uniform and adhesive bacterial Cu-Ag nano-

composite film on 3D-catheter leading to similar inactivation times in the dark and

under light. An ultrafast/quasi- instantaneous inactivation kinetics was obtained for E.
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coli <5 min. The bacterial inactivation kinetics was seen to be a function of the Cu:Ag
ratio in the film coating the PU-catheters. The effect Cu and Ag suggests that metal
related effects predominate over the photo-induced effects by the oxide
semiconductors CuO/Cu20 and Ag20 leading to bacterial inactivation. A mechanism
of the Cu-Ag bacterial inactivation is suggested related to the pH and FTIR band shifts
observed during the bacterial inactivation. The reversible hydrophobic/hydrophilic
photo-switching on the Cu-Ag PU films is reported within the bacterial inactivation time.
The Cu-Ag films present a potential for the application in medical devices, textiles,

polymer thin films designed to preclude pathogenic biofilm formation.
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Chapter 7

Microstructure of Cu-Ag uniform nanoparticulate films on
polyurethane 3D-Catheters: surface properties

This chapter is based on the following publication: Sami Rtimi, Rosendo Sanjines,
Cesar Pulgarin, John Kiwi, ACS-Appl. Mater. Interfaces 2016, 8, 56-63
(Reproduced with permission of ACS, Copyright 2016).

7.1. Introduction

Copper based antibacterial coatings have been widely investigated during the
last decade. Bacterial cell walls damaging DNA double helix disruption caused by
copper ions have been studied by Borkow [178,96], Parkin [172], Hashimoto [94] and
Kiwi [81,52] among many others. Cu-ions electrostatic interaction with the negatively
charged bacterial cell walls produce highly oxidative radicals ROS. This allows the Cu-
ions to penetrate into the bacteria cytoplasm disturbing the cell metabolism and
leading to cell death [183].

Silver nano-particulates have been widely applied on cotton and artificial fibers
like polyester, wound-pads, and thin polymer films, all of them 2D-surfaces showing
antibacterial activity [208]. Silver and copper antibacterial dynamics and mechanisms
have been reported elsewhere and will not be discussed further in the study.

This chapter addresses the characterization of the surface properties and film
microstructure of Cu and Ag films sputtered on PU 3D-catheters that were shown in
chapter 6 to induce quasi- instantaneous bacterial inactivation. This is an important
issue since some Cu and Ag-coatings have been reported not providing fast bacterial
inactivation [180-182] which is essential to prevent in some cases the rapid formation
of bacterial highly infectious biofilms. This is also important due to the direct contact
of the catheter with blood since the catheter is a channel for the bacteria when
contacting veins and arteries. Besides the extremely fast bacterial inactivation, the 3D
catheters with Cu-Ag films presented in chapter 6 show a stable repetitive bacterial
disinfection performance over many cycles. Different studies have reported the

kinetics and mechanism of antibacterial metal/oxide films [10,209-211,176,177]. Cu-
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coatings were shown to inactivate bacteria more efficiently compared to Ag-films, due
to the higher cytotoxicity and diffusion length of the Cu/Cu-ions [178,93]. Additionally,
Cu induces a significant anti-microbial effect at a very low concentration (ppb range)
[52,183,212] without inducing cytotoxicity towards mammalian cells [212,213]. The Cu
bactericide effect may proceed through an “oligodynamic effect”. This effect consists
in the property of Cu atoms/ions released in the ppb range as Cu or as Cu-Ag when
Ag is present, leading to bacterial inactivation [99].

Cu-Ag disrupt processes needed for the cell metabolism are influenced by the
properties of the metal atoms and their interaction with the cell components [214].
Identifying the surface properties and microstructure of sputtered Cu-Ag will allow the
design, of more performing films leading to even to shorter bacterial inactivation times.
[10,209]. Hybrid films present, in some cases, a superior disinfection action compared
to single metals films to kill pathogens [210]. Some laboratories have reported hybrid
copper/silver prepared by sol-gel processes [215-216]. The principle of the sol-gel
method is the homogenization of alcoxides, usually called sols followed by the gelling
of the sol in a mould, drying (curing) and finally firing or sintering on heat resistant
supports. But these Cu-Ag sols cannot be adhered to the 3D PU catheter by
calcination since the PU takes only ~120°C. Therefore the Cu-Ag films present
problems when adhered to the PU catheter walls at lower temperatures. By electro-
deposition, devices have been coated with Cu-Ag leading to persistent bacterial
disinfection. Their porosity, microstructure and specific surface area were measured
and the activity of the hybrid metallic films against E. coli was also investigated [195].

Chapter 7 presents the characterization of sputtered Cu-Ag PU-catheters by the
following techniques: DRS, XRD, AFM, STEM microanalysis and XPS. These
complementary techniques provide a detailed description of the Cu-Ag film surface

properties for the catheter mediated bacterial inactivation presented in chapter 6.

7.2. Experimental section

7.2.1. Sputtering of Cu-Ag on PU, thickness calibration and film composition

The sputtering set-up has been modified to allow the deposition of uniform 3D-
film coverage on the cylindrical catheter surfaces. The modification of the sputtering
unit will not be described in this chapter since they figure in section 6.2.1 (chapter 6).

Before sputtering the films, the residual pressure P, in the sputtering chamber was set
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at P, <10 Pa. The substrate target distance was 10 cm and during the sputtering the
sample was rotated (20 rpm) to guarantee a homogeneous distribution of the coating
on the 3D-catheter. The rotation rate was optimized to cover film homogeneity the 3D
catheter surface. Thin films were deposited by reactive DCMS in an Ar + O2 gas flow
from a 5 cm round target (Kurt J. Lesker, East Sussex, UK). The sputtering current
was set at 280 mA. The different Cu/Ag atomic ratios sputtered during the course of
this study were: 25%-75%, 33%-67% and 50%-50% %Cu-%Ag respectively. In
addition coatings were carried out sputtering 100% Ag and 100% Cu. The sputtering
of the Cu-Ag on the PU films or catheters has been carried out for short times at
~120°C [52,212].

The film thickness was determined with a profilometer (Alphastep500,
TENCOR). The thickness data were determined in triplicate by sputtering the
corresponding film on Si-wafer. By X-ray fluorescence (XRF) the composition of the

Cu-Ag coatings was determined in a PANalytical PW2400 spectrometer.

7.2.2. DRS and XRD of Cu-Ag on PU films
DRS was carried out in a Perkin ElImer Lambda 900 UV-VIS-NIR spectrometer

provided for with a PELA-1000 accessory within the wavelength range of 200-800 nm
and a resolution of 1 nm. The rough UV-Vis reflectance data cannot be used directly
to assess the absorption of the Cu-Ag films because of the large scattering contribution
of PU fabric to the DRS spectra. X-Ray Diffraction of the Cu-Ag films crystallographic
phases was carried out by means of an X'Pert Philips diffractometer, Delft, NL. The

Kaline of Cu (1.5409 Angstroms) radiation was used as reference.

7.2.3. Microanalysis of Cu-Ag PU by Scanning Transmission Electron
Microscopy (STEM) and Atomic Force Microscopy (AFM)

The sputtered Cu-Ag PU films were prepared for analysis by embedding in epoxy
resin 45359 Fluka and the fabrics were cross-sectioned with an ultramicrotome
(Ultracut E) and at a knife angle at 35°. The Cu and Ag nano-particle distribution on
the PU-film was investigated by EDX microanalysis in the scanning transmission
electron microscopy mode (STEM) and the images were taken in a FEI Tecnai Osiris
instrument at 200 kV.

The AFM image signals were acquired in contact mode using a PSIA Xe-100
AFM. Silicon nitride cantilevers were used with feedback set points around 1.0 nN.

The AFM scanner and position sensors were calibrated using standard samples from
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Mikromash. The experimental error in the roughness was below 10%. The mean

surface roughness (Rg) was calculated for the scanned area.

7.2.4. XPS of Cu-Ag PU 3D-catheters

The X-ray photoelectron spectroscopy (XPS) of the Cu-Ag films was determined
using an AXIS NOVA photoelectron spectrometer (Kratos Analytical, Manchester, UK)
provided for with monochromatic AlKa (h0=1486.6 €V) anode. The carbon C1s line
with position at 284.6 eV was used as a reference to correct the charging effects. The
surface atomic concentration was determined from peak areas using the known
sensitivity factors for each element [97-98]. Spectrum background was subtracted
according to Shirley [122]. The XPS spectral peaks were deconvoluted with a
CasaXPS-Vision 2, Kratos Analytical UK.

7.2.5. Bacterial inactivation on sputtered PU 3Dcatheters
Bacterial inactivation procedure and irradiation source were described in chapter

6 and will not be repeated here (see section 6.2.2).

7.3. Results and discussion

7.3.1. DRS and X-ray Diffraction (XRD) of Cu-Ag PU-catheters
Figure 7.1 shows the diffuse reflectance spectroscopy (DRS) in Kubelka-Munk

units of Cu-Ag on PU with the ratios: (1) 25%-75%, (2) 33%-67%, (3) 50%-50% and
in the insert (4) CuO and (5) Ag20. The insert in Figure 7.1 shows the strong Ag-0
peak at 350 nm and CuO with a maximum absorption close to 430 nm shifting the light
absorption by the sputtered PU-films into the visible range [102]. Polyurethane films
have been deposited with Cu-Ag and investigated along the PU 3D-catheters to
facilitate the analysis and data acquisition. The optical absorption range observed for
the Cu-Ag nano-particulate on PU lies between 200 and 700 nm. The optical
absorption between 500 and 600 nm is due to the inter-band transition of Cu.O and
the absorption between 600 to 700 nm has been attributed to the exciton band
associated with the CuO (d-d) transition [94,120]. Figure 7.1, trace 3 shows the DRS
spectra for the Cu-Ag 50%-50% on PU films showing a lower intensity compared to
the bands Cu-Ag 25%-75% and Cu-Ag 33%-67% on PU films. An increase in the
atomic disorder due to galvanic corrosion at the Cu/Ag interface within the Cu-Ag

50%/50% films, may be responsible for the decreased optical absorption intensity of
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the Cu-Ag bands [198-199]. The later effect is favored by the Ag-Cu nano-particle

uniform distribution on PU films.
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Figure 7.1. DRS of Cu-Ag with Cu-Ag atomic ratios p: (1) 25%-75%, (2) 33%-67%, (3)

50%-50%. The insert shows the data for: (4) Cu and (5) Ag.

Figure 7.2 presents the XRD spectrograms showing the presence of Cu20 (111),
Cu (200), Cu (020) and Ag (111). The Cu nano-particles present a more crystalline
character compared to Ag nano-particles. The coordinated copper ions (Cu20 (111))
have been suggested to be the catalytic active sites on Cu-based antibacterial
surfaces [199,217]. The presence or absence of Cu-cations was reported to be
important for the understanding of the surface reactivity of Cu2O and other copper
species [217-218,125,129]. In addition, metallic Cu and Ag were also present in the

sputtered films with different Cu:Ag atomic ratios.
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Figure 7.2. XRD spectrogram signals for sputtered PU-catheters: (1) Cu, (2) Cu-Ag
33%-67%, (3) Cu-Ag 50%-50% and (4) Cu-Ag 25%-75%.

7.3.2. Electron Microscopy (STEM) Observations: Distribution of Cu-Ag
Sputtered Clusters on the Sputtered Films

Figure 7.3 presents the Cu and Ag nanoparticle distribution on the PU-film as
investigated by the scanning transmission electron microscopy (STEM) mode. The
mapping/distribution of Cu and Ag on Ag-Cu PU samples with different Cu:Ag atomic
ratio is presented in Figure 7.3. The first row in Figure 7.3 shows a uniform Cu nano-
particle distribution with particle sizes of 2-4 nm on the PU-film. The second row shows
the images for a Cu-Ag PU film with a ratio 50%: 50% comprising a loading of 0.05
and 0.03 weight%/weight PU-catheter sample respectively as detected by X-ray

fluorescence.
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Figure 7.3. EDX microanalysis/distribution of the Cu and Ag nanoparticles on the
PU-films with different Cu:Ag atomic ratios.

The third row shows the images for a Cu-Ag sample with a ratio 33%: 67%. Most
of the Cu and Ag-metal clusters were < 5 nm in size. The small size of the
nanoparticles favors the charge transfer and consequently the bacterial inactivation
kinetics due to large surface area per unit mass [125,129]. Recently Snaith et al., [218]
and Kopidakis et al., [219] reported that the thickness and grain sizes of the
nanoparticles making up the film play a major role in the film charge transport/transfer.
The Cu-Ag film leading to the fastest bacterial inactivation kinetics seems to present

the optimal Cu and Ag ratio for the charge transfer and subsequent diffusion of the
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ions towards the E. coli culture. The quantum size of the Cu-Ag clusters up to 10 nm
consist of ~10* seem to effectively separate the induced charges inside the Cu-Ag
bimetallic cluster in spite of their confinement in very reduced spaces [219,97, 201-
211]. The last row in Figure 7.3 shows that an increase in the percentage of Ag in the
Cu-Ag films leads to the formation of bigger agglomerates. The second and third
columns in Figure 7.3 show images for the uniform distribution of the Cu and Ag
nanoparticles according to their ratio in the bimetallic target from which they were
sputtered. Scheme 7.1 shows the schematic charge transfer/transportation in a nano-
particulate layer as reported by Snaith et al. [218]. The charge transfer/transport is
limited by the size of the grains forming the thin layers without taking into account the
variability of the interparticle contact area. This research details reported in the

Snaith’s study will not be further discussed in this chapter.

Slower
Transport

Faster

Transport
R

Scheme 1. Mobility of conduction band electrons influenced by grain boundaries
(reproduced under license from ACS).

7.3.3. AFM roughness of Cu-Ag Films

Figure 7.4 shows the increasing Rg values from 13 nm up to 22 nm for Cu-Ag
nano-particles. The concomitant Ag-film content increased from 50% and up to 75%.
The AFM field scanned in Figure 7.4 was 0.3 x 0.3 micron. The Cu-Ag clusters with
Cu:Ag atomic ratios of 50%/50%; 33%/67% and 25%/75% led to particles with
increasing sizes and roughness as shown in the first row in Figure 7.4. The increase
in silver content in the Ag-Cu films led an increase in the Cu-Ag cluster size and
roughness (Rg). The second row in Figure 7.4, shows Rg-values of 5 nm and 10 nm
for Cu and Ag clusters respectively on PU films. The sizes for the Cu clusters were
found between 5-10 nm and for the Ag-clusters between 28-48 nm, following the same

trend as the respective Rg-values. These observations coincide with the STEM
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microanalysis (Figure 7.3) showing that increasing the Ag content led to big

clusters/agglomerates.
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Figure 7.4. Atomic force microscopy (AFM) of Cu-Ag sputtered films with different
atomic ratios of Cu and Ag.

7.3.4. XPS of the Cu-Ag PU 3D catheters

Figure 7.5a shows the deconvoluted doublet of the Cu2p1,2 band at time zero for
a Cu-Ag film 50%/50% not contacted with bacteria. The assignment of the Cu20 (BE
at 932.1 eV) and for the CuO (BE 933.7 eV) was carried out according to Wagner et
al., [97] and Nogier et al., [38] and the charging effects on the samples were corrected
according to Shirley [122]. Besides the peaks of Cu-O and CuO an additional peak of
Ag2Cu204 was identified at 932.9 eV. Evidence was found for the Ag2Cu204 inner
charge re-distribution of Cu and Ag favoring the disorder in Cu-Ag structures as
recently reported [220-221]. Cu would share a delocalized valence charge distribution
leading to Ag2Cu204 due to the structural disorder introduced when Cu contacts Ag at
the Cu-Ag interface. The valence band of Ag2Cu204 was estimated between 2.11-2.15
eV [223].
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Figure 7.5a. Deconvoluted doublet of the Cu2p+,2 bands at time zero for a Cu-Ag film
50%/50% showing the Cu-oxides and Ag2Cu204 for a sample not contacted with
bacteria.

The deconvoluted Ag3d12 doublet in the Cu-Ag 50%/50% PU film at time zero is
shown in Figure 7.5b. The Ag and AgO are detected along Ag>Cu>O4 for a sample not
contacted with bacteria. The Ag-oxide peaks are present but in a smaller amount
compared to Cu-oxides peaks as shown in Figures 7.5a and 7.5b. It is difficult to
discern in Figure 7.5b about the presence of Ag20 since the AgO/Ag20 peaks are very
close [97, 221]. Figure 7.5c shows the deconvoluted O1s doublet for a sample of Cu-
Ag film 50%/50% at zero time not contacted with bacteria. Some peaks are found
similar to the peaks reported in Figure 7.5a, with the exception of CuO and Ag:0,
suggesting that the CuO and Ag20 exists only in small amounts.

Table 7.1 present the Cu-oxides and Ag-oxides present on Ag-Cu films

presenting different ratios of Cu:Ag.

Table 7.1. Cu and Ag species present of Cu-Ag films with different atomic ratios of Cu:Ag.

Cu-Ag (50%-50%)

Cu-Ag (33%-67%)

Cu-Ag (25%-75%)

Cu species CuQ, Cuy0, Cu Cu0, Cu,0 Cu0, Cu,0O
Ag species AgO, Ag AgO, Ag:0, Ag AgO, Ag-0, Ag
Mixed phase Ag,Cu,O,4 Ag,Cu,0, -
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In Table 7.1: a) XPS signals suggest that Cu exists as a metal only in the Cu-Ag
50%/50% sample. Therefore, metallic Cu seems necessary for an efficient charge
transfer since this sample lead to the faster bacterial inactivation, b) Ag20 is absent in
the Cu-Ag 50%/50% sample. AgO was detected being the most active Ag-oxide in E.
coli inactivation in agreement with results reported in a recent study [48], c) the Ag°®
metal seems to be a necessary component for an accelerated bacterial inactivation in
the three PU films with different Cu:Ag ratios investigated in this study, and finally d)
the Ag2Cu204 detected in the most active sample Cu-Ag 50%/50% seems to play an

important role in any catalyst/photocatalyst [224] leading to bacterial inactivation
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Figure 7.5b. Deconvoluted doublet of the Ag3d12bands at time zero for a Cu-Ag film
50%/50% not contacted with bacteria showing the Cu-oxides and Ag2Cu204.

Figure 7.5c. Deconvoluted doublet of the O1s bands at time zero contacted with
bacteria by a Cu-Ag film 50%/50% showing the Cu-oxides/Ag-oxides and Ag>Cu204

The O1s band for the O-doublet and the respective Cu-, Ag oxides and Ag2Cu204
peaks are show in Figure 7.5c. The etching of Cu-Ag 50%/50% films under 5 KeV

Argon-ion bombardment in the XPS unit is shown next in Figure 7.5d. The signal
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intensity (counts) increases up to 48 nm (or 240 layers) for the Ag3di,2 doublet and
becomes more spiked at deeper levels due to the higher crystal symmetry of the Ag-

oxide nano-particles in the film. A similar trend was observed for the Cu2p1/2 bands.
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Figure 7.5d. XPS etching of Cu-Ag (50%-50%) sputtered for 60 s.

Table 7.2 presents the atomic surface concentration percentage of several
elements before and after bacterial inactivation. The C1s content increases slightly
due to: a) the C-adsorbed in the catalyst during the bacteria inactivation and b) the C
contained in the residual gas atmosphere when handling the sample during the XPS

experiments.

Table 7.2. Atomic surface % XPS of different elements on Cu-Ag PU-catheters contacted
with bacteria before and after bacterial inactivation.

Before bacterial inactivation After bacterial inactivation
Cis 71.40 72.24
O1s 14.35 15.82
Ag3d 4,92 4.4
Cu2p 9.34 7.54

The small increase observed in the O1s content is due to the oxidized species
formed during bacterial degradation in air atmosphere. The decrease of the Ag3d and
the Cu2p signals after bacterial inactivation is assigned to the removal of the bacterial

culture containing carbonaceous species allowing the original surface to re-appear
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after bacterial degradation. Table 7.3 shows in the dark and under light the reduction
of C-reduced species like C-C; C-H; C=C (B.E. 284.6-285 V) after 10 min with the
concomitant increase in oxidized species after bacterial inactivation like C-O; C=0;
COOH (B.E. 287.2-287.6 eV) and O=C-OH (B.E. 289.1 eV) [97-98]. The amount of
reduced species during the dark inactivation was lower compared to the ones

observed under light as expected.

Table 7.3. XPS analysis of the C-species on the surface of a Cu-Ag PU-catheters 50%/50%
as a function of bacterial contact time in the dark, and under low intensity actinic light.

C-C, C=H,C-H | C-O, C=0, COOH O=C-OH
Dark Time zero 0.31 0.32 0.36
condition | 10 min 0.22 0.37 0.41
Under light | Time zero 0.31 0.33 0.35
(3 mW/cm?) | 10 min 0.15 0.41 0.44

7.3.5. Bacterial Inactivation Dynamics on Cu-Ag PU 3Dcatheters

Figure 7.6 shows that the bacterial inactivation time of E. coli was accelerated to
5 min on a 50%/50% Cu-Ag PU 3D-catheter compared to Cu or Ag deposited
independently on PU-catheters. Bacterial inactivation times become longer as the
loading of Ag in the Cu-Ag film increases (see Figure 7.6¢c and 7.6d). The 50%/50%
Cu-Ag atomic ratio involves Cu-Ag catalytic sites comprising the highest number of
active centers held in exposed surface positions in contact with bacteria. Films
sputtered for one minute with less than 50% Cu-content led to longer bacterial

inactivation times as shown in Figures 7.6¢ and 7.6d.
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Figure 7.6. Effect of the coating thickness on the bacterial inactivation kinetics for: a)
(1) Cu- PU-catheter under low intensity actinic light (3 mW/cm?), (2) Ag-PU-catheter
under low intensity actinic light (3 mW/cm?2), (3) Cu-PU-catheter in the dark, (4) Ag-
PU-catheter tested in the dark. b) Cu-Ag (50%-50%) sputtered on PU-catheters: (1)
under low intensity light (3 mW/cm?) and (2) in dark conditions. ¢) Cu-Ag (33%-67%)
sputtered on PU-catheters: (1) under low intensity light (3 mW/cm?2) and (2) in dark
conditions. d) Cu-Ag (25%-75%) sputtered on PU-catheters: (1) under low intensity
light (3 mW/cm?2) and (2) in dark conditions. Error bars: standard deviation (n=5%).

The low Cu-content in the film was not enough to lead to a fast bacterial
inactivation. This means that Cu and Ag nano-particles with their high oxidation
potentials predominate over the semiconductor CuO/Cu20 and Ag-O behavior that
would accelerate bacterial inactivation under light compared to dark runs. Light
irradiation leads to charge separation in semiconductor devices like CuO and Ag20.
Cu-Ag films inactivate bacteria within 5 min, 6 times faster compared to the 30 min
inactivation period required for Cu. By ICP-MS, films with a 50%/50% Cu:Ag atomic
ratio led to the highest kinetics ions release [183,79]. In-depth bacterial inactivation

dynamics and cytotoxicity tests are underway to clear further this issue.
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7.4. Conclusion

In chapter 7, we report for the first time the characterization of surface properties and
detailed microstructure of sputtered bimetal Cu-Ag antibacterial coating on 3D-objects,
in this case PU-catheters. The details of hybrid nano-composites Cu-Ag films with
different atomic ratios were investigated using STEM and AFM imaging. The bacterial
inactivation kinetics were shown to be a function of the Cu:Ag ratio sputtered on the
catheter. Optical and crystalline properties were reported by way of DRS and XRD. By
XPS, different oxidation states have been identified before and after bacterial
inactivation showing that redox catalysis takes place within the period of bacterial
inactivation. The Cu-Ag coated 3D-catheters showed stable performance during

repetitive recycling leading to bacterial disinfection.
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Chapter 8: Conclusions and perspectives

In this thesis we have addressed the deposition of thin uniform, adhesive films
able to reduce bacterial infections in the dark and under light within acceptable times
and stable enough to work in a repetitive fashion. These films consisted of TiOo,
TiO2/Cu and bimetallic Cu-Ag. This thesis presents the design, sputtering (synthesis),
bacterial evaluation and surface characterization of the antibacterial films on polyester
(PES), polyethylene (PE) and 3D polyurethane (PU)-catheters. The most suitable
inactivation kinetics of E. coli taken as a standard probe was optimized on these films,
which is important in the potential application of these films on textiles, thin polymer
films, and catheters/implants. A systematic, detailed and comprehensive investigation
is presented for the several novel coatings explored during the thesis work. Resuse
cycles show sufficient life-time for application in hospital facilities.

Despite the recent progress made in this area during the last decade,
improvements will be necessary in the coming years in order to synthesize high-quality
functionalized coatings using more sophisticated approaches. Moreover, synthesis
and surface engineering of NP’s will be developed involving a more complex chemical,
physical and surface functionalization addressing inorganic-organic composite
coatings. The higher stability of these films and how to translate the laboratory findings
into large-scale industrial synthesis is a short range objective of the possible work in
this area.

Surface pretreatments have a high potential to improve coated implants such as
the acceleration of osseointegration even in poor quality bone and the protection from
chemical corrosion by body fluids. Future work in this area must be focused on the
research of the toxicity induced by the bactericide films in meta-materials applied to
2D and 3D objects. Biofilms are nowadays the most dangerous way of spreading highly
infectious pathogens into the environment, in public places and healthcare facilities.
Films showing quasi-instantaneous antibacterial kinetics will preclude biofilm
formation. The technology presented herein has the potential to open new industrial
segments in the rapidely developing health sector. Further research is required to
translate the present findings into performing industrial products e.g. Cu-Ag catheters
as prepared and evaluated in this thesis and tested in the CHUV showing
instantaneous bactericide action in vitro and in vivo as recently reported from our EPFL

laboratory.
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Nowadays, a plethora of coating techniques is being investigated to get a desired
biological response (high bactericidal long-range stable effect) at the interface between
an implant and the surrounding living tissue. For this end, the make up of the sputtered
films has to be chosen to fulfil an antibacterial activity concomitant with mammalian
cells biocompatibility. In addition to the application of DCMS for metallic surgical/cutting
tools coating, some industries recently started using this technology to develop tools
used in the dental surgery and also in spine and orthopedic implants showing the high
potential of this approach. The substrates are in the majority thermo-resistant and the
coating can easily be applied and heated-up to better bind the substrate. The novel 3D
devices developed in this thesis need to be transferred to an industrial scale to fully

benefit from these innovative coatings.
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Annexe 1. Stereomicroscopy images of live and dead E. coli on TiO2/Cu-PES
showing the loss of bacterial viability within 120 min.
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Annex 2. Optimization parameters prior to HIPIMS deposition.

Given Paramaters:

Power of one pulse (Ppyiseon):

Power of deposition (P):

Example

Given Parameters:

Calculation:

Upuiseon | Voltage at one pulse

Ipuiseon | Current at one pulse

tpuiseon | TiMe of one pulse

tpuiseoss | Time between pulses

Ppuiseon = Ipuwiseon * Upuiseon

tPulseOn

P = Ppyiseon
(tPulseOn + tPulseOff)

UPulseOn =350V

IPulseOn =54
tpuiseon = 100 ps
tPulseOff =1900 Ks

tPulseOn

P = Ipyiseon * Upuiseon *
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100 us
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1
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Annexe 3. Calibration of voltage for TiO2 deposition as an example for HIPIMS
calibration prior to deposition.
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Annexe 4. XRD Patterns for Cu/CuQO/TiOz films sputtered on polyester by HIPIMS at

different times.
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Annexe 5. Crystal phases of PE-TiO2 sputtered: (1) pretreated with RF-air plasma for
15 min, sputtered for 1 min (2), no pretreatment sputtered for 5 min, (3) no
pretreatment, sputtered for 1 min (4) pretreated with RF-air plasma for 15 min,
sputtered for 8 min and finally (5) sputtered for 8 min without pretreatment.
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