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ABSTRACT

Fouling release coatings are known to be ecofriendly and to be a good alternative to the coatings containing biocides. To
improve their efficiency and lifespan the incorporation of additives seems required. Amphiphilic system as PEG-silicone
coatings have a lower impact on the environment. However, PEG oxidation in seawater impacts its lifespan. In this context,
the development and incorporation of new hydrophilic additives offers great potentiel. The objective of this study is to design
an amphiphilic fouling release coating containing poly(oxa- zoline) (POx) as additives. POx have similar physical properties
as PEG and have already been used in biomedical applications.

POx with a trimethoxysilane end-group has been synthesized to be crosslinked in a RTV silicone coating. The impact of its
incorporation in a PDMS coating has been evaluated on surface properties and on coating orga- nization. The results have
been compared with a similar PEG-silicone coating. In addition, microbiologic assays have been carried out to evaluate the
bacterial adhesion and the fouling properties of the coating. Two bio- medicals bacteria and a marine bacterium were used
to confirm the interest of POx.

POx-silicone coating showed similar fouling efficiency against bacteria as PEG-silicone coating despite a bigger surface

roughness and a lower compatibility ~with PDMS.

1. Introduction

Staphylococcus aureus, a gram + bacteria, and Pseudomonas aerugi-
nosa, a gram - bacteria, are opportunistic pathogens causing both acute
and chronic infections and are known as responsible for numerous
hospital acquired nosocomial infections. Nowadays, the most frequent
nosocomial infections are catheters-associated urinary tract infections,
catheters-associated blood infections and pulmonary infections. This is
due to the fact that microorganisms and in particular bacteria are able to
adhere to biotic or abiotic surfaces [1]. With favourable conditions, they
colonize the surfaces and develop biofilms. They are microbial sessile
communities, attached to a substratum embedded in a secreted extra-
cellular matrix [2,3]. These microbial communities exhibit andincrease
tolerance to both antimicrobial and disinfectant chemicals [4,5]. Simi-
larly, marine biofilms, also named biofouling, have harmful economic
and ecological impacts. They are responsible for corrosion of marine
surfaces, an increase in fuel consumption of ships, and the release of
toxic compounds. Ships are indeed protected by these antifouling
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coatings which contain biocide molecules which are released into the
sea. Biofouling is also responsible for species-relocation and the wide-
spread introduction and dissemination of invasive [6,7]. Seeing all the
problemes mentioned above it seems urgent and important to develop
new alternatives, especially new coatings which are ecofriendlier in
order to inhibit the adhesion of microorganisms, in both medical and
marine domains.

The development of fouling release coatings has been done with this
aim in sight. Silicone coatings are widely used for their biocompatibility,
low toxicity, ease of fabrication and use, as well as their low
manufacturing costs [8]. To improve the efficiency of these kind of
surfaces against biofouling, the incorporation of additives has been the
subject of intensive research. The first category of additives used was
silicone oil [9-11]. The formation of oil layer at the coating surface
limits the fouling development and increases the efficiency of fouling
release coatings. However, the non-toxicity of silicone oil is not yet clear
for either aqueous environments or the human body. Various research
works have shown that their uses can lead to damages to both macro and
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microorganisms [12-14]. Another strategy is also to use hydrophilic
polymers to obtain an amphiphilic coating [15]. This system is less toxic
for the environment. Poly(ethylene glycol) and PEG derivatives are
widely used to study both the effects of the surface chemistry and wet-
ting ability on bacterial and proteins adsorptions [16,17]. Wu and Hjort
have shown a significant reduction in nonspecific adsorption of proteins,
whereas Camos Noguer et al. have studied the advantages of PEG-
silicone coatings over conventional silicones against the prolifera- tion
of diatoms [18].

The aim of this work is to study the potential of poly(oxazoline)
(POx) as an additive for amphiphilic fouling release coating. The phys-
icochemical properties of POx is similar to PEG in terms of viscosity,
friction, diffusion, sedimentation, effective hydrodynamic diameter,
hydrodynamic volume, or combinations of these [19]. In addition, POx
has several advantages compared to PEG, the most important ones being
that POx can be easily synthetized and need non-explosive monomer
unlike PEG [20]. Nowadays, POxs are regarded as a PEG alternative in
response to the overconsumption of PEG in cosmetic and biomedical
fields [21]. The versatility of POx use comes from the variety of the R
group substituting the monomer [22,23]. Chemical stability is another
important parameter for coating performance and lifetime. Major
metabolic pathways and (patho)physiological processes in many or-
ganisms, including humans, depend on, or are connected with oxidative
modification or the degradation of molecules [24]. The pseudo-
polypeptide structure of the poly(oxazoline) is more stable against the
oxidation than PEG [20]. Furthermore, due to the large
commercialisation of PEG in the biomedical field, Yang and Lai have
shown the production of PEG antibodies [25].

In this study, a linear poly(2-methyl-2-oxazoline) homopolymer was
used as additive in a silicone coating. The coating structure was char-
acterized in terms of surface topography, additives incorporation and
surface hydrophobicity to evaluate the impact of the additive into a
silicone film. In addition, biological assays were done with three bac-
teria to measure the POx influence on their adhesion. All the results were
compared with a silicone coating containing a linear PEG with the same
molecular weight and with a silicone coating without any hydrophilic
additive.

2. Experiment
2.1. Materials

Allylic alcohol, methyl tosylate, allylamine, diethyl ether, 6-mercap-
tohexanol, Darocur1173, 3-(triethoxysilyl)propyl isocyanate and dibu-
tyl tin dilaurate (DBTDL), 2,2-dimethoxy-2-phenylacetophenone, PEG
allyl terminated were purchased from Aldrich, (3-mercaptopropyl)tri-
methoxysilane was purchased from TCI and silicon matrix Dowsil 7091
was provided by Dow and used as received. Acetonitrile was dried and
distilled according to standard procedures [26]. 2-Methyl-2-oxazoline
(MOx) was dried, distilled from CaH, and stored under a dry nitrogen
atmosphere.

2.2. Additives synthesis

2.2.1. PEG functionalisation with a trimethoxysilane end-group

The crosslinkable PEG was prepared using thiol-ene reaction. PEG
allyl terminated (10 g, 1 equivalent) was mixed with 2,2-dimethoxy-2-
phenylacetophenone (0.233 g, 1 equivalent), (3-mercaptopropyl)tri-
methoxysilane (1.963 g, 1.2 equivalent) and finally dissolved in CHCl,
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(10 mL). The medium was placed under UV at 365 nm, and the thiol-ene
reaction occurred over 2 h under reflux at room temperature. In order to
avoid any crosslinking reaction with ambient air, the solvent was
removed under vacuum (Fig. 1). The purified PEG was finally analyzed
by '"H NMR spectroscopy. 'H NMR (CDCl;, 60 MHz): 0.5-1.0 ppm
(SCH2CH>Si), 1.5-2.0 ppm (SCH2CH,Si), 2.5 ppm (SiOCH3), 3.3 ppm
(OCH3) and 3.7 ppm (OCH2CH0).

2.2.2. Synthesis of POx by cationic ring-opening polymerization (CROP)
using allylamine: POx-allyl

2-Methyl-2-oxazoline (10 g, 30 equivalent) and methyl tosylate
(0.875 g, 4.7 mmol) were dissolved in dry acetonitrile (4 M). The so-
lution was vigorously stirred at 80 °C for a night. The reaction product
was quenched by addition of an adequate amount of allylamine (5
equivalent). The flask was maintained for 24 h at 50 °C. After cooling,
thepolymerwasisolated by slowprecipitationfrom cold diethyl etherin
93% weightyield.

1H NMR (CDCI3) 5 (ppm): 5.8 (m, 1H, CH), 5.2 (m, 2H, CH2),
3.9-3.2 (m, 4 nH, CH2 of POx), 3.8 (m, 2H, CH,—CH = CH,), 3.0 (m, 3H,
terminal CH3), 2.3—1.8 (s, 3 nH, CH3 of POx).

2.2.3. POx functionalization by thiol-ene coupling: POx-S OH
= POx-allyl (2 g, 1 mmol), 6-mercaptohexanol (0.67 g, 5 equiv. per C
C) and Darocur1173 (0.082 g, 0.5 equiv.) were dissolved in DMF (10
mL). The reaction mixture was illuminated under 365 nm for 8 h. The
reaction mixture was poured in a large excess of cold ethyl ether. The
resulting polymer was isolated in 86% yield.

1 H NMR (CDCI3) d (ppm): 3.9-3.3 (m, 4 nH+4, CH2 of POx and
CH.—OH, CH,-S), 3.0 (m, 3H, terminal CH3), 2.4—1.8 (s, 3 nH, CH3 of
POx), 1.2 (m, alkyl CHs), 0.8 (m, alkyl CH.).

2.2.4. POx functionalization with a triethoxysilane end-group: POx-S-
SiOEt

POx-S-OH (0.5 g, 2.5 mmol), 3-(triethoxysilyl)propyl isocyanate
(0.0368 g, 1.1 equivalent) and DBTDL (0.063 mmol, 0.8 w%) were
dissolved in acetonitrile (5 mL). The reaction mixture was stirred at
room temperature for 72 h under a nitrogen atmosphere. The reaction
mixture was poured in a large excess of cold ethyl ether.

1 H NMR (CDCI3) d (ppm): 4.0-3.2 (m, 4 nH, CH2 of POx), 3.7 (q,
8H, SiO-CHz—CHjy), 3.0 (m, 3H, terminal CH3), 2.4—1.8 (s, 3 nH, CH3 of
POx), 1.2 (m, SiO—CH,-CH;z and alkyl CH,), 0.8 (m, alkyl CHy).

2.3. Coatings preparation

To evaluate the poly(oxazoline) influence on fouling release coat-
ings, three coatings were prepared. A coating containing a commercial
biomedical RTV (room temperature vulcanization) silicone matrix using
as reference and two coatings with 10% by weight of hydrophilic ad-
ditives (PEG and POx) in addition to the industrial silicone matrix. The
same procedure was performed for each coating.

The silicone matrix and the additive were dissolved in THF (50% by
weight). The mixture was introduced in a vial hermetically sealed and
was agitated (180 rpm) at room temperature overnight. Then, the
mixture was applied on a glass slide with a bar coater (500 pm). Finally,
the silicone film was dried 48 h at room temperature to allow a complete
crosslinking.
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Fig. 1. Modification of the PEG additives by thiol-ene.
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2.4. Coatings characterisation

A glass slide coated with a neat silicone matrix was used as reference
to evaluate the impact of the hydrophilic additives on the physical and
chemical properties of the modified samples. The silicone matrix used
for this project is a commercial matrix containing some fillers to pro-
mote a good adhesion on the support. Moreover, a glass slide with PEG-
silicone amphiphilic FRC was used to evaluate the interest of POx. PEG
has been widely used as an additive for fouling release.

2.4.1. Contact anglemeasurement

To determine the presence of the hydrophilic additives onto the
surface of modified silicones, the contact angle kinetics of a 2 pL drop of
water was measured during 180 s after contact between the drop and the
film surface. Measurements were taken at room temperature with a
contact angle system (Digidrop GBX) equipped with a syringe, a video
camera, and an acquisition of angle measurements. The indicated values
are an average of 15 measurements taken on different areas of three
films.

2.4.2. Scanning electron microscopy

The coated surface was observed with an electron microscope JEOL
IT500 HR. The dried film was directly sputtered with carbon and the 1.9
kV beam energy was used to detect surface changes at the limit micro,
nano-level (200 X of magnification).

2.4.3. Optical profilometer

The 3D surface scans of the samples were undertaken using the
confocal white light optical imaging S-NEOX profiler (Sensofar-Tech S.
L., Barcelona, Spain). The 340x 284 ym? area were collected using a50
X DI Nikon objective (0.8 numerical aperture). The data were analyzed
by MountainsMap®Imaging Topography software (8.0.9038 version,
Digital Surf, France).

2.4.4. Confocal Raman spectroscopy

The Raman measurements were performed at room temperature
using a WITec Alpha 300R confocal Raman spectrometer (WITec GmbH,
Ulm Germany) equipped with a 600 g mm™" grating and a Si-based
charge-coupled device (CCD) front-illuminated camera (Andor, Oxford
Instrument, Belfast, Ireland) with 1650 > 200 pixels cooled to - 60°C in
order to reduce thermal noise. Raman spectra were acquired in back-
scattering under a microscope with a Zeiss EC Epiplan-Neofluar® 100x
objective (numerical aperture of 0.9) focusing the 532 nm line of a Solid
State Sapphire laser (Coherent INC., Santa Clara, USA). In order to
chemically characterize the distribution of PEG and POx additive into
the silicone matrix, a series of Raman spectra were recorded along a
transverse section (depth analysis) and at the surface. For the depth
analysis, each single Raman spectrum was systematically recorded 30
times with an integration time of 1 s (and a laser power at the sample of
30 mW) and averaged to improve the signal-to-noise ratio. The spec-
trometer being equipped with a motorized scanning stage, mapping
areas were also performed. 3600 spectra were then recorded from a
mapping 30 % 30 Um?®area (2D map step size of around 0.5 ym) with a
laser power at the sample of 30 mW and an integration times setat 0.5s.
The spectral analysis was performed using the WITec Project plus soft-
ware (version 5.248, WITec GmbH, Germany).

2.5. Bacterial strains and growth conditions

Three bacterial strains were used for this study. Staphylococcus aureus
CIP53154 (Methicilin-resistant-Staphylococcus aureus) and Pseudo-
monas aeruginosa (MPaO1, manoil lab Washington) were grown in Luria
Bertani broth (10 g.L™* NaCl, 10 g.L."* Tryptone, 5 g.L ™" yeast extract,
pH 6.9), or agar (15 g.L.™%), at 37 °C.

The third strain was a marine bacterium, Pseudoalteromonas 5M6,
isolated from the gulf of Morbihan, in France. This strain was grown in
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Zobell broth (4 g.L™* tryptone, 1 g.L."* yeast extract, 30 g.L.™* sea salts),
oragar(15g.L ™) at 20°C. Allthe mediums were sterilized 20 min at 121
°C.

2.6. Biological assay

2.6.1. Cytotoxicity assay

The cytotoxicity of PDMS, PDMS-PEG and PDMS-POX was estimated
against Pseudoalteromonas 5M6, S. aureus and P. aeruginosa. These assays
were performed using 24-well microtiter plates (reference). The neat
PDMS and the modified silicone samples were spread at the bottom of
wells and plates were UV-sterilized for 30 min. Bacteria were pre-
cultured on LB agar or Zobell agar for 24 h. Then, bacteria were sus-
pended in Zobell or LB medium to ¥10° cfu and 1 mL was put down on
wells. Plates wereincubated 24 h, at 37°C or 20 °C, under shacking (150
rpm) and optical density (ODeoo nm) were measured. The experiment
wasrepeated threetimeswith similarresults.

2.6.2. Adhesion experiment

The aim of this experiment was to test and compare the adhesion
strength of different micro-organisms on these surfaces. This investiga-
tion was performed using a sterilized flow cell system. Three channels
flow-cells (1 30 4% mm; Biocentrum DTU, Denmark) were prepared
with the surfaces. Each flow-cell was UV-sterilized for 30 min. Bacteria
were pre-cultured for 24 h on LB or Zobell agar. S. aureus and
P. aeruginosa were suspended in sterile physiological water (0.9 % NaCl)
to 10 cfu per mL. Pseudoalteromonas 5M6 was suspended in sterile
artificial salted water (30 g.L™" sea salts), to 2.5 108 cfu per mL.

250 UL of suspensions were injected into each channel. The adhesion
step was performed at room temperature, in static condition, for two
hours. After this time laps, the flow (0.25 mL.min""; 6.16 mPa) was
activated for one hour in order to remove planktonic bacteria. Plank-
tonic cells were collected. In a last stage, the flow was increased (2.95
mL.min~?) for 30 min to assess the adhesion strength of bacteria on the
different surfaces. Detached bacteria were sampled.

For estimation of viable cell counts, serial 10 fold-dilutions were
done and 100 L of each dilution were plated on LB or Zobell agar. 10 UL
aliquots taken from these dilutions were spotted on LB or Zobell plates.
The number of CFU was determined after 24 h of incubation at 37 or 20
°C.

The experiment was repeated five times with similar results. Five
independent experiments were performed, and each dilution was spread
in triplicate. Data are expressed as mean+/- standard error of mean
(SEM).

2.6.3. Scanning electronmicroscope

S. aureus was precultured on LB agar for 24 h and suspended in sterile
physiological water (0.9% NaCl) to 108 cfu per mL. Pieces of the three
surfaces were cut, UV-sterilized and put into small glass bottom con-
taining bacterial suspension. After two hours of adhesion at room tem-
perature, cells were fixed with 3% glutaraldehyde in phosphate buffer
(0.1 M, pH 7.35), for 24 h at 4 °C. Surfaces were washed three times in
phosphate buffer. Samples were dehydrated with ethanol solutions:
three washes with 50% ethanol solution, three washes with 95% ethanol
solution and three washes with absolute ethanol. The samples were
dried by critical point drying using absolute ethanol and liquid carbon
dioxide as the transition fluid (Tousimis — samdri PVT 3D). The dried
surfaces were sputtered with gold and observed with Jeol IT500 HR
(SED; 3 kV beam energy).

3. Results and discussion
3.1. Hydrophilic additives preparation

Poly(oxazoline) and poly(ethylene glycol) additives were synthe-
sized and modified in order to obtain a hydrophilic polymer chain with a
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trimethoxysilane end-group. The terminal moiety acts as reactive linker
with silicone matrix to limit the additives release. 'H NMR spectroscopy
was employed to check the chemical modification of POx and PEG and
GPC to evaluate its integrity. The trimethoxysilane function can react
with the atmosphere humidity and provides unwanted crosslinking of
polymeric material preventing the reaction with the silicone matrix. The
hydrophilic additives were conserved under nitrogen.

The synthesis of well-defined hydrophilic additives with a terminal
crosslinking moiety was monitored by "H NMR spectroscopy. The syn-
thetic route for POx additives required three steps as illustrated in Fig. 2.
First, POx was functionalized during the termination step of the cationic
ring-opening polymerization (CROP) of 2-methyl-2-oxazoline by adding
of allylamine. The occurrence of the allyl end-group was checked with
the appearance of the characteristic signal of ethylenic protons at 6-5
ppm. The PEG and POx modification occurred by the same thiol-ene
coupling between terminal allyl group of polymers and a reactant
bearing a thiol moiety, (3-mercaptopropyl)trimethoxysilane for PEG
and 6-mercaptohexanol for POx. As evidenced in Fig. 3, the disappear-
ance of the allylic protons shows the thiol-ene reaction efficiency. A
supplementary step of functionalization for POx was used with the
conversion of the hydroxy end-group into urethane using 3-(triethox-
ysilyl)propyl isocyanate. For PEG, trimethoxysilane protons were
detected in the region of 3.0-0.5 ppm while for POx, triethoxysilane
protons appeared at 3.7 and 1.2 ppm. We noted the monomodal profile
of the GPC trace confirming the absence of side reaction and the
integrity of the end-group (Fig. S1).

3.2. Coatings characterisation

The surface topography has an influence on both the wetting ability,
the colonisation and adhesion of bacteria. Smooth silicone surface is
known to limit bacterial adhesion [27], so coatings surfaces were
observed by microscopy. Another important parameter for amphiphilic
coatings is the hydrophilic character of the surface [18], so it was
measured by contact angle as this can indicate the presence of additive
at the surface. Finally, to be efficient, the amphiphilic coating has to be
homogeneous without macrophase. One of the key parameters for sili-
cone fouling release is the elastic modulus [28]. Formation of domain
can generate a loss of the silicone physical properties. Coating compo-
sition was determined by confocal Raman microscopy to evaluate
polymer distribution.

The additive amount chosen was 10% in weight. Recent research has
indeed shown that this amount of additives in an amphiphilic PEG-
silicone coating resulted in a drastic reduction of bacteria, diatom and
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mixed biofilm formation [29]. The coatings prepared for this study were
dried during 4 days before any use, to remove all the solvent used and to
have the highest crosslinking rate. The thickness of the dry coatings was
approximately 200 pm.

3.2.1. Surface topography

Fouling release coatings using silicone are used to prevent bio-
adhesion due to their low roughness. This parameter allows a low
colonisation and promotes the release of fouling [30]. Roughness ofthe
coating surface could be caused by the crosslinking reaction or an in-
homogeneity of the coating components. Pictures and results obtained
for the silicone reference showed a smooth surface (Fig. 4). The cross-
linking system and the catalyst-solvent combination-proportion
seemed efficient.

From the SEM images, we observed that the addition of PEG and POx
led to a modification of the surface topography (Fig. 4). The solidifica-
tion of the additives at the surface during the drying process, could
explain such modification. Indeed, PEG and POx of 2000 g.mol~* are
solid at room temperature. A recent study has shown the formation of
PEG-silicone film without roughness modification when a lower mo-
lecular weight of PEG (liquid a room temperature) is used [31].
Nevertheless, microscope pictures obtained by SEM showed an uniform
profile over the whole surface area.

From the profilometry images, we clearly observe that the roughness
depends on the hydrophilic polymers additives (Fig. 4). The averaged
roughness (Sq) for POx-PDMS is about 3 ym while the roughness found
for PEG-PDMS is similar to the neat PDMS (Sg 0.7 ym). Accordingly,
these results show that the embedding of the additives during the
crosslinking reaction and drying was better for the PEG additive. The
thermal properties, in particular the glass transition, could explain the
difference between the additives. Poly(2methyl-2-oxazoline) has a glass
transition temperature higher than the room temperature (80 °C) unlike
PEG (20 °C) [32,33]. Therefore, the polymer chains mobility was
lower for the POx during the preparation process and promoted the
surface roughness.

3.2.2. Surface properties

Addition of hydrophilic additives in silicone coating increased lu-
bricity and decreased bioadhesion [15]. To be efficient, hydrophilic
polymer needs to diffuse through the coating and reach its surface.
However, the presence of a crosslinking group on the additives limits the
diffusion in the coating and only polymer chains close to the surface can
reach it. However, the crosslinking group was required to limit the
release into the environment and to increase the lifespan of thecoating.
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Fig. 2. POx functionalization with a triethoxysilane end-group.
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The size of the additives and the compatibility between the silicone and
the additive could be determinant in its mobility to reach the surface as
well [34]. PEG and POx additives have the same molecular weight to be
compared.

The results obtained for contact angle kinetics were shown in the
Table 1. The neat PDMS coating used as reference has a hydrophobic
surface with a static contact angle of 110" and during the first 15 s no
change of the angle was observed. The fillers present in the commercial
coatings have no influence on the hydrophobicity in presence of water.

Table 1
Results of the contact angle kinetics on the coating surfaces with a water droplet
of 2 YL (standard deviation of 0,2°).

Contact anglet=  Decrease of angle in Decrease of angle
o 158 15-60 s
Silicone 110° o’ 6"
PEG- 110° 10° 6
silicone
POx- 118° 6" 6
silicone

After 15 s, the decrease of the angle was due to water evaporation [35,
36]. Indeed, a decrease of the droplet volume was also observed
(Fig. S2). Coatings containing the hydrophilic additives showed a
decrease of the contact angle before water evaporation. The presence of
additives onto the surface can explain these results. After 15 s, the same
evolution as for the PDMS reference was observed. Only water evapo-
ration occurred. Two differences between the PEG-silicone and the
POx-silicone coatings were observed. The POx-silicone had a superior
contact angle to the silicone coating at the beginning (respectively 118"
and 110°). Some interactions between fillers and the amine of the poly
(oxazoline) could explain the increase of hydrophobicity. Experiments
made with a neat silicone gave the same result for both coating (data not
shown). No difference was observed for the PEG-silicone coating.
Moreover, the decrease of contact angle during 15 s was lower for the
POx-silicone coating. As observed previously for the surface topography,
compatibility between the PEG and the commercial PDMS seemed
better.

3.2.3. Coating composition
Studying the overall homogeneity of the composite films and the
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interactions between the components are essential to understand the
changes in surface properties [34]. Aggregates formation can modify
antibacterial efficiency and promote bioadhesion by impairing
physico-chemical properties. Pictures and spectra obtained by confocal
Raman microscopy are shown in the Fig. 5. Vibrational information
obtained from a Raman spectrum is rich in content about both the
chemical and morphological structure of polymers [37,38] and antimi-
crobial composite materials [39]. The small diameter of the laser beam
allows fine spatial resolution. Consequently, Raman confocal imaging
makes it easy to check the quality of a sample and can provide a spatial
distribution of the chemical composition [40].

In the wavenumber range of 1200—2000 cm™?, the Raman spectrum
of PEG is characterized by well-resolved bands at 1482 cm ™" attributed
to the deformation of CH, scissoring vibration with a contribution of
backbone (OCC—) deformation, and two bands located at 12779 and
1233 cm™~ ! assigned to the gauche mode vibration and the trans mode
vibration of the CC— group, respectively [41,42]. The Raman spectrum
of POx is characterized mainly by a broad band centred at 1635 cm™*
attributed to the CN— stretching vibrations and broad bands in the
1400-1500 cm™ ' range (with peaks located at 1483, 1467 and 1439
cm™ ! assigned to the in plane bending of the CH, groups [43].

WITec specific True Component Analysis (TCA) allowed us to iden-
tify pixels of a map with similar spectra and provide these spectral
characteristics (i.e., similar to chemical response) in an intensity dis-
tribution image. A significant difference was observed during these
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investigations between both additives. PEG distribution was more ho-
mogeneous and PEG seems to have more affinity with the PDMS than
POx. Indeed, from the surface analysis, the formation of macrodomains
whose size varies from 2 to 6 ym in diameter (blue in Fig. 5.b) was
observed for the POx-PDMS. PEG distribution on the surface (green in
Fig. 5.a) was more dispersed. Indepth analysis were carried out on the
same samples. For improve clarity, all Raman spectra were shifted in
intensity. Along the transverse section, the Raman spectra of the PEG-
PDMS films show the presence of the main vibrational bands of the
PEG. As the band intensities relative to the PEG are similar, it can be
concluded that the PEG is well dispersed into the film. For the POx-
PDMS sample, the band intensities of POx changed depending on
depth, revealing a random distribution of the component into the film.
These results confirmed the better compatibility between PEG and sili-
cone mentioned previously.

To conclude, the compatibility between silicone and poly(oxazoline)
was lower than with the PEG. The introduction of POx altered the
quality of the silicone coating. The increase of the roughness and the
formation of macrophase should impact fouling release efficiency.

3.3. Anti-bacterial properties

3.3.1. Adhesion assay
Before the adhesion tests, the toxicity of coatings was verified. The
growth of bacteria was evaluated by ODgoonm measurement.
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P. aeruginosa and S. aureus were grown as in a standard condition, on
PDMS, PEG-silicone or POx-silicone. Concerning Pseudoalteromonas
5M6, compared to a control condition, the growth was similar for both
conditions PDMS and PEG-silicone. However, POx-silicone coating
showed bacteriostatic effect (Data not shown). Many studies have
already shown that polymers did not have any toxic effect on bacteria
(E. coli, S; aureus, S. epidermidis, P. aeruginosa) and human cells [44-46].
In a second experiment, the ability of bacteria to adhere to different
coatings and their adhesion strength on these surfaces were evaluated.
After the injection of bacteria into flow cell, the step of adhesion lasted 2
h. Peristaltic pump was adjusted at 0.25 mL.min"%; 6.16 mPa, and the
planktonic cells were harvested for one hour, spread on plate agar and
colonies were counted. For the three strains, the concentration of bac-
teria harvested was between 10° and 10° ufe.mL™?, and this was
observed for each surface. Whatever the coating, there is no difference in
the adhesion of microorganisms. Then the flow rate was adjusted at 2.95
mL.min"* to mimic the shear stress in a catheter. Bacteria were har-
vested for 30 min and were spread on an agar plate and counted after
incubation. Results obtained for P. aeruginosa showed no difference
between both PDMS and PEG-silicone (Fig. 6). However, the concen-
tration of bacteria release from POx-silicone (1.43 x 103 ufc.mL™%)
surfaces was significantly higher than from the PDMS surface (3.58 x
10® ufe.mL™"). Bacteria seemed more strongly attached to PDMS
coating.

Concerning S. aureus, results were very interesting. In fact, after 30
min of flow, no bacteria were counted in the PDMS condition compared
to the PEG-silicone or POx-silicone conditions for which 1.2t 103 ufc.
mL~"and 2.5 % 10* ufc.mL™" were respectively harvested.

Finally, a significant difference was observed between concentration
of Pseudoalteromonas 5M6 released from PDMS and PEG-silicone sur-
faces. On average, 2.58 % 10° ufc.mL™" were estimated for the PDMS
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surface, against 4.59>0% ufc.mL™ harvested from the PEG-silicone
surface. No difference was observed between PDMS and POx-silicone.
Few studies have ever demonstrated the microorganisms’ strength of
adhesion on these coatings. However, several papers described the
adhesion and anti-fouling properties of PEG and POx coatings [47-49],
mainly in minimal culture condition [50]. Our results seem agree with
previous observations by Cavallaro and coworkers. Who have shown
that bacteria were able to attach on coatings made of POx, but that the
strength of adhesion was very weak. Both cells adhered and biofilms
came off surfaces during simple washing [51].

3.3.2. Scanning electron microscopy

In view of the results obtained for S. aureus strain, we decided to
perform scanning electronic microscopy observations. Fig. 7 shows the
SEM microphotographs of S. aureus adhered on PDMS, PEG-silicone and
POx-silicone. This experiment allowed, first, the characterization of
topography of the different coatings, and the visualization of bacterial
adhesion.

As observed previously, the three surfaces did not have the same
topography. In fact, PDMS seemed to be more homogenous with a
smoother surface. PEG-silicone and POx-silicone surfaces seemed
rougher and more heterogeneous. PEG and POx seemed to be dispersed
in PDMS matrix, but the dispersion was not uniform, probably respon-
sible for different roughness degrees. Cavities appeared on the PEG-
silicone surfaces.

On PDMS coating, bacteria formed clusters and their distribution was
homogeneous, bacteria also formed a single layer. Looking closer, we
could see that bacteria were sinked into soft part of PDMS coating. On
the two other coatings, bacteria adhered to the entire surface. In addi-
tion, these bacteria began to produce matrices and filaments (Fig. 7;
white arrow) and they formed clusters in several layers.
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Fig. 7. Adhesion of S. aureus on PDMS (A), PEG-silicone (B) and POx-silicone (C), observed by scanning electron microscopy. From top to bottom, scale bars

correspond to 10 ym, 5 ym and 1 pPm.

Correlated with results of the adhesion assay, these observations
suggest that bacteria adhered more strongly on PDMS coating than on
the two others which were less homogeneous. When flow was increased,
bacteria stayed trapped into PDMS coating. On the other hand, on the
both PEG-silicone and POx-silicone coatings, matrix production had
started, and bacteria were trapped, forming micro-colonies. And the
flow took off part of these consortia. This hypothesis could explain the
results of our adhesion assay.

S. aureus expressed many surfaces proteins like CIfA and CIfB (Mc
Devitt et al.). They favoured interaction between cells. Other proteins
were produced (Fg, SraP, Ebh CIfA, SasG), more later, and allowed
biofilms development [52,53]. These proteins seemed expressed by
S. aureus. Moreover, after adhesion step, S. aureus started to produce a
matrix made of polysaccharides named polysaccharides intracellular
adhesion (PIA). They are polymeric N-acethyl glucosamine (PNAG)
They were essential for the biofilm integrity [54]. Matrix was also made
of extracellular DNA (eDNA), released after autolyzed cells. eDNA had
an important part during cell attachment [55]. It was possible, that the
filaments observed in Fig. 7 were eDNA.

4. Conclusion

In this study, the interest of poly(oxazoline) as additives in amphi-
philic fouling release coating was showed. POx additive had a similar
anti-bacterial property than PEG. The incorporation of POx did not
decrease bacterial colonisation compared to PDMS coating. However, as
already observed with PEG, adhesion strength was reduced and the
fouling release ability of the coating increased. However, POx-silicone

coating needs to be improved. The compatibility between POx and
PDMS is lower than between PEG and PDMS. It should have an impact
on the viscoelasticity of the coating. In addition, POx incorporation in-
creases the surface roughness of the coating. Viscoelasticity and surface
roughness are also key parameters for the PDMS based fouling release
coating efficiency.
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