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Abstract

Cationic ROMP-polymers bearing ammonium or phosphonium groups were photo-
grafted onto a PDMS surface via the thiol-ene click reaction, in the presence of benzophenone.
The PDMS surface was first thiolated using pentaerythritol tetrakis (3-mercaptopropionate)
(PTTMP) under UV, in the presence of benzophenone. The obtained cationic surfaces

exhibited charge densities above 10'* charge/cm?

and a higher degree of hydrophilicity
compared to non-grafted surfaces. The live and dead tests performed by fluorescence
microscopy revealed an effective contact bactericidal effect of these surfaces against

Escherichia coli and Staphylococcus epidermidis.
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Introduction

The increase of antibiotic-resistant microorganisms in recent years has become a crucial
issue, which has spurred significant research efforts to develop more effective antimicrobial
treatments that use different bactericidal mechanisms to neutralize infectious diseases [1].
While around 2.8 million cases of antibiotic-resistant infections occur each year in the United
States. More than 35,000 of these cases result in death [2]. Cationic antimicrobial polymers
represent a growing and evolving class of biocides as an alternative to existing biocides and
antibiotics [3].

Since man-made materials are completely vulnerable to microbial growth, they can
easily survive in a humid environment by attaching microbial cells to their surface. As the
number of cells increases at the surface, they often begin to form a biofilm from a
polysaccharide matrix with embedded cells. This formed biofilm allows microbial cells to
survive under harsh conditions [4]. Unfortunately, embedded cells are up to 1,000 times less
sensitive to most antibiotics and other biocides [5]. Moreover, many toxins expelled from
biofilms make them pathogenic, and resistant infections spread [6]. Furthermore, there may be
an exchange of antibiotic genes between bacteria within the biofilm, resulting in multiple
resistant bacteria being combined [7].

Antimicrobial polymers show some advantages over existing biocides and are therefore
becoming increasingly important in the surface area [8]. Cationic antimicrobial polymers
generally show high activity, a broad-spectrum activity and have low resistance to build
potential and reduced toxicity. These biocidal polymers can be physically affiliated onto some
surfaces, especially glass, which exhibit affinity with them. Since antimicrobial polymers
have high molecular weights and low diffusion coefficients, their leakage from these surfaces
is restricted [9]. In addition, antimicrobial polymers can also be covalently bonded to surfaces,
without losing their biological activity [10].

Polydimethylsiloxane (PDMS) is one of the most important polymer-based biomaterials.
It is very flexible, chemically and thermally stable and biocompatible. It can be used in many
different forms such as joint implants, catheters, kidney dialysis machines and breast
prostheses [11]-[17]. Nevertheless, PDMS is a very hydrophobic material undergoing
biofouling and bacterial contamination, which imply an important health and economic
impacts [18]—[20].

One of the promising strategies to resolve these problems is the chemical anchoring of

cationic antibacterial polymers onto the PDMS surface. However, because of its chemical



stability, the PDMS surface often needs a physical pretreatment to introduce coupling sites.
For instance, oxygen plasma has been applied to create hydroxyl groups on the PDMS surface
rendering it very hydrophilic [21]. Actually, in few minutes of contact with air, the surface
hydroxyl groups diffuse in the polymer matrix bulk, which lead to hydrophobic recovery and
the loss of surface functionalization. Therefore, the post-chemical grafting must be achieved

just after the physical treatment [22].

Nowadays there is only two chemical pathways for the direct chemical modification of
the PDMS surface [23]-[31]. The first one is the hydrosilylation reaction between Si-H
groups present in the PDMS surface and carbon-carbon double bonds incorporated in
bioactive polymers [23]-[28]. By varying the ratio between the PDMS components and/or
their curing time or by insertion of poly(methylhydroxysiloxane), the concentration of Si-H
groups can be fine-tuned [23]-[28]. The second one is the photo-induced ‘grafting from’
process of monomers or macromonomers, namely acrylic acid [29], polyethylene glycol
monoacrylate, polyethylene glycol diacrylate [30], sulfobetaine methacrylate and
carboxybetaine methacrylate [31], and vinylbenzyldimethylbutylammonium chloride [32]

from the PDMS surfaces, in the presence of benzophenone as photo-initiator.

In this work, we describe a straightforward photo-grafting of ROMP-synthesized
bactericidal polynorbornenes bearing quaternary phosphonium (p(OPPh)) or pyridinium
(p(OPyHex)) groups onto native and thiolated PDMS surfaces, in the presence of
benzophenone. The physico-chemical and antimicrobial properties of the cationic surfaces are

assessed and discussed with the literature data.

Experimental section
Materials

Sylgard® 184 was purchased from DOW chemical company (USA). Dry methanol
(99,8%), acetone was purchased from Acros Organics. Glass coverslip (18 mmx18 mm,
Fisherbrand™) were purchased from Thermo Fisher Scientific. Pentaerythritol tetrakis (3-
mercaptopropionate) (PTTMP) was purchased from Aldrich. Benzophenone (BP) (>99%) was
purchased from Merck. Ultrapure water was obtained from a Milli-Q system (Siemens,

France). All the chemicals were used without further purification.

S. epidermidis (ATCC 35984) and E. coli (K12 MG1655) strains were stored as frozen
aliquots in brain heart infusion (BHI, Bacto, France) broth and 30 % of glycerol at -20 °C.
The LIVE/DEAD Bacterial Viability Kit, L7007 (SYTO®9 dye, 1.67 mM / Propidium iodide,
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18.3 mM) was purchased from Thermo Fisher Scientific. Phosphate buffered saline (PBS),

prepared from the PBS tablets (Gibro, Swiss) and ultrapure water, was autoclaved before use.

Preparation of p(OPPh) and p(OPyHex)

The monomers and polymers with molecular weight of 10 000 g/mol used in the study

were synthesized as described in the literature [33], [34].

Phosphonium based monomer synthesis started with a Diels-Alder reaction between
maleic anhydride and furan to obtain the starting compound of exo-7-oxabicyclo[2.2.1]hept-
5-ene-2,3-dicarboxylic anhydride [35]. After that, imide transformation was conducted with
3-bromopropyl amine hydrobromide, according to the literature [36]. Bromo oxanorbornene
product (0.5 g, 1.75 mmol) was dissolved in 11 mL of ethyl acetate. Excess amount of
triphenylphosphine (1.376 g, 5.25mmol) was added to reaction medium. The reaction was
stirred under nitrogen in a sealed vessel at 50 °C for 24 h. The precipitate of the reaction was

washed with ethyl acetate and THF and dried under nitrogen.

Pyridinium based monomer was synthesized by the reaction of 3-
(Aminomethyl)pyridine (2.4 mL, 22 mmol) and exo-7-oxabicyclo[2.2.1]hept-5-ene-2,3-
dicarboxylic anhydride (1.92 g, 11 mmol) in the presence of 6 mL N,N-dimethylacetamide at
60 °C and stirred for 20 min. After addition of a catalytic amount of sodium acetate (0.5 g, 5
mmol) in 2 mL acetic anhydride to the solution, the reaction mixture was stirred for 2 h at
90 °C. The mixture was diluted with ethyl acetate, washed with brine and concentrated using
a rotary evaporator connected to a vacuum pump. Product was purified by column
chromatography using ethyl acetate:hexane (4:1, v/v). Quaternization of pyridine bearing
oxanorbornene (0.13 g, 0.47 mmol) was obtained by using the bromohexane (0.67 g, 4.7
mmol) in the presence of acetonitrile solution stirred for 48 h at 60 °C, quaternized monomer

was obtained by precipitation from diethyl ether.

For polymerization of p(OPPh), freshly prepared Grubbs third generation catalyst in 0.5
mL of dry dichloromethane was added in one shot to the forcibly stirring monomer solution in
2 mL dry chloroform and stirred for 24 h at room temperature. Afterwards the polymerization
was stopped by addition of 0.5 mL 30 % ethylvinyl ether (in dichloromethane). Polymer,
p(OPPh), was precipitated and washed with diethyl ether and dried under nitrogen.

For polymerization of OPyHex, the monomer was dissolved in dry methanol and after

addition of Grubbs third generation catalyst dissolved in dichloromethane stirred for 2 hours.



All polymers were confirmed by thin layer chromatography (TLC) before the polymerization

was terminated.

Preparation of PDMS film

15 g of a mixture of the two parts of Sylgard® 184, i.e. base and curing agent, at a ratio
of 10:1 (w/w), were casted into a low-density polyethylene petri dish square (120x120x17
mm?®). The mixture was then degassed under vacuum, until the air bubbles were completely
removed. The PDMS film was formed after two days at room temperature and was cut into 18
x 18 mm? squares with a thickness less than 1 mm. The curing time can be considerably

reduced by increasing the temperature (few hours at 70°C and about 1h at 120°C) [23].

Preparation of PDMS-T-p(OPPh) and PDMS-T-p(OPyHex) surfaces

To prepare PDMS-T, the PDMS films were first immersed in an acetone solution
containing 20 wt% of BP for 30 min to absorb enough BP for the photo-grafting. The samples
were quickly washed with methanol and then placed on a plate to dry in the dark. Then 50 to
80 ul of an acetone solution containing PTTMP (25 to 75wt%) was applied to the dry samples
and covered with a glass slide so that the PTTMP solution was spread evenly over the surface
of the PDMS by capillary force. The PDMS assembly was placed in a UV conveyor (UV
Fusion Light Hammer 6), and irradiated with the UV light emitted from a small diameter
electrodeless bulb combined with the elliptical reflector, microwave-powered lamp (500
watts/inch) at a lamp-PDMS distance of 53 mm. Then, the BP-initiated photo grafting and
photopolymerization of the PTTMP took place from the PDMS surface. After grafting,
PDMS-T were collected and washed in acetone overnight with slight shaking and washed

again with acetone the next day before drying to remove all unreacted BP or PTTMP.

Then, PDMS-T-p(OPPh) or PDMS-T-p(OPyHex) were prepared by using the methanol
solution containing p(OPPh) or p(OPyHex) in the same way on substrate of PDMS-T. After
grating, the samples were collected by immersion in water to detach from the glass slide and
then washed with methanol three times. The samples were washed in methanol overnight with
slight shaking and washed again with methanol the next day before vacuum drying to ensure

that all unreacted monomer, ungrafted BP, p(OPPh) or p(OPyHex) compounds were removed.

Measurements

The ATR-FTIR spectra were recorded on a Nicolet I1S-50 FTIR (Thermo, USA)

spectrometer using the VariGATR accessory (Harrick Scientific, Pleasantville, NY) and the



DTGS detector on three independent samples for each experimental condition, with a wave-
number range between 600 and 4000 cm™'. The data was obtained with a spectral resolution of

4 cm™! by 250 scans.

'H NMR (500 MHz) and '3*C NMR (125 MHz) spectra were recorded on a Bruker
Avance III 500 MHz spectrometer. *'P NMR spectra were obtained using a Varian Mercury

VX 400 MHz BB spectrometer.

Static and dynamic water contact angles measurements were measured using a contact
angle goniometer “digidrop” (United Kingdom) in air at room temperature on at least three

independent samples and at least three droplets by sample.

X-Ray Photoelectron spectroscopy (XPS) analysis was performed using a Thermo
Electron Escalab 250 spectrometer, with a monochromatic Al Ko X-ray source (hv =
1486.6eV) operating at a pressure around 10 mbar. The spectrometer was calibrated using
Audf7/2 at 84.1eV. The take-off angle was 90° and the analyzed surface was a 500 um
diameter disk. Survey spectra were recorded with a pass energy of 100eV and a step of 1eV
and Cls, Ols, Si2p high level resolution spectra were recorded with a pass energy of 20eV
and a step of 0.1eV. The charge effect was evaluated using the main component of the Cls
peak, associated with C-C/C-H hydrocarbons with a binding energy of 285eV. Spectra were

recorded using the Thermo Avantage software and analyzed using CasaXPS software.

The topography of PDMS surfaces before and after modification were analyzed by
using a Nanoscope 8 Multimode microscope (Bruker Nano Surfaces, Santa Barbara, CA,
USA). Imaging was achieved in the air using the PeakForce®-QNM mode with a 100um
piezoelectric scanner. A silicon (RTESPA-300, Bruker) cantilever with a spring constant of
about 40 N/m and a silicon tip was used. Images were obtained with a PeakForce tapping
frequency of 1 kHz and the auto-amplitude on. The AFM imaging was performed in multiple
locations on at least two independent samples at two scan sizes: 5 x 5 and 20 x 20 um?. All

images are presented in the height mode and are top view images.

Determination of the surface accessible quaternary ammonium and phosphonium
densities

Modified and unmodified PDMS surfaces (1.8 x 1.8 cm?) were immersed in a solution
of fluorescein sodium salt (1% in distilled water) for 10 min. Afterwards, the unreacted
fluorescein molecules were removed by washing with distilled water. The samples were then

placed in 3 mL of a 0.5% solution of hexadecyltrimethyl ammonium bromide to exchange
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with the bounded fluorescein molecules under ultrasound for 15min. 0.45 mL of saturated
NaHCOs; solution was added after sonication. Then the absorbance of solution was recorded

at 501 nm. The fluorescein concentration was then calculated using a calibration curve.

Antimicrobial activity assay (Live/Dead test)

A 130 ul droplet of E. coli or S. epidermidis suspension in distilled water (about 5 x 10®
CFU/ml) was spread on the modified surfaces (1.8 x 1.8 cm?) using a glass slide with the
same surface size for 1 h. Then the glass slide was taken away and the PDMS surfaces were
washed by distilled water flow to remove the non-attached bacteria. After that, a 130 ul
mixture of two fluorescent markers: the SYTO® and the propidium iodide, were deposed and
spread on the surfaces for 15 min. The mixture was diluted prior to use (20 umol/l of
SYTO®9). Images (1024 x 1024 pixels) of surfaces were acquired using an upright fixed-
stage Leica TCS SP8 CFS confocal microscope (Leica Microsystems, Nanterre, France)
equipped with diodes laser (Coherent, Les Ulis, France) at 488 nm to excite the SYTO®9 and
at 552 nm to excite Propidium Iodide and a conventional scanner at 400 Hz. Using a 63x oil
immersion objective (1.40), fluorescence emission was sequentially detected through hybrid
detector (Leica Microsystems, Nanterre, France) in photon counting mode with a specific
band from 500 to 540 nm for SYTO®9 and 580 to 630 nm for Propidium Iodide. Z-Stack’s
images were acquired using an adapted step-size from Nyquist Criteria. ImageJ (Rasband
W.S., U.S. National Institutes of Health, Bethesda, Maryland, USA, http://imagej.nih.gov/ij/,
1997-2020) was used to adjust brightness and contrast and to perform z projections of 3D
images (xyz). The Live and Dead test was performed on at least three independent samples,

and two/three representative pictures by sample were recorded.

Results and discussion

Phosphonium monomer was synthesized in three steps. First, a Diels-Alder adduct (exo-
7-oxabicyclo[2.2.1]hept-5-ene-2,3-dicarboxylic anhydride) was obtained from maleic
anhydride and furan. Then, imide transformation, in the presence of sodium acetate/acetic
anhydride mixture, was performed with 3-bromopropylamine hydrobromide. This bromo
oxanorbornene derivative was further reacted with triphenyl phosphine by nucleophilic
addition route to afford a phosphonium bearing oxanorbornene monomer [33]. Similarly,

pyridinium based monomer was prepared by reacting the previous Diels Alder adduct with



pyridin-3-ylmethanamine, in the presence of catalytic amount of sodium acetate Then, the

pyridine ring was reacted with hexyl bromide to afford a quaternary pyridinium salt [34].

The prepared cationic monomers were then used in the ROMP type polymerization to
procure well-defined polymers with controlled molecular weight and dispersity (D) close to 1.
Polymers with a targeted number of average molecular weight of 10 000 g/mol were obtained

by adjusting the catalyst concentration.

Chemical structures of monomers and polymers were confirmed by NMR techniques.
Complete conversion from monomer to polymer was inspected by the whole disappearance of
the monomer olefin proton peaks at 6.0-6.3 ppm and the appearance of polymer backbone
olefinic broad proton signals at 5.1-5.6 ppm. Binding aryl carbon to phosphonium cation was
detected at & 118 ppm in the '*C NMR spectrum. Phosphonium peak of the p(OPPh) was
observed at 24.5 ppm in the spectra of 3'P NMR. Pyridinium based polymers showed the
characteristic peak of the protons in alpha position to the ammonium group at 2.1 ppm in the
"H NMR spectrum, while '*C NMR analysis showed the corresponding methylene carbons at
39 ppm. The molecular weights of the homopolymers were calculated by '"H NMR end group

analysis [33, 34] which was close to the targeting theoretical M, values of the polymers.

The photo-grafting initiated by benzophenone of the cationic polymers onto the PDMS
surface was first tested without pretreatment. The PDMS films (Sylgard®184) prepared at the
conventional ratio of PartA (curing agent)/PartB (base) = 1/10 and were totally cured. A drop
of the cationic polymer solution (10 to 50wt% in methanol) was spread on the PDMS surface
by covering it with a thin glass plate. The sample was then introduced in the UV conveyor for
1.55 s of UV exposure by passage. Despite varying the concentration of the polymer solution
and the number of passages under UV (50 to 90) the direct polymer grafting on the PDMS
surface was not efficient as suggested by the water contact angle (WCA), which was very

close to the value of the untreated PDMS (Table 1, control 1), i.e. 108°.
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Figure 1. Photografting of p(OPPh) or p(OPyHex) onto PDMS surface with Pentaerythritol tetrakis (3-
mercaptopropionate) (PTTMP) pretreatment.

Therefore, we have achieved a thiolation pretreatment of the PDMS surface to increase
its reactivity (Figure 1). Indeed, radical sites can easily be formed from thiol groups under UV
to achieve thiol-ene coupling reaction with the carbon-carbon double bonds of the polymers.
Thus, a drop of solution of pentaerythritol tetrakis (3-mercaptopropionate) (PTTMP) in
methanol was spread on the PDMS surface using a glass plate. The sample was disposed in
the UV conveyor for several passages under UV. Various PTTMP concentration, ranged from
25 to 75wt%, and number of passages, ranged from 30 to 100, were tested. A constant value
of the water contact angle of around 100° was obtained regardless the thiolation conditions
(Table 1, control 3). For the next step, the thiolation was achieved with a solution of PTTMP
at 50 wt% with 90 passages under UV, leading to the lowest standard deviation of the WCA

value.



Then, the cationic polymers were grafted on the thiolated PDMS surfaces under UV at
several exposure times and polymer concentrations. The optimal conditions were obtained for
a polymer concentration of 10 wt% and a number of passages under UV of 15 leading to the
most hydrophilic and functionalized surfaces, with WCA values of 78 and 98° for PDMS-T-
p(OPyHex) and PDMS-T-p(OPPh) surfaces, respectively (Table 1). The difference in WCA
values between the two surfaces can be ascribed to the higher hydrophobic character of the
p(OPPh) compared to p(OPyHex), which is due to the number of carbons on theses polymers
(three phenyl groups versus one hexyl chain, respectively). This difference can also be
partially ascribed to the overall surface coating efficiencies. Indeed, since the cationic
polymers are hydrophilic and water soluble, increasing their grafting density would lead to an
increase in surface hydrophilicity and a decrease of WCA.

Table 1. Data of contact angles measurements and surface charge densities on the optimal treated

PDMS surface (10 wt% of polymer solution under UV, under 15 passages under UV) and their
controls.

Charse Roughness
Static mode Dynamic mode 2 by AFMP
density
(nm)
RA Hyst
Samples Owater (°)* AA (°) ) (§)a charge.cm? Ra RMS
PDMS 10842 11653 584 5742 ND 14 24
(control 1)
PDMS-T 9748 12122 681 5342 ND 28 37
(control 2)
(4.8%1.1)
PDMS-T-p(OPPh) 984 106£11 3416 7325 o 6.1 8.5
PDMS-T- (3.220.5)
»(OPyHex) 7829 9310 27423 67421 o 8.1 12.9

* Owater: contact angle with water; AA: Advancing Angle; RA: Receding Angle; Hyst: Hysteresis.
bRa: Arithmetic Average Roughness and RMS: Root Mean Square Roughness, from the 20x20 um? images.

Measurements of the dynamic water contact angles were achieved on the optimal
surfaces (Table 1). The advancing angle (AA) is correlated to the wettability of the
hydrophobic parts of the surface while the receding angle (RA) is ascribed to the hydrophilic
parts. Unmodified PDMS surfaces (control 1) exhibited values of AA, RA and the hysteresis
(AA-RA) of 116°, 58° and 57°, respectively. The thiolated PDMS surface (control 2) showed
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AA, RA and hysteresis values of 121°, 68° and 53°, respectively, confirming the success of
the thiolation reaction. After treatment with the polymer solutions under UV, the modified
surface showed a decrease of AA and RA to 106° and 34° for PDMS-T-p(OPPh) and to 93°
and 27° for PDMS-T-p(OPyHex), respectively, suggesting a significant degree of surface
grafting. However, the hysteresis increased to 73° and 63°, respectively, suggesting either a
physical (roughness) and/or chemical (gradient of grafting density) gradients of the grafted

surfaces.

The surface charge density is an important parameter that has been thoroughly used in
the literature to predict the contact killing capacity of quaternary ammonium and quaternary
phosphonium surfaces. Indeed, it has been established that the surface must own a minimal
charge density value of 10'* charge.cm™ to kill quantitatively E. coli and S. epidermidis [23],
[37]-[40]. The charge density values of the optimal cationic PDMS surfaces are displayed in
Table 1. PDMS-T-p(OPPh) surface exhibited a charge density of (4.8+1.1)x10'* P*.cm?
whereas PDMS-T-p(OPyHex) showed a value of (3.2+0.5)x10'* N*.cm™ suggesting a high

potential of bacterial killing of these prepared surfaces.

Surface characterization by AFM

AFM images of the prepared cationic surfaces and their controls are shown in Figure 2
and the supplementary information. One can observe structural and topographical variations
on the PDMS surfaces after thiolation as well as after photo-grafting of the cationic polymers.
The roughness values, from the 20x20 um? images, of these modified and unmodified PDMS
surfaces are presented in Table 1. The unmodified PDMS surface was very smooth with an
arithmetic average roughness value of about 1.4 nm and a mean square roughness of about 2.4
nm (Figure 2-A, Table 1). White spots on this surface were rarely observed, which can be
attributed to slight surface contamination by dust or particles from atmosphere or through
manipulation with the clamp. The thiolated PDMS surface (PDMS-T) exhibited an increased
roughness value around 2.8 nm and 3.7 nm, respectively (Figure 2-B, Table 1). PDMS-T-
p(OPPh) surface (Figure 2-C, Table 1) exhibited roughness values around 6.1 nmand 8.5 nm
whereas the roughness values of PDMS-T-p(OPyHex) (Figure 2-D, Table 1) were of 8.1 and
12.9 nm, respectively. However, both the two cationic surfaces showed the presence of
polymer aggregates (white spots), which is often observed with the ‘grafting to’ method.
Moreover, some big aggregates, of around 5 nm diameter, were observed on the PDMS-T-

p(OPyHex) surface. However, some zones of this surface were quasi-empty of aggregates and
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displayed roughness values of 0.6 and 1 nm, respectively, i.e. lower than those of PDMS-T.

This result suggests that the p(OPyHex) was homogenously grafted on these zones.
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The FTIR-ATR spectra of the prepared cationic surfaces, compared to their controls are
shown in Figure 3. Zooms of the region between 1150 and 1900 cm™' are given in the
supporting information. The grafted PTTMP, which should form a very thin monomolecular
layer, was not detected by this technique due to their weak amount on the surface. The
PDMS-T-p(OPyHex) showed the appearance of a new band at around 1700 cm™! arising from
the stretching vibration of the carbonyl group of the imide function present in the grafted
cationic polymer. One can observe also the stretching vibration band related to the polymer’s
carbon-carbon double bonds at 1636 cm™. A small band at 1503 cm™ arising from the
bending vibration of C-H in CH2-N* groups was also observed. However, the characteristic
bands corresponding to the imide function was not observed within the PDMS-T-p(OPPh)
surface. This can be explained by the lower concentration of this function (L2 folds) within
the p(OPPh). Moreover, the presence of big aggregates on the PDMS-T-p(OPyHex) surface
may also be the reason of an increased signal intensity of the imide group in its FTIR
spectrum. Anyway, these results suggest that the grafting density of p(OPyHex) on the surface
was higher than the one of p(OPPh).

On the other hand, according to water contact angle results, PDMS-T-p(OPyHex) was
more hydrophilic (78°) and more hygroscopic than the PDMS-T-p(OPPh) surface, which
explain the appearance of a small band at 3300 cm™! arising from the moisture in its FTIR

spectrum.

(a) PDMS (control 1) C-H (N'-CH,)
(b) PDMS-T (control 2) oy 2
(¢) PDMS-T-p(OPPh) o | co
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Figure 3. ATR-FTIR spectra of (a) PDMS (control 1), (b) PDMS-T (control 2), (c) PDMS-T-p(OPPh)
and (d) PDMS-T-p(OPyHex).
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The elemental analysis of the modified and unmodified PDMS surfaces was
performed by XPS analysis. The results are presented in Table 2. The XPS analysis of the
PDMS surface shows the presence of carbon, oxygen and silicon. A small enrichment of O
and Si was observed for the native PDMS and could be explained by a residual SiO> coming
from the synthesis process of the PDMS and also by the presence of residual Si-H groups
after curing. After grafting of the PTTMP, peaks assigned to the sulfur element appear and an
increase of the carbon amount was observed, confirming the presence of the grafted molecule

on the surface.

Table 2. XPS elemental analysis of the optimal PDMS modified surface and its unmodified PDMS
control.

Cls O1s Si2p Nis P2p Bradd S2p C/O C/Si O/Si N/Br

PDMS 382 324 293 - - - - 12 13 11 -
PDMS-T  47.1 283 229 - - - 17 17 21 12 -
PDMS-T-

OPPR) 493 24 248 <03 <03 03 14 21 20 10 -
PDMS-T-
DOPyHery 576 216 146 35 -~ 17 1 27 40 15 2

After grafting of p(OPPh) on the PDMS surfaces, a weak amount of Br was detected
(0.3 at. %) with a decrease of sulfur amount, suggesting that the p(OPPh) was grafted on the
surface. Unfortunately, the very weak amount of N and P (<0.3 at%) do not allow a fine
quantification. This result can likely be explained by the ratios C/N and C/P equal to 21 in this
polymer, conjugated to a partial coverage of the surface. Another aspect to consider is the n-nt
stacking between phenyl groups that may impact the relative accessibilities of P and Br atoms
to the X-ray beam. Concerning the p(OPyHex), the ratio C/N and C/Br being equal to 10 and
20, respectively, N and Br elements of this polymer were detected with weak values (3.5 and
1.7%) and were in the expected stoichiometry (2/1). Thus, with regards to the surface
elemental composition, the average grafting density is likely higher in the case of p(OPyHex)
than in the case of p(OPPh). This can be explained by a lower concentration and accessibility
of the carbon-carbon double bonds, due to the steric hindrance of triphenyl unit, as well as a

lower solubility in methanol in the case of p(OPPh), leading to the decrease of its reactivity
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towards the surface’s thiol groups and the decrease of its grafting yield. The presence of big

aggregates on the PDMS-T-p(OPyHex) surface may also explain this result.
Assessment of the surface bactericidal properties

Previously, we have demonstrated that phosphonium containing polynorbornenes
(p(OPPh)) [41] and quaternary pyridinium functionalized polynorbornenes (p(OPyHex)) [42]
have strong biocidal activities in solution against Staphylococcus aureus and E. coli
respectively, with Minimal Inhibitory Concentrations (MIC) around 15 pg/mL. The
bactericidal properties of p(OPPh) have also been evidenced in the solid state as a non-grafted
coating on a glass surface [41]. The ROMP based cationic pyridinium polymer with a hexyl
unit exhibited the highest bactericidal efficiency in the solid state against E. coli, killing 99%
of the bacteria in 5 min [42]. In addition, the introduction of phosphonium species at the
polymer backbone would also increase its thermal stability. This would provide biocidal

surface properties at high temperatures.

The most common mechanisms for the bactericidal action of cationic surfaces suggest
that the long cationic polymer chains infiltrate the cells and thus destroy the membrane, like a
needle bursting a balloon. Since cationic surfaces with short polymer and alkyl chains have
shown bactericidal effects, a second mechanism has been highlighted in the literature,
suggesting an ion exchange between the positive charges of the surface and the divalent
cations of the membrane, which are released from the cell. The loss of these structurally

critical mobile cations leads to the destruction of the membrane [43].

The bactericidal properties of p(OPPh) and p(OPyHex) grafted onto PDMS surfaces
were studied by the Live and Dead test, using confocal fluorescent microscopy, against E. coli
(Gram-) and S. epidermidis (Gram+). Bacteria were dispersed on modified and unmodified
PDMS surfaces during 1h. Then, they were stained with a mixture of SYTO 9 and propidium
iodide as fluorescent probes that stained bacteria with damaged membrane in red and bacteria
with intact membrane in green. Examples of the Live and Dead fluorescent images are shown
in Figure 4. One can observe that both PDMS-T-p(OPyHex) and PDMS-T-p(OPPh) surfaces
displayed a high bactericidal effect. Indeed, after 1h of contact with the cationic surfaces the
quasi-totality (>98%) of adhered bacteria was red (Figure 4-A3, B3, A4 and B4). Moreover,
the density of E. coli (Figure 4-A3 and A4) and S. epidermidis (Figure 4-B3 and B4) on the
cationic surfaces was relatively high (around 10° cells/cm?). Oppositely, unmodifed PDMS
surfaces (controls 1 (PDMS) and 4 (PDMS-T)), didn’t display any bacteria attachment after
1h of contact. This behavior has already been observed in our previous works [23, 37]. For
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instance, PDMS surfaces grafted with poly(vinylbenzyl dimethylbutylammonium chloride)
via the “grafting to” method exhibited 98 to 100% killing efficiency after 1h of contact with
E. coli and S. epidermidis. The surface bacterial density ranged from 10° to 10° cell/cm? when
the charge densities varied from 2x10'* to 1.2x10'° charge.cm™ [23]. Actually, when bacteria
have affinity with the surface, the increase of roughness would increase the bacterial adhesion
because of the increase of the surface contact. However, in our case the difference of
roughness between the cationic and non-cationic surfaces (controls: PDMS and PDMS-T) is
not significant and E. coli and S. epidermidis have not affinity with the controls. Bacteria are
allowed to sediment on the surfaces, after washing with water, they are totally removed from
the hydrophobic control but are strongly adhered to the cationic surface owing to high

attractive electrostatic interaction.

Figure 4. Fluorescence microscopy images of sessile bacteria cells stained with a marker of viability
and deposited on surfaces of modified and unmodified PDMS surfaces: (A1) E. coli on unmodified
PDMS surface (control 1), (A2) E. coli on PDMS-T surface (control 3), (A3) E. coli on PDMS-T-
p(OPPh) surface, (A4) E. coli on PDMS-T-p(OPyHex) surface, (B1) S. epidermidis on unmodified
PDMS surface (control 1), (B2) S. epidermidis on PDMS-T surface (control 3), (B3) S. epidermidis on
PDMS-T-p(OPPh) surface, (B4) S. epidermidis on PDMS-T-p(OPyHex) surface.

In addition, a zone inhibition experiment was performed with E. coli and
S. epidermidis on treated and untreated surfaces. Controls, consisting of PDMS-T surfaces on
which the cationic polymers were deposited without UV exposure or subsequent washing,
were also prepared. These controls showed a zone of inhibition with S. epidermis but not with
E. coli, which is usually less sensitive in this test. The grafted cationic surfaces did not show a

zone of inhibition, suggesting that they are non-leaching.
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The long-term biocidal activity of a cationic surface is essentially related to its
charge density and also to the concentration of the bacteria exposed to it (the challenge). It has
been demonstrated [43] that a cationic surface with a charge density greater than 5.10"
charges/cm?, is capable of killing at least a monolayer of E. coli cells (10> CFU/cm?), before
undergoing fouling and losing its bioactivity. The live and dead test was performed with an
extreme challenge of 1.5x10® CFU/cm? to achieve maximum bacterial adhesion on the
surface leading to its saturation and passivation. Excess bacteria were washed away and the
adherent bacteria (around 10° cells/cm?), thanks to the electrostatic forces promoted by the
cationic charges, died. Under real conditions, extreme infection or contamination is reached
when the bacterial concentration is about 10° CFU/cm?. Therefore, the passivating bacterial
concentration for our cationic surfaces (around 10° cells/cm?), can take a long time to be
reached, depending on the number of bacteria to which these surfaces are exposed.

In previous studies, both p(OPPh) and p(OPyHex) have shown relatively high
hemolytic activities in solution toward red blood mammalian cells [33,34]. In addition, we
have also shown that cationic surfaces lost their bactericidal efficiency after 24 hours of
contact with plasmatic proteins, which adsorbed easily on the surface by electrostatic
attraction forces [23]. Therefore, at this time, we suggest to avoid the use of these surfaces in
blood contact applications. On the other hand, they could be used for instance as external

surface of catheter chambers and extracorporeal equipment.

Conclusion

Bactericidal cationic PDMS surfaces were successfully designed by a benzophenone
photo-grafting process of ROMP-prepared cationic polymers. The grafting reaction was
optimized in terms of duration and polymer concentration. The prepared surfaces exhibited
surface charge densities above 10'* charge.cm™ and contact angle with water around 98° and
78° related to quaternary phosphonium and quaternary ammonium groups, respectively. The
Live and Dead test by fluorescence microscopy revealed an efficient contact killing of these
surfaces against E. coli and S. epidermidis. In the future studies, we intend to prepare
analogue surfaces by developing a photo-initiated ROMP ‘grafting from’ method, which
would result in higher surface grafting density and coverage as well as higher hydrophilicity.
Recharge ability as well as biofilm formation on the passivated cationic surfaces will be

investigated.
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