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Abstract: Poly(dimethyl siloxane) (PDMS) is one of the most widely used materials in the biomedi-
cal field. Despite its numerous advantages, its hydrophobic character promotes bacterial adhesion
and biofilm formation. For breast implants, biocompatibility is challenged due to the biofilm formed
around the implant that can degenerate to severe capsular contracture over time. Thus, the labora-
tory has set up strategies to prevent bacterial contamination by grafting covalently hydrophilic bio-
active polymers on the surface of implants. In this study, poly(methacrylic acid) (PMAc) and
poly(acrylic acid) (PAAc) were chosen as non-toxic and biocompatible bioactive polymers known
for reducing bacteria adhesion. These polymers are also good candidates to lend reactivity on the
surface for further functionalization. X-ray photoelectron Spectroscopy (XPS) and Fourier-Trans-
form Infrared spectroscopy (FTIR) analysis have highlighted the covalent grafting of these poly-
mers. Apparent water contact angle measurements have shown the change in hydrophilicity on the
surface, and a colorimetric assay allowed us to assess the grafting rate of PMAc and PAAc. Tensile
strength assays were performed to ensure that the functionalization process does not significantly
alter the material’s mechanical properties. Analyses of the surface aspect and roughness by Scan-
ning Electron Microscope (SEM) and optical profilometer allow us to formulate hypotheses to ap-
proach the understanding of the behavior of the polymer once grafted.
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1. Introduction

Polydimethysiloxane (PDMS) is the most widely used silicone for medical applica-
tions (medical devices, and implants) thanks to its numerous advantages such as biocom-
patibility, elasticity, transparency or cost [1-6]. Despite this, inevitable side effects are ob-
served in the medical field [7]. The silicone breast implant represents an interesting case
because it is one of the most implanted medical devices [7,8] pointed out by several pop-
ular scandals [7] and for its long-term implantation.

When a silicone breast implant is inserted into the body, the immune system re-
sponds by forming a fibrous capsule around the implant [9]. It is a natural response called
foreign body reaction (FBR) [10]. In some cases, this capsule can contract severely result-
ing in capsular contracture. This is characterized by the hardening of the fibrous capsule
that surrounds the breast implant [11]. This can lead to various symptoms, such as dis-
comfort, deformation and distortion of the implant, and a feeling of stiffness and pain in



the breast area [12]. A surgical removal and replacement of the implant is, therefore,
needed. The precise understanding of capsular contracture formation is still unclear, but
inflammatory reactions and an excessive immune response at the implant level may con-
tribute to its development [7,13]. Factors such as the patient’s genetic predisposition, and
the presence of seroma may also play a role [7,14]. As a consequence, the formation of a
bacterial biofilm on the surface of the silicone breast implant represents a major infectious
problem [11]. Bacterial contamination is linked to the hydrophobic nature of the silicone
surface which promotes the adsorption of non-specific plasma proteins which will allow
bacterial adhesion and proliferation [15-18]. Bacteria can gain access to the implant sur-
face during implant insertion and through surgical site infections [7,11,12]. Once adhered
to the surface, the bacteria will spread and form a protective biofilm [7,11].

Recently, breast implant-associated anaplastic large cell lymphoma (BIA-ALCL), a
cancer involving breast implants has been detected in women 8-10 years post-surgery
[8,19]. It concerns likely women who have textured implants. Thus, the long-term biocom-
patibility issue is even more threatened.

Several studies focus on bacterial biofilm formation around implanted medical de-
vices [5,9,10,20-22]; it still represents challenges in terms of understanding and finding
appropriate treatment [9,12].

Preventing the capsular contracture and bacterial biofilm formation on these im-
plants appears necessary [11]. Covalent grafting of bioactive polymers [23] with antibac-
terial or antimicrobial properties on the implant surface represents an attractive solution
[24-27]. PDMS can be modified at its surface by grafting macromolecules carrying func-
tional characteristics [28-30]. However, working on PDMS material is still a challenge be-
cause of its inert character.

Previous work in our team has focused on the establishment of a covalent grafting of
an anionic bioactive polymer carrying sulfonate groups: sodium polystyrene sulfonate
(pNaSS) [31]. A “grafting from” technique through ultraviolet (UV) pre-irradiation is used
to create reactive groups on the surface of the initially inert silicone surface [32]. Different
characterization techniques allowed us to highlight the covalent grafting of such bioactive
polymers, and biological studies can confirm the improvement in biocompatibility by an-
alyzing cell proliferation on the surface [16]. Analyses of the capsular contracture around
the explants showed the presence in the vast majority of Staphylococcus epidermidis
[7,12,33]. The sulfonated polymer has the capacity to modify the organization of certain
proteins adhering to the surface which will thus prevent the adhesion of bacteria, but re-
mains ineffective with other proteins involved in the mechanism such as fibrinogen
[34,35]. Therefore, the objective is to extend and improve the study of simple grafting on
silicone surfaces to other bioactive polymers more suited to breast implant issues.

The following study focuses on the grafting of bioactive polymers bearing carbox-
ylate groups such as polyacrylic acid (PAAc) and methacrylic acid (PMAc) and their chem-
ical and mechanical characterizations. These compounds are chosen as non-toxic, biocom-
patible and hydrophilic polymers [10,36—42]. These bioactive polymers are also very reac-
tive [43], they have the ability to form strong bonds with various materials and are also
used as surgical adhesives [44]. The main advantage given to these bioactive polymers
regarding biomedical applications is their anti-adhesive property [38,40,44]. At a physio-
logical pH, PAAc and PMAc are found carrying carboxylate groups [38]. The presence of
a negative charge on the surface of the material may create repulsions between a nega-
tively charged surface and the positively charged organisms [37]. This way, carboxylated
polymers have the advantage of inhibiting cell adhesion by preventing the adhesion of
proteins or by modifying their surface organization [20,33,35,45-47].

Ultimately, polymers such as polyacrylic acid (PAAc) can easily be modified in order
to be functionalized with other chemical groups, bioactive molecules, and nanoparticles,
to give the polymer specific properties for targeted applications [44]. These advantages
make carboxylated polymers solid candidates for preventing capsular contracture but also
for other long-term implanted silicone medical devices.



To carry out this work, PolycAcrylic Acid (PAAc) and PolyMethacrylic Acid (PMAc)
were grafted onto silicone surfaces according to the method developed in the laboratory
[32] using the « grafting from » technique and under UV irradiation. To ensure the cova-
lent nature of the grafting, characterization methods such as apparent contact angle meas-
urement, Fourier-Transform Infrared (FTIR) spectroscopy, X-ray Photoelectron Spectros-
copy (XPS) and Toluidine Blue (TB) colorimetric assay are used. This last characterization
method will also allow us to evaluate the surface grafting rate. The main purpose of the
surface functionalization of silicone is to prevent bacterial problems on the surface. How-
ever, the surface chemical change must not alter the mechanical properties of the material.
It will, therefore, be essential to compare the mechanical characteristics of the grafted sil-
icone with the non-grafted one. Thus, Scanning Electron Microscopy (SEM) observations
will first be carried out to determine if functionalization impacts our surfaces. Then tensile
tests will complete the study to determine whether the grafted silicone retains the same
mechanical behavior as a non-grafted silicone. Finally, acquisitions with an optical pro-
filometer were performed to observe and formulate hypotheses on the behavior of poly-
mers on the surface: arrangement, homogeneity, and chain spreading. These first chemical
and mechanical characterizations will pave the way for future biological and bacterial
tests that will determine the biological impact of functionalization.

2. Materials and Methods
2.1. Materials

Silicone samples of 1 x 1 cm were cut from breast implant envelopes from SEBBIN
company (France). Samples are washed with distilled water for 24 h and dried in an oven
at 37 °C for one night before use.

Acrylic acid (AAc, Sigma-Aldrich, France) and methacrylic acid (MAc, ThermoFisher
scientific, France) monomers were purified on a column with an inhibitor remover (Sigma-
Aldrich, France).

The bioactive polymer grafting on the silicone surface was performed using a two-
step “grafting from” technique (Figure 1).
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Figure 1. Scheme of the silicone surface grafting.

2.2. Functionalization Process

First step —surface activation: the 1*1 cm PDMS sample is placed in a round-bottom
flask containing 60 mL of water and pressed against a Teflon pad hanging from a rod
covered with Teflon in order to keep the sample straight. The medium is degassed for 30
min under argon before being placed for one hour in contact with UV radiation from a
low-pressure mercury source LOT Oriel (Palaiseau, France) or LED lamp Omnicure (Fast
Drying Systems SA, Switzerland) (365 nm) at a power of 160 mW/cm?2.

Second step —grafting and surface polymerization: still suspended to a Teflon rod,
the sample is transferred to a flask containing 60 mL of a 0.35 M monomer solution (MAc
or AAc), previously degassed for 30 min under argon. The mixture is then placed 1 h at a
power of 220 mW/cm? facing the UV radiation of the Lot Oriel lamp for the grafting in the
presence of AAc, and the LED lamp for the MAc grafting.




A grafting condition has been added for AAc in which the pH of the solution con-
taining the monomer is adjusted to pH = 5.25 corresponding to pKa(AAc) + 1. The pH is
adjusted with a solution of NaOH in order to obtain a solution containing the monomer
with carboxylate groups (AAc-pH).

The samples are then rinsed with distilled water for 48 h to remove the excess poly-
mer and then dried in an oven for 37 °C before being characterized.

Physisorption: Physisorption tests were performed to determine the covalent nature
of the surface polymer grafting by the action of our protocol involving UV irradiation.
After the first activation step, silicone surfaces were immersed overnight in a solution of
MAc and PAAc at the same concentration as the grafting solution (0.35 M) at room tem-
perature. The samples were then washed for 48 h and analyzed by FTIR spectroscopy and
apparent water contact angle measurements.

2.3. Surface Characterizations

Water contact angle measurements (WCA), Fourier-transformed infrared spectros-
copy (FTIR), colorimetric assay with Toluidine blue (IB) indicator and X-ray photoelec-
tron spectroscopy (XPS) were used to determine the covalent grafting of PAAc and PMAc
on PDMS surfaces. Scanning Electron Microscopy (SEM), and an optical profilometer
were used to analyze the bioactive polymer behavior on the silicone surface once grafted.
Tensile strength tests were performed to verify that the initial mechanical properties of the
silicone implant were kept.

Apparent Water Contact Angle Measurement (WCA): After grafting, the wettability
of the silicone samples was determined using a KRUSS GmbH DAS10 measuring system
(Germany). Three 2 uL drops were deposited on the surface of the samples of each graft-
ing condition. The apparent water contact angle measurement was recorded 10 s after
drop deposition with the DSA drop shape analysis software and averages were calculated.

Attenuated Total Reflectance —Fourier-transform infrared spectroscopy (ATR-FTIR):
Measurements were performed on the Perkin Elmer Spectrum Two Spectrometer (France)
at a resolution of 4 cm™ on a spectral range from 600 to 4000 cm™ (16 scans). The square
samples of grafted PDMS were pressed with an equivalent force on the diamond crystal.
Spectra obtained from the acquisitions were directly fitted and analyzed.

Grafting rate measurement by Toluidine Blue (TB) colorimetric assays: An aqueous
solution of 5.10* M of dissolved Toluidine Blue dye (TB, Carl Roth, France) was prepared.
The latter allows a colorimetric assay by complexation and decomplexation of the anionic
groups grafted onto the silicone surfaces. The 1 x 1 cm samples are placed for 6 h at 30 °C
with stirring in 5 mL of the TB solution adjusted to pH = 10 so that the cationic groups
N*(CHs)2 of the dye can complex with the negative charges COO- of the polymers. The
samples were then washed three times for 5 min in a NaOH solution (1.10° M) to remove
the excess of non-complexed TB. Finally, the samples were decomplexed overnight in 10
mL of an aqueous solution of acetic acid (50/50 v/v, Sigma, France) protected from light.

This test is based on the hypothesis of Ikada et al. [48] that one mole of TB complexes
with one mole of carboxylate ion (-COQO"). Thus, the absorbance of the decomplexing so-
lution measured by UV-vis spectroscopy (633 nm) allows us to determine the concentra-
tion of grafted polymer and so to the grafting rate on silicone surfaces.

X-ray Photoelectron Spectroscopy (XPS): In order to analyze the silicone surface
changes after PMAc and PAAc grafting, grafted and non-grafted silicone samples were
exposed under ultra-high vacuum (<10-° Torr) to the electron beam of an Omicron XPS
Argus spectrometer (Taunusstein, Germany) equipped with a monochromated AlKa ra-
diation source (hv = 1486.6 eV). Photoelectron emission was analyzed at a takeoff angle of
90°, and at a working power of 300 W.

Spectra were obtained by setting up a 100 eV pass energy for the survey spectrum
and a pass energy of 20 eV was chosen for the high-resolution regions. Binding energies
were calibrated against the C1s binding energy of aliphatic carbon atoms at 284.8 eV. Ele-
ment peak intensities were corrected by Scofield factors [49]. Casa XPS v.2.3.15 software
(Casa Software Ltd., Bay House, 5 Grosvenor Terrace, Teignmouth, Devon, TQ14 8NE,




United Kingdom) was used to fit the spectra, and the Gaussian/Lorentzian ratio was ap-
plied (G/L ratio = 70/30).

For each condition (PDMS, PMAc and PAAc), a set of three different samples were
analyzed separately.

Surface topography analyses: Scanning Electron Microscopy (SEM): Bare and grafted
PDMS surface images were acquired using a HITACHI TM3000 SEM (Japan), allowing us
to analyze the surface topography changes. The SEM detects the secondary electrons and
an accelerating voltage between 5 and 10 kV is applied. Images were taken at a magnifi-
cation of 150 and 3000.

The observation area for the image acquisition was chosen to be as representative as
possible of the whole sample. The brightness and contrast parameters were adjusted to
observe the images of the different grafted samples. Low magnification observations
(x150) allow us to observe the impact of the grafting on the surface as a whole. Observation
at higher magnification (x3000) allows us to observe more detail of any surface changes
after functionalization.

Optical profilometer: A 3D Optical Profilometer ContourGT-K (Bruker, MA, USA) is
used to acquire topography and to evaluate through analysis of the surface roughness,
parameters calculated from the topographical data measured by a 3D optical green light
Bruker interferometer (Contour GT-K1). The measurements were based on non-contact
vertical scanning interferometry (VSI—measurement mode) with a 50x objective lens as-
sociated with a 2x numerical magnification. The vertical resolution with this technique
was approximately 10 nm. A contactless characterization was chosen because of the rela-
tively soft sample surface. For each sample, 10 topographic measurements of 20 um*20
pum were realized and rugosity parameters were calculated by using Mountains® software
(DigitalSurf).

Tensile strength assays: Four dog bone shaped tensile specimens of each type were
cut in silicone envelopes and grafted in the center area of interest (2 cm) for non-grafted
silicones, PAAc, and PAAc-pH grafted silicones. The samples were maintained by their
extremities and tensile strength assays were conducted with an ElectroPuls E3000 electro-
magnetic machine (Instron, Norwood, MA, USA) in a closed capsule at 37 °C. Black and
white paint were sprayed on the area of interest (middle of the specimen) to allow the
deformation following (50 mm/min, 2 images/s), then the samples are placed one by one
in the test cell at 37 °C to perform. The results obtained were then analyzed with Matlab
(Mathworks).

3. Results and Discussion
3.1. Direct Grafting of PMAc and PAAc

The first part of the study focuses on the characterization of the covalent grafting of
PMAc and PAAc on the surface.

In previous studies conducted by the laboratory [32], the “grafting from” technique
has been effective for the covalent grafting of polymer chains onto PDMS and will thus be
used in this study. Other simple techniques are efficient in coating PDMS and improve its
properties like layer-by-layer polyelectrolyte deposition [50,51], or one-step painting coat-
ings that can provide direct efficient bactericidal or bacteriostatic effects on materials [52].
However, these techniques do not provide covalent grafting. Here, the “grafting from”
technique is attractive because it is conducted in distilled water and does not need specific
reagents or temperature conditions, the grafting can be distributed on the surface, and
covalent. That makes it suitable for biomedical applications.

The method consists of growing polymer chains from radical species present on the
silicone surface. In the first step of the grafting, the silicone sample is exposed to UV irra-
diation aims to make the initially inert surface reactive. Activation under UV irradiation
in water will act on the methyl bonds (5i-CHs) of the PDMS present at 785 cm™ on the FTIR
spectra (Figure 2). The irradiation will break homolytically the CH:-H bonds to create hy-
droxyl (-OH) groups on the surface (Figure 1—Step 1). The formation of these groups on
the surface can be justified by the presence of ether bonds (C-O-C) on the FTIR spectra at
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1162 cm™ (Figure 2) formed after the polymerization step (Step 2) between the activated
surface and the polymer.
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Figure 2. FTIR spectra of (a) Non-grafted silicone and PAAc grafted silicone; (b) Non-grafted sili-
cone and PMAc grafted silicone.

The following propagation step (Figure 1—Step 2) consists of creating -O* radicals
from the hydroxyl groups formed during the previous step still under UV irradiation.
These radicals will thus attack a molecule of monomer present in solution which will itself
attack another monomer to thus form a chain of n monomer units.

To characterize the covalent grafting of the bioactive polymers on the surface, the
apparent water contact angle measurement gives us a first indication. Bare silicone sur-
faces are highly hydrophobic due to the presence of methyl groups preventing water pen-
etration in the PDMS matrix. The attachment of PAAc and PMAc holding hydrophilic
functional groups will lend wettability to the surfaces. It is confirmed by the apparent
contact angle decrease from 115° to 85.3° and 70.5° for PMAc and PAAc, respectively (Fig-
ure 3A). The large standard deviation observed for the apparent contact angle of PMAc
grafted samples is explained by the lack of repeatability of the experiment. The hypothesis
put forward is that the more diffuse light beam of the LED lamp does not generate reactive
groups in a systematic and equivalent way on the surface of the transparent silicone.
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Figure 3. (a) Apparent Water Contact Angle (WCA) of non-grafted, PMAc grafted and PAAc grafted
silicone; (b) Grafting rates of non-grafted, PMAc grafted and PAAc grafted silicone.

X-ray photoelectron spectroscopy assays allow us to work directly on the silicone
surface to understand the impact of the functionalization. The atoms composing the two
bioactive polymers are already present in the PDMS substrate, namely carbon (Cls) and
oxygen (Ols). A non-negligible change can still be noticed by the atomic percentage in-
crease of carbon and oxygen atoms on the surface, and simultaneously a decrease in the
silicon atomic percentage (Table 1). These results show first of all the presence of more
carbonaceous matter on top of the PDMS substrate, confirmed a second time by the atten-
uation of the Si2p signal due to energy loss while passing through the organic layer, thus
confirming the chemical changes on the surface of the PDMS suggesting the grafting of
the PAAc and PMAc.

Table 1. Elementary composition in atomic percentage obtained from XPS analysis of silicone
grafted surfaces; means and SD are calculated over 3 separate experiments on 3 separate samples.

Atome Position * (eV) %at. Non-Grafted %at. PMAc Grafted %at. PAAc Grafted

Cls 283.8 49.1+22 54.0+2.3 51.1+£25
O1s 531.3 23.0+0.3 23.8+0.3 244+1.2
Si2p 101.3 279+21 21.8+2.0 245+3.7

* BE for the main feature of the given element.

Moreover, when looking at the high-resolution spectra obtained by XPS on non-
grafted PDMS and PAAc and PMAc grafted PDMS, Figure 4, the successful grafting is
confirmed. In fact, in the Cls region, two new features appear when compared to bare
PDMS. The Binding Energies (BE) observed at 284.4/284.8 eV and 288.3 eV, respectively,
in blue and red in Figure 4a are assigned to carbon atoms in C-O and C-Si chemical envi-
ronment and in C=0, respectively. These are clearly features that would be present in pure
PAAc and PMACc films [53]. The same trend is also observed from the O1s region with the
appearance of a new feature at higher BE (in red in Figure 4b), also assigned to oxygen in
an acidic moiety, namely C-O(C=0). Finally, when looking at the overall atomic percent-
ages for the two grafted PDMS surfaces vs. the bare PDMS surface, Table 2, one can see
the great correspondence between the Cls and O1s chemical environments (in red) of the
acidic moieties, with 5.6 vs. 5.1 for PAAc and 4.1 vs. 3.9 for PMAc.
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Figure 4. XPS High-Resolution spectra for (a) Cls and (b) Ols, showing for both PAAc and PMAc
the appearance of characteristic features linked to the acrylic moieties, compared to the bare PDMS.
Table 2. Atomic percentages of chemical moiety for each element obtained from decomposition of
XPS High-Resolution spectra for Cls and Ols shown in Figure 4.
Cls O1ls Si2p C2s8/Crotal O533/Ototal
C=0(OH
Assignment C-C,C-H C-O,Ca C=0 O(Si ) C=0(OH) Si-O
PDMS 283.8 531.3 101.2
47.6 22.7 29.7
PAAc 283.6 284.4 288.3 531.1 532.6 101.1
36.25 12.45 5.6 20.9 5.1 19.8 0.103 0.196
PMAc 283.8 284.8 288.3 531.3 532.8 101.3
43.0 9.0 4.1 19.5 3.9 20.4 0.073 0.166

FTIR spectra allow us to highlight the presence of the characteristic groups bore by
the bioactive polymers confirming their presence on the silicone surface. As shown in Fig-
ure 2, the characteristic bands of bare silicone correspond to the Si-O-Si bonds at 1000
cm, 785 cm™! for the Si-CHs bonds as well as a peak at 2962 cm™ corresponding to the C-
H bonds. These peaks are preserved on all spectra. A clear change is observed after the
grafting of polymers with the appearance of a high-intensity peak around 1709 cm™! char-
acteristic of the C=O bond. It confirms the presence of the carboxyl group for both graft-
ings. The spectra also show a broad band at 2500-3500 cm™! attributed to the -OH groups
of the acid polymers.

TB assays allow us to complete the chemical characterization by evaluating the graft-
ing rates of each bioactive polymer on surfaces. The results presented in Figure 3b show
high grafting rates for each condition in comparison to the non-grafted silicone. One can
observe that non-grafted silicone already presents a grafting rate. This is due to the non-
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specific adhesion of TB on the material. Thus, grafted surfaces must be compared to a
control sample to assess whether the grafting rate is notable. Both bioactive polymers have
a particularly high rate due to the high reactivity of the monomer and the possible pene-
tration of the polymer into the PDMS matrix [10,37,38]. However, the PMAc-grafted sili-
cone grafting rate shows a high standard deviation. The high reactivity of the monomer
and the difficult control of an experiment involving a much more diffusive UV beam could
be responsible for the unrepetitive results. Moreover, the wettability results do not always
agree with the graft rate values for PMAc grafting. For a given sample, a low apparent
contact angle may correspond to a high grafting rate and vice versa. The grafting tech-
nique does not allow control over the size of the polymer chains formed on the surface.
The high reactivity of PMAc can thus generate long chains of polymer forming a layer on
the surface. In this way, the sample, once dried can bring surface irregularities which
could explain the low apparent contact angle measurements on a surface associated with
a high rate of grafting. Moreover, as observed by Velazco et al. [38] and Yang et al. [37] the
polymer could penetrate the silicone matrix and graft inside, limiting surface effects. This
hypothesis would explain the change in appearance observed macroscopically on our sil-
icone samples (Figure 6a) and justify the high grafting rate obtained for both polymers.
After grafting, the silicone appears hardened and more opaque. The mechanical results
discussed later in this study may support these hypotheses. Additional studies on the be-
havior of the polymer on the surface must be carried out to clarify these variations.

PAAc grafting also presents a high standard deviation. The same hypotheses as the
grafting of PMAc can be made regarding the behavior of the polymer at the surface and
its penetration in the PDMS matrix. The silicone sample is also harder and more opaque
after grafting (Figure 6a). However, the experiment in front of the UV beam remains more
repeatable and consistent according to the obtained apparent contact angle values.

At this point, it is worth mentioning that XPS data show the same trend with higher
grafting of PAAc than PMAc; indeed, when looking at the ratio of the acidic moieties (Cass
and Osss) in Table 2, normalized by the overall percentages of carbon and oxygen, the
PAAc ratio is higher than the PMACc ratio, confirming the higher grafting rate of the first
polymer.

Physisorption tests were carried out in order to ensure the covalent nature of the pol-
ymers grafting on the surface. The apparent water contact angle measurements show un-
changed wettability (Figure 5a), the surfaces remain hydrophobic with an average appar-
ent contact angle of 106° and 103°. FTIR spectra also remain unchanged compared to a
non-grafted silicone (Figure 5b). The strong peak characteristic of the C=O bond at 1709
cm™ usually present after grafting does not appear. These results highlight the covalent
nature of the grafting obtained after the establishment of our protocol.
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Figure 5. (a) Apparent WCA of physisorbed polymers; (b) FTIR spectra of non-grafted silicone and
physisorbed polymers on silicone surface.



The different chemical characterization methods allowed us to highlight the covalent
grafting of PMAc and PAAc on the surface of the silicone. However, the significant reac-
tivity of these polymers under the action of UV irradiation generates substantial modifi-
cations of the material.

The experiments were carried out with a Lot Oriel mercury source lamp in the case
of PAAc grafting which allowed the concentration of the UV beam on the 1*1 cm silicone
sample. The grafting of the PMAc was carried out facing an LED lamp whose beam is
more diffuse. The grafting of the PMAc facing the concentrated beam of the Lot Oriel lamp
damages the surface (hardening, opacification, deformation) (Figure 6a) making it imprac-
tical and useless for characterization purposes.

ﬁa) Non grafted PMAc grafted PAAc grafted \
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Figure 6. Macroscopical aspect of: (a) Bare silicone implant sample, PMAc grafted silicone sample,
PAAc grafted silicone sample. (b) Bare silicone implant sample, PAAc grafted silicone sample,
PAAc-pH grafted silicone sample.

SEM images (Figure 9) were taken to focus on the changes (hardening, opacification)
already observed at a macroscopical level on our surfaces (Figure 6a). Figure 9(B1,C1) al-
ready shows that at alow magnification of 150, clusters are present on the surface of PMAc
and PAAc grafted silicones compared to a bare silicone that appears smooth. (Figure
9(Al)). It is supposed that the large amount of clusters present on the C1 image compared
to the PMAc grafting on the B1 image is due to the high reactivity of the AAc and the use
of the UV lamp with a more concentrated beam. Moreover, by increasing the magnifica-
tion, we note the change and the significant alteration of the surface of the silicone grafted
with PAAc which is completely covered and deformed. The PMAc grafting also shows an
alteration of the surface at a magnification of 3000 with the presence of cracks.

In the first part of this study, we were able to highlight the covalent grafting of the
two bioactive polymers on the surface. However, a problem of surface alteration remains
causing significant unwanted mechanical modifications to the surface particularly impact-
ful for biomedical applications. Thus, the rest of the study will then focus on the grafting
adjustment by changing the pH medium condition in order to limit the impact of the
acidic polymer. Chemical and mechanical characterization will highlight changes.
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3.2. Direct Grafting with pH Middle Adjustment

Due to the uncertain and unrepeatable results of the PMAc grafting, the study chose
to only focus on the grafting of the PAAc under new pH adjustment conditions (PAAc-
pH). Also, the assays of MAc grafting in the basic medium being inefficient, the condition
was not retained for this study.

The same chemical characterizations will make it possible to highlight the covalent
character and the grafting efficiency under the new experimental condition. Obtained
AAc-pH grafting results are compared with previous direct AAc grafting and non-grafted
silicone.

To carry out this part of the study, the « grafting from » technique involving UV
irradiations is once again used. The 1*1 cm PDMS samples remain placed in front of the
concentrated beam of UV irradiation from the Lot Oriel mercury source lamp for one
hour. However, during step 2 of polymerization, the pH of the solution containing the
monomer is adjusted with an aqueous NaOH solution to pH = 5.25 corresponding to
pKa(AAc) + 1. Thus, the monomer will be present in its basic state carrying carboxylate
group COO- (AAc-pH) in aqueous solution. The duration of this surface polymerization
step is still maintained to one hour.

Macroscopically, the silicone surface aspect remains unchanged after grafting in pH-
adjusted conditions in comparison to a classic grafting experiment with AAc (Figure 6b).
The following chemical surface characterizations will confirm if the bioactive polymer is
still covalently grafted on the surface and if differences exist between a PAAc grafted and
a PAAc-pH grafted silicone.

Water contact angle measurement shows a similar result as PAAc grafting (Figure
7a). It appears that PAAc-pH grafting on silicone increases the wettability in the same way
as PAAc grafting, to an average value of 67°. The repeatability of the experiment is high-
lighted by a correct standard deviation.
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Figure 7. (a) Apparent Water Contact Angle (WCA) of non-grafted, PAAc grafted and PAAc-pH
grafted silicone; (b) Grafting rates of non-grafted, PAAc grafted and PAAc-pH grafted silicone.

FTIR spectra of PDMS grafted with PAAc-pH show that characteristic bands and
peaks of bare silicone are still present. The spectra find also the same peak for the C=O
bond around 1709 cm™, and a large band between 2500 and 3500 cm™ (Figure 8) confirm-
ing that the polyacrylic acid polymer is still present at the surface. XPS analysis strength-
ens the idea of the presence of the polymer on the surface by higher atomic percentage
values of carbon and oxygen on the surface and low silica atomic percentage (Table 3).



The atomic percentage values are even a little more impactful than that of PAAc grafted
silicone. Yet, the intensity of the FTIR spectra peaks is weaker for PAAc-pH grafting,
which may imply a lower level of polymer. The combination of both results in parallel
with the macroscopic observation of the grafted sample can reveal that the bioactive pol-
ymer would have less penetration in the sample to promote a grafting on the surface of
the samples.

Table 3. Elementary composition in atomic percentage obtained from XPS analysis of silicone
grafted surfaces; means and SD are calculated over 3 separate experiments on 3 separate samples.

Atome Position * (eV) Y%at. Non Grafted Y%at. PAAc Grafted Y%at. PAAc-pH Grafted
Cls 283 49.1+22 51.1+25 52.3+0.9
O1ls 531 23.0+£0.3 244+12 28.5+0.3
Si2p 101 279+21 245+3.7 192+1.3
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Figure 8. FTIR spectra of non-grafted silicone, PAAc grafted silicone and PAAc-pH grafted silicone.

TB assays allow us to determine the grafting rates of each bioactive polymer on sur-
faces. The TB assay results presented (Figure 7b) show high grafting rates for each condi-
tion in comparison to the non-grafted silicone. PAAc direct grafting has a particularly high
grafting rate due to the high reactivity of the monomer and its ability to penetrate the
silicone matrix [37,38]. Once grafted with PAAc-pH, the grafting rate became lower than
for PAAc due to repulsion between the anionic groups (COO-) present in solution and the
electrostatic surface of silicone [10]. Thus, less monomer can penetrate the silicone matrix
and more grafting occurs on the surface. Even if PAAc-pH grafting appears much lower
in comparison to PAAc grafting according to grafting rate value, the bioactive polymer
seems to be more present at the surface and the rate could be efficient enough to bring
antibacterial effects. According to Lam et al. [16], previous work on sodium polystyrene
sulfonate shows that for this polymer, a grafting rate 1 log superior to the control average
was enough efficient to allow a performant biological response. Thus, bacterial activity
measurement and biological tests must complete this study to go further for medical ap-
plication purposes.

The surface appearance of the silicone samples observed with the SEM highlights the
effect of the grafting of the silicone under the conditions of pH adjustment (Figure 9). The
images show that at the microscopic level, the silicone sample is now much less altered
than under direct grafting conditions. There are much fewer clusters on surfaces at a mag-
nification of 150 (Figure 9(D1)) and deformities at a magnification of 3000 (Figure 9(D2))



no longer appear. Only a cracking effect persists at the highest magnification, which re-
mains less important than for the PMAc grafting. Thus, we get closer to the initial objec-
tive: grafting covalently the surface without modifying the initial mechanical properties
of the material.

In the next part of this study, mechanical tensile tests were carried out in order to
verify the impact of the different grafting and functionalization protocols on the mechan-
ical properties of the silicone. These results will complete the hypothesis on microscopic
observations obtained previously. Surface topography images were also taken with an
optical profilometer to find more information about the behavior of the polymers on the
surface once grafted using our methods.
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Figure 9. SEM images of: (A1) Non-grafted silicone (*150); (A2) Non-grafted silicone (*3000); (B1)
PMACc grafted silicone (*150); (B2) PMAc grafted silicone (*3000); (C1) PAAc grafted silicone (*150);
(C2) PAAc grafted silicone (*3000); (D1) PAAc-pH grafted silicone (*150); (D2) PAAc-pH grafted
silicone (*3000).



3.3. Mechanical Assays

Tensile strength tests:

PA Ac was directly grafted in an aqueous solution of monomer but also in an aqueous
solution with a pH adjusted to the value of pKa(AAc) + 1 =5.25. This choice was made to
counter the enhanced rigidity of the sample obtained with the first grafting condition.
Macroscopically, it is already observed that the PDMS has become more rigid, and
opaque, and cracks are quickly formed when handling the material. When the pH is ad-
justed, the PDMS retains its initial appearance at the macroscopic level (Figure 6b). SEM
images show that few cracks remain at high magnification (Figure 9(D2)).

The mechanical properties are an essential parameter that appears in the specifica-
tions of implantable medical devices. These mechanical properties include the intrinsic
properties of the material and the mechanical stress suffered from the action of surround-
ing tissues and natural movements of life. The silicone envelope is an elastomer. Elasto-
mers are characterized by a low modulus of elasticity meaning that low stress leads to
high strain [16]. In this study, tensile tests allowed us to compare the mechanical charac-
teristics of PAAc-grafted silicone under direct grafting conditions and at pH (PAAc-pH)
with bare silicone. Lam et al. [16] have already shown that the effect of UV irradiation
during the grafting experiment had no significant impact on the mechanical properties of
the material. The stress-strain deformation curves are shown in Figure 10 and the obtained
Young modulus are summarized in Table 4 and Figure 10. These tests were performed
following the ISO 37:2017 or ASTM D412-16 standards [54]. It shows that PAAc-pH graft-
ing does not have a significant impact on the mechanical properties of the material, whose
behavior remains close to the ungrafted condition. In comparison, the direct grafting of
PA Ac shows a significant deviation from the initial conditions.
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Figure 10. (a) Stress = f (Strain) curve and (b) Young Modulus of non-grafted, PAAc grafted and
PAAc-pH grafted silicone samples.

Table 4. Young Modulus value of non grafted, PAAc grafted and PAAc-pH grafted silicones.

Non-Grafted PAAc Grafted PAAc-pH Grafted
Young modulus (MPa) 2.07+0.16 2.77 £0.29 1.71 +0.54

Surface topography —Optical profilometer:

Several topographic images were taken on our grafted samples (Figure 11). These
acquisitions aim to obtain more information on the behavior of the polymer once grafted
on the surface. Figure 11 has been drawn using a color palette optimized for each surface,
to better visualize the appearance of the surface rather than its relative height. Yang et. al




[37] showed that when PAAc is grafted on PDMS films, the monomers can penetrate and
polymerize in the PDMS network, making the material rigid and even brittle. Cracks that
appear on the surface offer new interfaces for grafting to other monomers still present in
the solution. We have observed this effect with our strategy of direct grafting of the PAAc
on the surface. Later, this effect was limited by the presence of COO- anionic groups dur-
ing PAAc-pH grafting which generates chain-chain repulsions and silicone surface-chain
repulsions [38]. In Figure 11A,C, representing direct grafting of AAc and MAc, the images
expose the high reactivity of the polymers and their invasion on the material compared to
the surface of non-grafted silicone Figure 11D. Globally, we can highlight the fact that the
polymer is present homogeneously on all surfaces. For PAAc-pH grafting (Figure 11B),
the polymer behavior seems close to an ungrafted surface. The level of polymers present
on the surface seems to be lower. These results correlate with the grafting rate level which
appears lower than for a PAAc grafting, but still higher than a non-grafted PDMS (Figure
7b), and with the tensile strength tests where the PAAc-pH samples curve and the Young's
Modulus were close to a non-grafted PDMS sample (Figure 10). Actually, there are prob-
ably less grafted PAAc on the PAAc-pH grafted samples than for PAAc grafted samples
because the grafting occurs mainly on the surface for PAAc-pH. These results remain qual-
itative, we can also hypothesize that because direct PAAc grafting is reactive it generates
many long chains of polymers, while grafting in a basic medium (PAAc-pH) allows the
grafting of possibly shorter distributed chains. Now further investigations especially bio-
logical assays must complete the study in order to evaluate the efficiency and the effect of

the grafting.
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Figure 11. Surface topography of grafted and non-grafted silicone surfaces.

The acquisition of these images also allows us to find the arithmetic heights average
(Figure 12). The results show that, on average, the PAAc-pH grafting generates a lower
surface roughness close to a non-grafted silicone surface.
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Figure 12. Surface roughness —arithmetic height averages of non-grafted and grafted silicones.

These hypotheses remain to be confirmed by other characterization methods analyz-
ing the behavior of polymers. Note that these measurements were carried out on one sam-
ple of each condition because of the soft and electrostatic nature of silicone making diffi-
cult the acquisition of topographic images.

4. Conclusions

The study has successfully highlighted that acrylic acid and methacrylic acid can be
easily grafted onto silicone using the “grafting from” method with UV irradiation. The
increased wettability, the presence of characteristic acid bonds on FTIR spectra, the atomic
modifications on the surface and the evaluation of the grafting rate have revealed the co-
valent nature of this grafting. However, the direct grafting of these polymers promoted
their penetration into the PDMS and thus generated modifications of the material such as
its hardening and opacification increasing its fragility.

This issue has been limited by adapting the grafting protocol. By adjusting the pH of
the medium, the monomer in solution was present in its basic state generating repulsive
interactions between the monomer and the material. These effects limited the penetration
of the polymer which was thus mainly grafted on the surface. Tensile tests have checked
that the impact of surface grafting does not significantly change the mechanical properties
of the material. These mechanical assays have determined the preferential use of a pH-
controlled way of grafting in order to keep the mechanical properties of our silicone ma-
terial.

These results are promising and encouraging. Biological and bacterial assays are un-
der investigation to specify the antiadhesive and antibacterial properties of PMAc and
PAAc once grafted. Moreover, the presence of carboxylic groups in these bioactive poly-
mers will allow the surface to be functionalized with other bioactive molecules, growth
factors, nanoparticles, and peptides for further biomedical applications.
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