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Abstract

Silicones with improved water-driven surface hydrophilicity and anti-biofouling behavior were
achieved when bulk-modified with poly(ethylene oxide) (PEQ) —silane amphiphiles of varying
siloxane tether length: a-(EtO)3Si-(CH,),-oligodimethylsiloxane ;- block-poly(ethylene oxide)g-
OCH3 (m=0, 4, 13, 17, 24, and 30). A PEOg-silane [a-(EtO)3Si-(CH5)3-PEOg-OCH3;] served as a
conventional PEO-silane control. To examine anti-biofouling behavior in the absence versus
presence of water-driven surface restructuring, the amphiphiles and control were surface-grafted
onto silicon wafers and used to bulk-modify a medical-grade silicone, respectively. While the
surface-grafted PEO-control exhibited superior protein resistance, it failed to appreciably
restructure to the surface-water interface of bulk-modified silicone and thus led to poor protein
resistance. In contrast, the PEO-silane amphiphiles, while less protein-resistant when surface-
grafted onto silicon wafers, rapidly and substantially restructured in bulk-modified silicone,
exhibiting superior hydrophilicity and protein resistance. A reduction of biofilm for several strains
of bacteria and a fungus was observed for silicones modified with PEO-silane amphiphiles.
Longer siloxane tethers maintained surface restructuring and protein resistance while displaying
the added benefit of increased transparency.
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Introduction

Silicones such as crosslinked polydimethylsiloxane (PDMS) are widely used in biomedical
applications due to their unique properties including thermal and oxidative stability, gas
permeability, flexibility, and ease of processing.1# Silicone-based medical devices include
hemodialysis catheters, cardiac pacing leads, catheter balloons, coated metal stents,
extracorporeal device tubing, ophthalmic devices and optical sensors. Unfortunately, due to
their hydrophobic nature, silicones lack resistance to protein adsorption.> 8 Thus, upon
implantation of silicone medical devices, plasma proteins are rapidly and substantially
adsorbed, leading to subsequent platelet adhesion, activation of coagulation pathways, and
eventual thrombosis.®: © Bacteria also adhere to device surfaces and form biofilms which are
difficult to control with antibiotics.”- 8 Protein adsorption is also considered to facilitate
subsequent bacteria biofilm formation.? To improve the efficacy and safety of silicone-based
devices, reduction of both protein and bacterial adsorption and accumulation is essential.

Towards reducing biological adhesion, hydrophilization of silicones with poly(ethylene
oxide) (PEO; or poly(ethylene glycol) (PEG)) could be effective given its exceptional
protein resistance. This behavior is attributed to hydrophilicity and hydration as well as its
configurational mobility which leads to a large excluded volume, steric repulsion, blockage
of underlying adsorption sites, and an entropic penalty associated with protein
adsorption.10-12 PEQ’s biocompatibility!® and recently noted Jn vivo oxidative stabilityl4
contributes to its widespread use in biomaterials. However, the protein resistance of PEO has
largely been demonstrated for chains surface-grafted onto physically stable, model
substrates such as gold,* 15 16 sjlicon wafer,17-19 and glass.2%: 2! Such “model PEO
surfaces” maintain the grafted PEO chains at the surface whether exposed to air or to an
aqueous environment (Fig. 1a). This is in contrast to bulk-modified silicones in which PEO
chains may undergo surface-reorganization following exposure to different environments.
Thus, since protein and bacteria adsorption occurs in an aqueous environment, it is critical
that PEO chains migrate to the surface-water interface to create a PEO-enriched silicone
surface (Fig. 1b, c). Surface-restructuring of silicones has largely been studied in the case of
hydrophobic recovery when exposed to air, a phenomena notably demonstrated by plasma
treated silicones.22 This recovery is a result of the low surface energy?3 and high chain
flexibility of silicones.24 PEO-modified silicones likewise display hydrophobic recovery. For
instance, silicones prepared by bulk crosslinking with triethoxysilylpropyl PEO monomethyl
ether [(Et0)3Si(CH5)3-(OCH,CH,),-OCH3]%°: 26 as well as allyl PEO mono-methyl ether
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[CH,=CHCH,-(OCH,CH,) ,-OCH3]%” hydrophobically recover. This is also observed for
surface-grafted PEO chains such as those prepared with allyl PEO monomethyl ether.27: 28

Much less studied is the water-driven surface-restructuring of PEO-modified silicones,
which is of critical importance to achieve resistance to proteins and bacteria /7 vivoor in
other aqueous environments. In fact, recent reports highlight the poor efficacy of PEO-
modified silicones and other polymer matrices to prevent thrombosis that may indicate poor
mobilization or retention of the PEO at the surface-water interface.2% 30 Alternatively,
silicone modification with an amphiphilic PEO, as reported herein, aims to increase
mobilization and water-driven surface-restructuring of the PEO segments.

Previously, we reported the bulk-modification of silicone with three different PEO-silane
amphiphiles comprised of a short siloxane tether of three different lengths [a.-
(EtO)3Si(CH5),-oligodimethylsiloxane ;- block-(OCH,CH5)g-OCHs; m =0, 4 and 13] (Fig.
1d).31-33 |n this way, a hydrophobic, flexible siloxane tether separated the PEO segment and
crosslinkable end group. This is in contrast to conventional PEO-silanes that contain a short
alkane spacer.2>-28 \Water-driven surface hydrophilicity as well as protein resistance was
improved for silicones bulk-modified with PEO-silane amphiphiles versus the PEO-control
(i.e. conventional PEO-silane; [a-(EtO)3Si-(CH5)3-PEOg-OCHj3]). Additionally, water-
driven surface hydrophilicity increased and protein adsorption decreased with increased
siloxane tether length. Bulk-modification of a silica-reinforced silicone with PEO-silane
amphiphile (mm = 13) likewise demonstrated water-driven surface-restructuring and protein
resistance.32 Atomic force microscopy (AFM) analysis verified that PEO segments of the
PEO-silane amphiphile (/= 13) were driven to the surface-water interface of the silicone.33
In this way, PEO-silane amphiphiles functioned as effective “surface-modifying additives”
(SMAs)34 for silicones. Versus a conventional PEO-silane, the enhanced potential of PEO-
silane amphiphiles to migrate to the surface-water interface and reduce protein adsorption
was attributed to the siloxane tethers’ molecular flexibility as well as similar hydrophobicity
to the silicone matrix that permitted movement of the tether and attached PEO segment
through the silicone network. This effect was evidently maximized for the PEO-silane
amphiphile with the longest tether (/m = 13). We furthermore demonstrated that for PEO-
silane amphiphiles (/m = 13), water-driven surface hydrophilicity and protein resistance of

bulk-modified silicones was superior for a PEO segment length of 7= 8 or 7= 16 versus n=
3_35

Herein, we sought to determine if PEO-silane amphiphiles with even longer siloxane tethers
(m= 17, 24 and 30) would enhance the protein and bacterial biofilm resistance of bulk-
modified silicones. Thus, a series of PEO-silane amphiphiles were prepared with an
expanded range of siloxane tether lengths [77=0 (m = 0), M, =749 g/mol; m=4 (m = 4),
M, = 1044 g/mol; m= 13 (m = 13), M, = 1710 g/mol; m= 17 (m = 17), M, = 2006 g/mol;
m=24 (m =24), M, = 2524 g/mol; and m =30 (m = 30), M, = 2968 g/mol] (Fig. 1d,
Scheme 1). PEO-silane amphiphiles were used to bulk-modify a medical grade, silica-
reinforced room temperature vulcanizing (RTV) silicone and surface-grafted onto a model
substrate. Grafting onto silicon wafers permitted the evaluation of surface hydrophilicity as
well as protein resistance in the absence of water-driven surface restructuring effects. Given
its role in surface-induced thrombosis,3® the adsorption of fibrinogen protein was evaluated.
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The accumulation of several types of bacteria including Staphylococcus epidermidis (Gram-
positive), Staphylococcus aureus (Gram-positive), Pseudomonas aeruginosa (Gram-
negative), and Escherichia coli (Gram-negative), as well as the fungus Candida albicans,
were also tested due to their prevalence in medical device-related infections.” 8 A PEO-
control (i.e. conventional PEO-silane with no siloxane tether) was utilized for both bulk-
modification and surface-grafting to distinguish its behavior versus PEO-silane amphiphiles
(Fig. 1d). A siloxane-control (i.e. no PEO segment, /7= 13) was used as a hydrophobic
control for surface-grafted films (Fig. 1d). Finally, given the necessity for transparency for
certain silicone-based devices such as intraocular lenses and optical sensor,37: 38 the
transparency of the bulk-modified silicones was also measured.

Results and discussion

Synthesis of PEO-silane amphiphiles (m =0, m =4, and m = 13)

PEO-silane amphiphiles with shorter tether (m = 0, m = 4, and m = 13) were prepared as
previously reported (Scheme 1).31 Similar protocols were utilized to prepare PEO-silane
amphiphiles with longer siloxane tethers as described below.

Synthesis of ODMS,—Triflic acid-catalyzed ring-opening reaction of variable molar

ratios of D4 with TMDS was used to produce ODMS;7, ODMS,,4, and ODMSg3; in good
yields (=60%) (Scheme 1). The M,’s of ODMS,,, were confirmed by 'H NMR end-group
analysis.

Synthesis of TES-ODMS,,—The Rh-catalyzed regioselective hydrosilylation reaction of
equimolar amounts of ODMS;7, ODMS,,4, and ODMS3; each with VTEOS (1:1 molar
ratio) effectively produced TES-ODMS;7, TES-ODMS,,4, and TES-ODMS3, respectively,
in good yields (=96%). IH NMR spectra of TES-ODMS;7, TES-ODMS,4, and TES-
ODMS3; showed a decrease in the Si—H peak integration value by one-half versus the
starting material.

The synthesis of TES-ODMS,,, relies on the Rh-catalyzed regioselective hydrosilylation of
the designated ODMS;, (Scheme 1). Notably, an increased distance between terminal Si-H
groups has been suggested to decrease reactivity towards vinyl-containing compounds.39 In
early reports, regioselective hydrosilylation of a,w-bis(Si-H)oligodimethylsiloxanes was
limited to those with 2-4 silicon atoms.49-43 However, we have since reported the successful
regioselective hydrosilylation of ODMSy, ODMS,, and ODMS; 3 with VTEQS.3!
Regioselectivity of the hydrosilylation leading exclusively to the “monosubstituted” product
was verified with GPC experiments since 'H NMR spectra represent only the average
composition of each product. In other words, a pure, monosubstituted product would have
the same spectrum as the mixture of the three products obtained from the corresponding
nonregioselective hydrosilylation (i.e. monosubstituted as well as disubstituted and
nonsubstituted products where the ratio of di- and nonsubstituted would be equal).

Herein, we likewise sought to confirm the regioselectivity of Rh-catalyzed hydrosilylation of
ODMS;7, ODMS;4, and ODMS3 each with VTEQOS (1:1 molar ratio). Following
hydrosilylation, the products (designated as monosubstituted TES-ODMS;7, TES-
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ODMSy,, and TES-ODMS3) were each reacted with CH,=CH-PDMS-+Bu (M, = 60,000
g/mol; PDI = 1.38) by Pt-catalyzed hydrosilylation to produce the corresponding materials,
designated as mono-17, mono-24, and mono-30, respectively (Scheme S1). If
regioselective, the products of the Rh-catalyzed hydrosilylation reaction between each
ODMS,;and VTEQOS would be exclusively mono-17, mono-24, or mono-30. However, if
nonregioselective, the reaction between each ODMS,;; and VTEOS would result in a mixture
of three products (i.e. monosubstituted as well as disubstituted and nonsubstituted) which
would subsequently react with CH,=CH-PDMS-+Bu to yield the following mixture: (i)
mono-17, mono-24, and mono-30: the products of monosubstituted TES-ODMS7, TES-
ODMSy4, and TES-ODMSg3q each with CH,=CH-PDMS--Bu (M, = 61,582; 62,100;
62,544 g/mol [theoretical values]); (ii) di-17, di-24, and di-30: unreacted a.,w-
triethoxysilylethyl-disubstituted products (M, = 1,772; 2,290; 2,734 g/mol [theoretical
values]); and (iii) non-17, non-24, and non-30: the products of ODMS;7, ODMS,,4, and
ODMSg3( each with CH,=CH-PDMS-7-Bu (1:2 molar ratio) (M, = 121,334; 121,852;
122,296 g/mol [theoretical values]) (Scheme S1). Due to the differences in M, the presence
or absence of disubstituted and nonsubstituted products in the GPC chromatographs of
mono-17, mono-24, and mono-30 may be used to assess the regioselectivity of the Rh-
catalyzed hydrosilylation of ODMS;; and VTEOS (designated as TES-ODMS;7, TES-
ODMSy,, and TES-ODMS3y).

So that their GPC elution peaks could be identified, products di-17, di-24, and di-30 were
individually synthesized in their isolated form by Pt-catalyzed hydrosilylation of ODMS,7,
ODMSy4, and ODMSg3, respectively, with VTEOS (1:2 molar ratio) (Scheme S1 and
Supporting Information). Products non-17, non-24, and non-30 were synthesized by Pt-
catalyzed hydrosilylation of ODMS;7, ODMS,,4, and ODMS3, respectively, with CH,=CH-
PDMS--Bu (1:2 molar ratio).

In the GPC chromatographs of mono-17, mono-24, and mono-30, the elution peaks of
di-17, di-24, and di-30, respectively, are absent (Fig. S1). The elution peaks of non-17,
non-24, and non-30 overlap with the elution peaks of mono-17, mono-24, and mono-30 but
must be absent as well since di-17, di-24, and di-30 and non-17, non-24, and non-30 would
be present in equal amounts, respectively. Thus, the compositions of mono-17, mono-24,
and mono-30 may be identified as the product of monosubstituted TES-ODMS;7, TES-
ODMS,4, and TES-ODMSg (i.e. regioselective products) each with CH,=CH-PDMS--Bu.
These results confirm the regioselectivity of the Rh-catalyzed hydrosilylation reactions of
ODMS;7, ODMS;,4, and ODMS3q each with VTEQOS to produce only monosubstituted
TES-ODMS,7, TES-ODMSy4, and TES-ODMS5, respectively.

Synthesis of PEO-silane amphiphiles (m = 17, m = 24, and m = 30)

The Pt-catalyzed hydrosilylation reaction of equimolar amounts of TES-ODMS;7, TES-
ODMSy4, and TES-ODMS3; each with A-PEOgM produced m = 17, m = 24, and m = 30,
respectively, in good yields (=78%). Completion of the reaction was confirmed by IR
analysis of m = 17, m = 24, and m = 30, which showed no absorbance at 2125 cm™! which
corresponds to unreacted Si—H bonds. The Si-H peak (74.7 ppm) of the IH NMR spectra of
m =17, m = 24, and m = 30 was also absent.
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Characterization of surface-grafted films

XPS—XPS was used to confirm the grafting of PEO-silane amphiphiles (m =17, m = 24,
and m = 30) onto silicon wafers. The elemental surface compositions of these surfaces are
reported in Table S1. For the oxidized wafer, the O 1s and Si 2p peaks correspond to the
wafer whereas the carbon (C 1s) is attributed to adsorbed contaminants.#* 4> Following
grafting, the Si 2p content decreased and the C 1s content increased. The C 1s peak was
deconvoluted into two peaks centered at 284.5 eV (C-C and C-Si) and 286.4 eV (C-0),
with this latter peak unique to PEO?8 (Fig. S2). As expected, versus the PEO-control, the C—
C/C-Si content increased and the C-O content generally decreased as the siloxane tether
length (/m) of the PEO-silane amphiphiles was increased.

Ellipsometry—Protein resistance of surface-grafted PEO chains is influenced by chain
spacing (i.e. graft distance, D) and associated conformation.#8: 47 Thus, grafted silicon
surfaces were confirmed to have similar chain densities. The dry graft layer thickness (/) of
the grafted PEO-control, siloxane-control, and PEO-silane amphiphiles were measured, and
chain density (o) values were calculated#8-50 (Table 1):

o=(hpN,)Mn (1)

where p is the density of the dry grafted layer, A4 is Avogadro’s number, and M, is the
number average molecular weight of the chain. Chain “spacing” (D) was also calculated®°
(Table 1):

D=(4/m)"* (2

All grafted layers were determined to have similar values of D (1.05-1.49 nm). In order to
achieve an extended conformation (brush regime), D must be less than twice the Flory radius
(Rg).*" Thus, Re was calculated using the length of one monomer unit (a) and the degree of
polymerization (N) as follows: (1) for the siloxane-control in a poor solvent (i.e. water), Rr
= aN3, where a = 0.5 nm>! and N = 13 and (2) for the PEO-control in a good solvent (i.e.
water), R = aN3/5, where a = 0.35 nm>2 and N = 8.53 For these controls, D< 2 Rr.
Calculation of R values for the PEO-silane amphiphiles is complicated by the differing
solubility of the PEO segment and siloxane tether in water. Thus, the Rr values were
determined individually for the PEO segment and the siloxane tether (Table 1). For grafted
PEO-silane amphiphiles, D< 2 R, including for the lower of the two calculated Rr values.
Thus, all grafted surfaces were confirmed to be in a brush regime.

Contact angle analysis—As physically stable surfaces, silicon wafers maintain grafted
chains at the surface whether exposed to an air or aqueous environment. The impact of
siloxane tether length (/m) on the hydrophilicity of grafted PEO-silane amphiphiles was
assessed by measuring wvsgatic OF water droplets. Surfaces grafted with the siloxane-control
and PEO-control conveniently serve as a hydrophobic (wstatic > 90°)°* and hydrophilic
control, respectively. Measurements were made immediately following droplet placement (0
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sec) and at 2 min (Fig. 2, Table S2). Due to the lack of surface restructuring for such stable
substrates, vstatic (0 sec) and wvgatic (2 min) were very similar, decreasing slightly due to
hydration. For the grafted PEO-silane amphiphiles, as the hydrophobic siloxane tether length
increased, vgiatic Values increased as expected.

Protein adsorption via QCM-D—PEO-silane amphiphiles grafted onto silicon wafer
permitted the evaluation of protein resistance in the absence of surface restructuring effects.
Thus, using QCM-D, adsorption of human fibrinogen (HF) onto these surface-grafted films
was evaluated. QCM-D is known to be an effective method to measure protein adsorption
onto low-fouling thin films.5% 56 Due to the low dissipation of adsorbed HF,>” the adsorbed
mass was calculated using the Sauerbrey approximation and the seventh frequency overtone

(Fig. 3).

It is well established that proteins adsorb more substantially to hydrophobic rather than
hydrophilic surfaces.>8: 59 Thus, as expected, it was observed that an increase in HF
adsorption coincided with the observed relative increase in surface hydrophobicity (Fig 2).
For instance, the grafted siloxane-control adsorbed the highest amount of HF whereas the
grafted PEO-control was the most resistant. The exceptional protein resistance of the
surface-grafted PEO-control is consistent with that observed for PEO chains grafted to stable
surfaces.15-21 For grafted PEO-silane amphiphiles, HF adsorption increased substantially as
the length of the siloxane tether increased beyond /= 0 with relatively small differences in
HF adsorption among those with longer tethers.

Characterization of bulk-modified silicone films

Film preparation, transparency and modulus—The ability of PEO-silane
amphiphiles to undergo water-driven surface reorganization to form a PEO-enriched surface
and improve protein resistance was examined by bulk-modification of a medical-grade RTV
silicone. PEO-silane amphiphiles as well as the PEO-control were each introduced at 50
umol per gram of silicone and solvent cast onto glass microscope slides (Fig. 4). Film
thickness (via electronic calipers) was 0.17 £ 0.02 mm.

The transparency of the bulk-modified silicones was visually observed to decrease with
incorporation the PEO-control as well as PEO-silane amphiphiles with shorter tethers.
Transparency of bulk-modified films was also quantified by measuring percent transparency
at 500 nm (Fig. S3). First, incorporation of the PEO-control resulted in a substantial
reduction in film transparency (70%) versus the unmodified silicone (89%). When modified
with PEO-silane amphiphiles, percent transparency improved with increased siloxane tether
length (/7). Notably, bulk-modified silicones containing m = 0 (62%) and m = 4 (81%)
remained relatively nontransparent, whereas those containing m = 13 (88%), m = 17 (92%),
m = 24 (87%), and m = 30 (91%) were similar versus the unmodified silicone (89%). This
may be attributed to the similar solubility of the siloxane tethers and the silicone matrix,
leading to reduced phase separation, particularly as the siloxane tether length was increased.

The characteristic low tensile modulus of unmodified silicone (0.33 + 0.04 MPa) was
maintained upon modification with the PEO-control (0.35 £ 0.03 MPa) and PEO-silane
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amphiphiles (0.42 £ 0.04 MPa, m = 0; 0.31 + 0.04 MPa, m = 4; 0.32 £ 0.05 MPa, m = 13;
0.39 £ 0.03 MPa, m = 17; 0.37 £ 0.06 MPa, m = 24; 0.28 + 0.04 MPa, m = 30).

Contact angle analysis—As noted, we previously used AFM to verify the water-driven
formation of a PEO-enriched surface of silicone bulk-modified with PEO-silane amphiphile
m = 13.33 This surface restructuring was accompanied by a reduction of the contact angle of
a water droplet over time. Likewise, herein, temporal contact angle measurements (0 sec - 2
min) were used to assess the ability of silicones bulk-modified with PEO-silane amphiphiles
of varying siloxane tether length (/) to undergo water-driven surface reorganization to
rapidly yield a hydrophilic surface (Fig. 5, Table S3).

As expected, the unmodified silicone was hydrophobic (vsaiic > 90°) with minimal
restructuring (i.e. negligible decrease in Batic; ). Notably, when modified with the PEO-
control, the silicone was similarly hydrophobic and underwent limited restructuring (A =
15°). Thus, the conventional PEO-control was ineffective in its ability to migrate to the
surface-water interface. In contrast, all silicones bulk-modified with PEO-silane amphiphiles
underwent rapid and substantial water-driven surface reorganization characterized by large A
values. Initially (Esatic = 0 sec), all silicones modified with PEO-silane amphiphiles were
similarly hydrophobic. However, by 15 sec, substantial restructuring had already occurred.
While by 2 min, all of these bulk-modified silicones were extremely hydrophilic (i.e. low
Oqtatic), Statistically significance differences in Gyaric (2 min) (p < 0.05) was determined by
single factor Anova. Values of Eyatic (2 min) reached to a minimum for silicones modified
with PEO-silane amphiphiles having an intermediate siloxane tether length: m =0 (752 °) >
Mm=4(41°)>m=13~m=17 (736 °) <m =24 ~ m =30 (745 °). While a longer
siloxane tether may improve PEO-silane amphiphile solubility in the silicone, we
hypothesize that beyond an intermediate siloxane tether length (i.e. m=13 or 17), PEO
migration potential is slightly diminished by the greater steric barriers.

Protein adsorption via ELISA—The amount of HF adsorbed onto silicones was
measured using a modified immunosorbent assay. The amount of HF adsorbed onto silicone
films was measured with ELISA in terms of absorbance and quantified via comparison to a
HF standard curve (Fig. 6, Table S4).

As expected, the unmodified silicone adsorbed high levels of HF due to its extreme
hydrophobicity (Fig. 5). The silicone bulk-modified with the PEO-control also adsorbed
high HF levels as a result of its high surface hydrophobicity due to the failure of PEO to
successfully migrate to the surface-water interface. For the silicone bulk-modified with the
PEO-silane amphiphile with the shortest siloxane tether (m = 0), HF adsorption was similar
to that modified with the PEO-control. However, HF adsorption was substantially reduced
for all silicones bulk-modified with the PEO-silane amphiphiles having longer siloxane
tethers (m =4, m =13, m = 17, m = 24 and m = 30). This result coincides with their
superior ability to undergo water-driven surface reconstruction, leading to a PEO-enriched,
hydrophilic surface (Fig. 5). While very still very low, HF adsorption onto silicone bulk-
modified with m = 24 was statistically higher versus for the other modified silicones. Thus,
while the PEO-silane amphiphiles exhibited reduced protein resistance versus the PEO-
control when surface-grafted onto silicon wafers (Fig. 3), when used to bulk-modify
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silicones they are superior and highly effective in improving protein resistance when their
siloxane tether is of sufficient length (m = 4).

Biofilm adhesion—Analysis of biofilm growth for several microorganisms pertinent to
medical device-related infections revealed a difference in behavior among different bacteria
and fungus (Fig. 7, Table S5). In the case of S. epidermis, S. aureus, E. coli, and C. albicans,
biofilm growth was markedly more inhibited on silicones bulk-modified with most of the
PEO-silane amphiphiles versus unmodified silicone and silicone modified with the PEO-
control. For these, generally only minor differences in biofilm growth was observed as a
function of the siloxane tether length (/77) of the PEO-silane amphiphile. In the case of S.
aureus, even m = 0 was effective at reducing biofilm levels versus other PEO-silane
amphiphiles. For S. epidermis and, to a lesser extent, for £. coliand C. albicans, m = 0 was
not as effective in reducing biofilm growth versusm=4, m=13,m=17, m=24and m =
30. For £. coli, a slight increase in biofilm growth was observed for m = 24 and m = 30 but
still remained substantially lower versus unmodified silicone and the silicone modified with
the PEO-control. Only for P, aeruginosa was biofilm accumulation greater for the silicones
modified with PEO-silane amphiphiles having longer siloxane tethers (m =13, m =17, m =
24 and m = 30) with m = 0 and m = 4 showing the lowest amounts of biofilm. Only silicone
modified with m = 0 exhibited statistically significantly lower P. aeruginosa biofilms level
versus unmodified silicone. A possible contribution to this result may be related to the
unique physiology of this particular bacterial strain. As reported by Roosjen et al.,60 the
ability of a given P, aeruginosa strain to adhere to PEO brushes (grafted onto glass or silica)
was influenced substantially by cell surface hydrophobicity and the production of
biosurfactants of a given strain. Strains possessing both a highly hydrophobic cell surface
(contact angle > 130°) and the ability to produce a surfactant-like compound (e.g.
rhamnolipids) were shown to adhere in higher numbers to PEO brushes when compared to
those isolates possessing an inherently hydrophilic cell surface (contact angle ~ 60°) and
incapable of producing a biosurfactant. Thus, it is possible that the 2 aeruginosa strain used
in this study may have expressed a similar or corresponding ‘adherent’ phenotype, allowing
it to overcome the putative interfacial repulsive forces or surface tension imparted by the
silicones modified with PEO-silane amphiphiles of longer tether length.

Experimental part

Materials

Triflic acid, RhCI(Ph3P)3 (Wilkinson’s catalyst), solvents, sulfuric acid (H»SQOy),
hexamethyldisilazane (HMDS), and fibrinogen from human plasma (HF; M, = 340 kDa;
lyophilized powder; =90% clottable protein) were obtained from Sigma-Aldrich (St. Louis,
MO). Solvents were dried over 4 A molecular sieves prior to use in hydrosilylation
reactions. Octamethylcyclotetrasiloxane (D4; MW = 296 g/mol), Pt—
divinyltetramethyldisiloxane complex (Karstedt’s catalyst), vinyl-triethoxysilane (VTEQOS;
MW = 190 g/mol), a,w-bis-(Si-OH)oligodimethylsiloxanes {ODMS or
tetramethyldisiloxane (TMDS) [ M, = 118 g/mol per manufacturer’s specifications; M, =
134 g/mol per IH NMR end group analysis; 1H NMR (&, ppm): 0.17-0.21 (d, J= 2.7 Hz,
12H, OSI[CHs],H) and 4.66-4.72 (m, 2H, SiH)]; ODMS, [ M, = 400-500 g/mol per
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manufacturer’s specifications; M, = 430 g/mol per 'H NMR end group analysis; 1H NMR
(6, ppm): 0.07-0.09 (m, 24H, SiCHj), 0.18-0.19 (d, /= 2.7 Hz, 12H, OSi[CH;5],H), and
4.67-4.73 (m, 2H, SiH)]; ODMS; 3 [M,, = 1000-1100 g/mol per manufacturer’s
specifications; M, = 1096 g/mol per 'H NMR end group analysis; 1H NMR (&, ppm): 0.05—
0.10 (m, 78H, SiCH3), 0.19 (d, J= 2.7 Hz, 12H, OSi[CH;]oH), and 4.67-4.73 (m, 2H,
SiH)]}60, and monovinyl-terminated PDMS (CH,=CH-PDMS-n-Bu) [M, = 62,700 g/mol,
essentially 100% monovinyl-terminated with the nonfunctional end r-butyl-terminated per
manufacturer’s specifications] were obtained from Gelest. PEO allyl methy! ether
(Polyglycol AM-450; A-PEOgM) [M, = 292 — 644 g/mol per manufacturer’s specifications;
M, = 424 g/mol per IH NMR end group analysis; 1H NMR (&, ppm): 3.35 (s, 3H, OCHj),
3.51-3.66 (m, 32H, OCH,CHb), 4.00 (d, J= 5.4 Hz, 2H, CH,=CHCH,0), 5.13-5.28 (m,
2H, CH,=CHCH,0), and 5.82-5.96 (m, 1H, CH,=CHCH,0)] was obtained from Clariant
and was dried overnight under high vacuum prior to use. Silicon wafers (111) were obtained
from University Wafers, Inc. (Boston, MA). Silica-coated QCM-D sensors (QSX-303) were
obtained from Q-Sense. Hydrogen peroxide (H,05)' glass microscope slides (3” x 1”), and
phosphate buffered saline (PBS, without calcium and magnesium, pH = 7.4) were obtained
from Fisher Scientific. Medical-grade silicone (MED-1137) was obtained from NusSil
Technology (Carpinteria, CA). Per manufacturer’s specifications, MED-1137 is comprised
of a,w-bis(Si-OH)PDMS, silica (11-21%), methyltriacetoxysilane (<5%),
ethyltriacetoxysilane (<5%), and trace amounts of acetic acid. The Alexa Fluor 546 HF
conjugate (M,, = 340 kDa; lyophilized powder; 95% clottable protein) was purchased from
Invitrogen (Carlsbad, CA). Silicone isolator wells for protein adsorption studies were
prepared from silicone sheets (2 mm thick; McMaster Carr) with a die punch (18 mm
diameter). The PEO-silane amphiphiles [m = 0, m = 4, and m = 13] and the PEO-control3!
as well as the siloxane-control3® were synthesized as previously reported. Tryptic Soy broth
(TSB), Luria-Bertani broth (LB), minimal medium M63, yeast nitrogen broth (YNB), RPMI
1640 medium, crystal violet powder (CV), 33% glacial acetic acid, 10X phosphate buffered
saline (PBS), NayHPO4, KHoPO,, KCI, (NH4)2S04, MgSOy, dextrose, thiamine and biotin
were purchased from VWR (Chicago, IL). Bacterial and fungal strains were purchased from
the American Type Culture Collection (ATCC) (Manassas, VA): Staphylococcus epidermidis
(ATCC 35984), Staphylococcus aureus (ATCC 25923), Escherichia coli (ATTC 12435),
Pseudomonas aeruginosa (ATCC 15442), and Candida albicans (ATCC 10231).

Polymer Characterization

1H spectra were obtained on a Mercury 300 MHz spectrometer operating in the Fourier
transform mode. Five percent (w/v) CDCls (dried over 4 A molecular sieves) solutions were
used to obtain spectra. Residual CDCl3 was used as an internal standard set to 7.26 ppm. IR
spectra of neat liquids on NaCl plates were recorded using a Bruker TENSOR 27 Fourier
transform infrared spectrometer. GPC analysis was performed on a Tosoh Corporation
(Tokyo, Japan) model HLC-8320 EcoSEC system with a two-column set of TOSOH
Bioscience TSKgel columns (Super HM-M 6.0 mm ID x 15 ¢cm columns) and a guard
column (Super H-H 4 um). The system was equilibrated at 40 °C in chloroform, which
served as the polymer solvent and eluent (flow rate set to 0.6 mL/min). The differential
refractometer was calibrated with Polymer Laboratories, Inc. polystyrene standards (580 to
370,000 Da).

Polym Chem. Author manuscript; available in PMC 2018 September 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hawkins et al. Page 11

General Synthetic Approach

All reactions were run under a nitrogen (N,) atmosphere with a Teflon-covered stir bar to
agitate the reaction mixture. ODMS;; (ODMS47, ODMS,4, and ODMS3q) were prepared by
a triflic acid-catalyzed ring-opening reaction of D, with TMDS (Scheme 1).61 D, and
TMDS (4:1, 5:1, and 6:1 molar ratios, respectively) were combined with triflic acid in a 100
mL round bottom flask equipped with a rubber septum at room temperature (RT). After 2.5
h, HMDS was added to the reaction to neutralize the acid. The reaction was then filtered to
remove salts, and volatiles were removed under reduced pressure.

a-Triethoxysilylethyl-w-silane-oligodimethylsiloxane ; (TES-ODMS;17, TES-ODMSoy,
and TES-ODMS3g) and triethoxysilylethyl-oligodimethylsiloxane ,,-block-poly(ethylene
oxide)g (m = 17, m = 24, and m = 30) were prepared using a previously reported strategy.3!
Briefly, TES-ODMS;7, TES-ODMS,4, and TES-ODMS3; were synthesized by the Rh-
catalyzed regioselective hydrosilylation of equimolar amounts of VTEOS with ODMS,7,
ODMS,,4, and ODMSgy, respectively (Scheme 1). An equimolar ratio of ODMS,,, and
VTEOQOS were combined with Wilkinson’s catalyst and toluene and then heated to 80 °C.
After 12 h, toluene was removed under reduced pressure, the product was purified by flash
column chromatography on silica gel with hexanes/ethyl acetate (2:1 v/v), and volatiles were
removed under reduced pressure.

PEO-silane amphiphiles m = 17, m = 24, and m = 30 were synthesized by the Pt-catalyzed
hydrosilylation of equimolar amounts of A-PEOgM with TES-ODMS17, TES-ODMS,,
and TES-ODMSgyy, respectively (Scheme 1). TES-ODMS,,, and A-PEOgM were combined
with Karstedt’s catalyst and toluene and then heated to 70 °C. After 12 h, the progress of the
reaction was confirmed by the disappearance of the Si-H (72125 cm1) absorbance via IR
spectroscopy. The catalyst was removed by refluxing the reaction mixture with activated
charcoal for 2 h at 80 °C. After filtration, the volatiles were removed under reduced pressure
so that m =17, m = 24, and m = 30 were isolated as colorless liquids.

Synthesis of ODMS,7;—D, (20.0 g, 67.6 mmol), TMDS (2.28 g, 17.0 mmol), and triflic
acid (40 pL) were reacted as above and quenched with the final addition of HMDS (94 pL).
In this way, ODMS;7 (13.3 g, 60% yield) was obtained. 1H NMR (6, ppm): 0.05-0.11 (m,
102H, SiCHs), 0.18-0.19 (d, J= 2.7 Hz, 12H, OSIi[CHs],H), and 4.69-4.72 (m, 2H, SiH).

Synthesis of ODMS,,—D, (20.1 g, 67.9 mmol), TMDS (1.85 g, 13.8 mmol), and triflic
acid (40 L) were reacted as above and quenched with the final addition of HMDS (94 pL).
In this way, ODMS,, (18.2 g, 83% yield) was obtained. IH NMR (8, ppm): 0.05-0.11 (m,
144H, SiCH;), 0.18-0.20 (d, /= 2.7 Hz, 12H, OSIi[CH;],H), and 4.68-4.73 (m, 2H, SiH).

Synthesis of ODMS3p—D, (20.1 g, 67.9 mmol), TMDS (1.53 g, 11.4 mmol), and triflic
acid (40 pL) were reacted as above and quenched with the final addition of HMDS (94 pL).
In this way, ODMSg3 (16.5 g, 76% yield) was obtained. TH NMR (8, ppm): 0.04-0.10 (m,
180H, SiCHs), 0.18-0.20 (d, J= 2.7 Hz, 12H, OSi[CHz],H), and 4.68-4.73 (m, 2H, SiH).
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Synthesis of TES-ODMS17—ODMS;7 (7.12 g, 5.11 mmol), VTEOS (0.976 g, 5.14
mmol), and Wilkinson’s catalyst (10 mg) in toluene (50 mL) were reacted as above. In this
way, TES-ODMS7 (7.77 g, 96% yield) was obtained. IH NMR (&, ppm): 0.05-0.09 (m,
108H, SiCHs), 0.19 (d, /= 2.7 Hz, 6H, OSi[CH;]oH), 0.56 (s, 3H, SICHCH,), 1.09 (d, J=
7.5 Hz, 1H, SICH,CHb), 1.19-1.25 (m, 9H, SIOCH,CHjs), 3.82 (g, /= 7.0 Hz, 6H,
SiIOCH,CH3), and 4.68-4.72 (m, 1H, SiH).

Synthesis of TES-ODMS,4,—0DMS;4 (13.0 g, 6.81 mmol), VTEOS (1.30 ¢, 6.84
mmol), and Wilkinson’s catalyst (10 mg) in toluene (50 mL) were reacted as above. In this
way, TES-ODMS, (13.8 g, 96% yield) was obtained. IH NMR (8, ppm): 0.04-0.11 (m,
150H, SiCH;), 0.18 (d, J= 2.7 Hz, 6H, OSI[CHs],H), 0.56 (s, 3H, SiICH,CH,), 1.09 (d, J=
7.5 Hz, 1H, SICH,CH), 1.19-1.25 (m, 9H, SIOCH,CHjs), 3.82 (g, /= 7.0 Hz, 6H,
SIOCH,CH3), and 4.68-4.73 (m, 1H, SiH).

Synthesis of TES-ODMS3;—ODMS3; (11.9 g, 5.06 mmol), VTEOS (0.966 g, 5.08
mmol), and Wilkinson’s catalyst (10 mg) in toluene (50 mL) were reacted as above. In this
way, TES-ODMS3q (12.7 g, 98% yield) was obtained. 1H NMR (&, ppm): 0.04-0.09 (m,
186H, SiCH;), 0.18 (d, J= 2.7 Hz, 6H, OSi[CH5],H), 0.56 (s, 3H, SiCH,CHb), 1.09 (d, J=
7.5 Hz, 1H, SICH,CH,), 1.19-1.25 (m, 9H, SIOCH,CHs), 3.82 (g, J= 7.0 Hz, 6H,
SIOCH,CH3), and 4.68-4.72 (m, 1H, SiA).

Synthesis of m = 17—TES-ODMS;7 (7.85 g, 4.96 mmol), A-PEOgM (2.10 g, 4.95
mmol), and Karstedt’s catalyst (50 pL) in toluene (100 mL) were reacted as above. In this
way, m = 17 (7.76 g, 78% yield) was obtained. 1H NMR (8, ppm): 0.03-0.09 (m, 114H,
SiCHs), 0.48-0.53 (m, 2H, SiCH,CH,CHy), 0.55 (s, 3H, SiCH,CH), 1.08 (d, J= 7.5 Hz,
1H, SiICH,CHb), 1.18-1.25 (m, 9H, SIOCH,CHs), 1.52-1.65 (m, 2H, SiCH,CH,CH,), 3.37
(s, 3H, OCHa), 3.41 (t, J=7.2 Hz, 2H, SiCH,CH,CH,), 3.61-3.69 (m, 32H, OCH,CH),
and 3.74 (g, /= 7.0 Hz, 6H, SIOCH,CH3). IR (v): no Si-H band.

Synthesis of m = 24—TES-ODMS,,4 (13.4 g, 6.38 mmol), A-PEOgM (2.70 g, 6.37
mmol), and Karstedt’s catalyst (50 pL) in toluene (80 mL) were reacted as above. In this
way, m = 24 (14.3 g, 89% yield) was obtained. 1H NMR (8, ppm): 0.04-0.09 (m, 156H,
SiCHj), 0.48-0.54 (m, 2H, SiCH,CH,CHy), 0.56 (s, 3H, SiCH,CH,), 1.09 (d, J= 7.5 Hz,
1H, SICH,CH,), 1.19-1.25 (m, 9H, SIOCH,CHs), 1.54-1.66 (m, 2H, SiCH,CH,CH>), 3.38
(s, 3H, OCHs), 3.41 (t, J=7.1 Hz, 2H, SiCH,CH,CH,), 3.62-3.68 (m, 32H, OCH,CHb),
and 3.82 (g, /= 7.1 Hz, 6H, SiOCH,CHj3). IR (v): no Si-H band.

Synthesis of m = 30—TES-ODMS3q (12.3 g, 4.83 mmol), A-PEOgM (2.05 g, 4.83
mmol), and Karstedt’s catalyst (50 pL) in toluene (100 mL) were reacted as above. In this
way, m = 30 (12.6 g, 88% yield) was obtained. 1H NMR (&, ppm): 0.04-0.12 (m, 192H,
SiCHs), 0.48-0.54 (m, 2H, SiCH,CH,CH>), 0.55 (s, 3H, SiCH,CH,), 1.09 (d, J = 7.2 Hz,
1H, SICH,CH,), 1.18-1.25 (m, 9H, SiIOCH,CHj), 1.53-1.68 (m, 2H, SiCH,CH,CH>), 3.38
(s, 3H, OCHs), 3.41 (t, J = 7.2 Hz, 2H, SiCH,CH,CH,), 3.62-3.70 (m, 32H, OCH,CH,),
and 3.82 (g, J = 7.0 Hz, 6H, SIOCH,CHy3). IR (v): no Si-H band.
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Preparation of Surface-Grafted Films

Silicon wafers (17 x 1”) were ultrasonically cleaned in acetone (10 min) followed by
rinsing with acetone, repeating with DI water, and then drying in a 120 °C oven overnight.
Next, wafers were placed in a 7:3 (v/v) concentrated H,SO,4/30% H,0, (Piranha) solution
for 30 min (warning: Piranha must be handled with extreme caution), thoroughly washed
with DI water, and dried under a stream of air. The resulting oxidized wafers were then each
placed in a sealed jar containing the grafting solution comprised of the designated PEO-
silane amphiphile, the PEO-control, or the siloxane-control in HPLC-grade toluene (0.048
M) and placed on a shaker table for 12 h. The grafted wafers were subsequently removed
from the grafting solution, dried with a gentle stream of air, and annealed in a vacuum oven
(36 mm Hg) at 150 °C for 12 h. To remove unbound chains, the wafers were subjected to
sequential soaking (1 h) and sonication (3 min) with ethanol, the sequence repeated with DI
water, and lastly dried under a stream of air. Grafted silicon wafers were analyzed by x-ray
photoelectron spectroscopy (XPS), ellipsometry, and contact angle analysis. Grafted, silica-
coated QCM-D sensors used for protein adsorption measurements were prepared as above
following oxidation via exposure to oxygen plasma for 2 min (Harrick Plasma, PDC-00).

Preparation of bulk-modified silicone films

Microscope slides were sequentially washed with acetone, dichloromethane, and acetone
and dried in a 100 °C oven for at least 2 h prior to use.

In a scintillation vial, MED-1137 was combined with hexane (1:3, wt:wt) and each PEO-
silane amphiphile or the PEO-control at 50 pmol per gram of MED-1137 for a total of 7
solutions. Likewise, unmaodified silicone was prepared without the addition of a PEO-silane
amphiphile. The sealed vials were placed on a shaker table for 4 h to achieve homogeneous
solutions.

Solutions were solvent-cast onto leveled glass microscope slides (1.5 mL per slide) and a
polystyrene Petri dish cover placed on top of each, or into 24-well plates (0.25 mL per well)
and the lid placed on top for protein and bacteria testing. In this way, solvent evaporation
was slowed which prevented the formation of gas bubbles in the resulting cured coatings.
Films were allowed to cure at RT. After five days, coated slides were immediately used for
contact angle analysis. After seven days, coated slides were immediately used for
transparency measurements, and coated well plates were used for fibrinogen and bacteria
studies.

Characterization of surface-grafted films and silicone films

X-ray photoelectron spectroscopy (XPS)—Surface composition analysis of surface-
grafted films was performed using a Kratos AXIS Ultra Imaging X-ray photoelectron
spectrometer with a monochromatised Mg K, source and operating at a base pressure

of 2% x 102 mbar. All analyses were performed over 7 x 3 mm. Survey spectra were
obtained from 0 to 1100 eV to detect elements present at the surface of each silicon wafer.
High resolution (HR) analyses with pass energy of 40 eV were performed at a take-off angle
of 90° to determine elemental atomic percent composition. HR scans (180 s sweeps) were
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performed at 526 to 536 eV for O 1s, 280 to 295 eV for C 1s, and 96 to 106 eV for Si 2p.
The raw data was quantified and analyzed using XPS Peak Processing software.

Ellipsometry—Ellipsometry measurements of surface-grafted films were performed using
an Alpha-SE ellipsometer (J.A. Woollam Co., Inc.) with an incident angle of 70° in the
spectral range of 380-900 nm and in the high-precision mode (30 sec data acquisition time).
Using a standard two-layer (silica-silicon) optical model included in the manufacturer’s
software, the average thickness of the silicon wafer oxide layer was determined at three
different regions of five individual wafers. The obtained average oxide layer thickness of
2.01 nm is in agreement with literature values.52-64 To measure the thickness of the grafted
chains, the oxide layer thickness was utilized in a second optical model that included the
third “Cauchy layer” (polymer-silica-silicon). The index of refraction () of the PEO-silane
amphiphiles and the PEO-control was set to that of crystalline PEO (7= 1.450).47- %5 Each
reported thickness value (/) was based on three wafers, each measured at three different
regions.

Tensile tests—Tensile properties of the silicone films were performed at RT on a tensile
tester (Instron 3345). Rectangular specimens (737.5 mm x 75,5 mm x ~0.12 mm) were tested
with a gauge length of 5.5 mm and at a crosshead speed of 500 mm/min. From the resulting
stress versus strain curves, tensile modulus was determined as the slope from 20-100%
strain. Measurements were completed in triplicate.

Transparency measurements—The transparency of silicone films was measured with
an ultraviolet-visible (UV-Vis) spectrophotometer (Ocean Optics, Dunedin, FL) in
transmittance mode from 390 to 700 nm. Percent transmittance was converted to
absorbance, normalized to unmodified silicone based on film thickness, and then converted
back to transmittance.

Contact angle measurements—~For surface-grafted and silicone films, static (vstatic)
contact angles of DI water at the surface-air interface were measured at RT with a CAM200
(KSV Instruments) goniometer equipped with an autodispenser, video camera, and drop-
shape analysis software. wvgatic OF a sessile drop of water (5 puL) was measured at 0 sec, 15
sec, 1 min, and 2 min after deposition onto the coating surface for silicone films and at 0 sec
and 2 min for surface-grafted films. The reported wvg,tic Values are an average of three
measurements taken from three different areas of the same sample.

Protein adsorption—Surface-grafted films on silica-coated sensors (50 nm thickness; Q-
sense) were used for QCM-D measurements. QCM-D was performed with the following
sequence: (1) 150 pL/min flow of PBS until the frequency and dissipation values remained
constant for >5 min, (2) 150 uL/min flow of 100 pg/mL HF in PBS for 20 min, and (3) 150
uL/min flow of PBS for 5 min to remove loosely bound protein. The raw data was analyzed
using Q-Sense software to determine the adsorbed mass of HF.

HF adsorption onto silicone films was measured using a modified immunosorbent assay.
Three replicate coated wells of each composition were exposed to 0.15 mL of HF solution
prepared in phosphate buffered saline (PBS) (3.0 mg/mL) and statically incubated for 1 h at
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37 °C. The protein solution was removed and each well was rinsed three times with PBS
before the addition of TBS-T20 (0.50 mL), which was incubated for 30 min at 37 °C. Wells
were then rinsed three times with TBS-T20. Next, to each well was added 0.5 mL goat anti-
fibrinogen (HRP)-conjugated polyclonal detection antibody (1:50,000 dilution in TBS-T20)
and statically incubated for 1 h at 37 °C. Wells were then rinsed three times with TBS-T20.
TMB di-HClI substrate solution (0.5 mL) was added and allowed to incubate for 30 min at
37 °C. To stop the reaction, 2 M H,SO,4 was added to each well and plates were shaken on
an orbital shaker at RT for 15 min. To quantify the amount of adsorbed HF on each surface,
0.15 mL of each resulting solution was transferred to a 96-well plate, absorbance was
measured at 450 nm using a spectrophotometer (Tecan Safire2), and the value was compared
to a HF standard curve (0.01 to 10,000 ng/mL). An unmodified silicone-coated slide served
as a hydrophobic control with well-known high protein adsorption.

Biofilm growth and retention—Biofilm growth and retention on silicone films was
characterized for bacteria S. epidermidis, S. aureus, E. coli, and P, aeruginosa as well as for
the fungal pathogen C. albicans using a semi-automated, multi-well plate screening
methodology.86-68 Overnight cultures of S. epidermidisand S. aureusin Tryptic Soy Broth
(TSB) were re-suspended in 1X PBS to 0.6 ODgqp and used to prepare 107-108 cells/mL
suspensions in deionized (DI) water supplemented with 10.22 g/L NayHPOy, 3.81 g/L
KH2POy, 1.01 g/L KCI, 0.793 g/L (NH4)2S04, 0.06 g/L MgSQy, 0.5 g/L dextrose, 1.0 pg/L
thiamine and 0.5/L pg biotin. For £. coliand P, aeruginosa, overnight cultures were prepared
in LB broth, re-suspended in 1X PBS to 0.4 ODggg and used to prepare 107-108 cells/mL
suspensions in minimal medium M63 + 2 g/L dextrose (£. coli) and 0.6 g/L TSB in
deionized water (R aeruginosa). An overnight culture of C. albicansin 1X YNB + 100 mM
dextrose was re-suspended in 1X PBS to 0.6 ODggg and used to prepare a 107-108 cells/mL
suspension in 1:10 RPMI 1640 medium/deionized water.

One milliliter of the final bacterial and fungal cell suspensions was added to three replicate
films prepared 24-well plates®6 and incubated statically at 37°C for 72 hr for S. aureus and
S. epidermidis and 24 hr for the remaining microorganisms to promote cell attachment and
biofilm growth. The films were rinsed 3x with 1X PBS, dried at ambient laboratory
conditions for 1 hr and stained with 0.5 mL of a CV dye solution (0.35% in DI water) for 15
min. Excess CV solution was removed and films were rinsed 3x with DI water, dried for 1 hr
at ambient laboratory conditions and extracted in 0.5 mL of 33% glacial acetic acid for 15
min to solubilize CV dye bound to retained biofilm. A 0.15 mL aliquot of acetic acid extract
from each silicone film was transferred to 96-well plate and measured for absorbance at 600
nm using a multi-well plate spectrophotometer. Three replicates for each film composition
were normalized to an assay control (i.e. growth media without microorganism) and the
average value was reported for each microorganism.

CONCLUSIONS

Silicones having broad spectrum anti-biofouling behavior towards fibrinogen as well as to
bacteria and fungus are expected to improve efficacy and safety when used for implanted
medical devices. Herein, we demonstrate the comprehensive anti-biofouling behavior of
PEO-silane amphiphiles [a-(EtO)3Si(CH>),-oligo-dimethylsiloxane ;- block-(OCH,CH))g-
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OCHj3] when used to bulk-modify silicone. While previously prepared with shorter siloxane
tether lengths (m = 0, 4, 13), PEO-silane amphiphile SMAs were successfully prepared with
an extended siloxane tether length range (m = 17, 24, and 30) using a regioselective
hydrosilylation strategy. Additionally, these syntheses were carried out at a multi-gram scale,
demonstrating the robustness of the technique. While the protein resistance of PEO grafted
to model substrates is well documented, if fails to reveal the ability of PEO to undergo the
necessary water-driven surface migration when blended into silicones. Indeed, when PEO-
silane amphiphiles were grafted onto silicon wafer, their resulting increased surface
hydrophobicity contributed to greater adsorption of HF protein versus grafted PEO-silane
(i.e. PEO-control) surfaces. In contrast, silicones bulk-modified with PEO-silane
amphiphiles underwent rapid and substantial water-driven surface restructuring, resulting in
very hydrophilic surfaces indicative of PEO-enrichment. The PEO-control failed to produce
this effect. The enhanced surface-restructuring potential is hypothesized to stem for the
molecular mobility and similar solubility of the siloxane tethers and the silicone matrix.
Surface hydrophilicity was somewhat maximized for silicones modified with PEO-silane
amphiphiles of intermediate tether lengths (m = 13 and 17), perhaps due to steric limitations
of longer tethers during restructuring. A topic of future studies for this series, a preliminary
report demonstrated the maintenance of surface hydrophilicity and protein resistance for
silicones modified with m = 13 and m = 30 after first conditioning in water for 2 weeks.59
While contact angle analysis was utilized to observe water-driven surface restructuring,
other factors can contribute to the biological adhesiveness. Thus, we did not predict that
contact angle and biological accumulation would correlate in a scalable fashion. Still, a lack
of significant surface hydrophilicity nearly always coincided with poor fouling resistance.
For example, due to a lack of surface-restructuring, silicones bulk-modified with the PEO-
control remained quite hydrophobic and also exhibited poor resistance to HF adsorption and
microbial biofilm growth. Silicones modified with m = 0 also failed to achieve a high
resistance to HF adsorption as well as to S. epidermis biofilm growth relative to unmodified
silicone. Against, £. coliand C. albicans, this modified silicone was less effective at
controlling fouling levels versus those modified with PEO-silane amphiphiles of longer
tether lengths. Interestingly, for 2 aeruginosa, only silicone modified with m = 0 exhibited
statistically significantly lower biofilm level versus unmodified silicone. This may be
attributed the high adherence of some £ aeruginosa strains to hydrophilic surfaces, like PEO
brushes. However, overall, PEO-silane amphiphiles with a siloxane tether length of m=>4
were highly effective in reducing HF adsorption and microbial biofilm growth. Optical
transparency, advantageous for ocular and sensing type implanted devices, was best for
silicones when modified with PEO-silane amphiphiles whose tether lengths were m = 13. In
this way, PEO-silane amphiphiles with moderate to longer tether lengths are effective SMAs
for silicones and may improve safety and efficacy when used to form implanted devices.
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Fig. 1.

(a-c) The efficacy of PEO to resist biofouling relies on its enrichment at the surface-water
interface where biofouling occurs. (d) Herein, silicones were bulk-modified with PEO-silane
amphiphiles of variable siloxane tether length (/77) and their anti-biofouling behavior
compared to each other as well as to silicones bulk-modified with a PEO-control (i.e. a
conventional PEO-silane lacking a siloxane tether). Results were compared to surface-
grafted analogues that also included a siloxane-control (i.e. no PEO-segment).
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Fig. 2.
Static contact angles (6Gsatic) of silicon wafers grafted with PEO-silane amphiphiles, the

PEO-control, and the siloxane-control at 0 sec (dark) and 2 min (light) following water
droplet placement. Each bar represents the average and standard deviation of three
measurements taken from three different areas of the same sample. Using single factor
Anova, statistically significant differences in (Esatic (2 min) (p < 0.05) among all specimens
were noted.
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Fig. 3.

QCM-D-measured adsorption of HF onto silica sensors grafted with PEO-silane
amphiphiles, the PEO-control and the siloxane-control. After equilibration for 5 min with
PBS, the sensors were exposed to HF for 20 min and then to PBS for 5 min.
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Fig. 4.
Photographs of unmodified silicone and silicones bulk-modified with PEO-silane

amphiphiles and the PEO-control.
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Fig. 5.

Stgtic contact angles (6static) of unmodified silicone and silicones bulk-modified with PEO-
silane amphiphiles and the PEO-control. Bars are organized as the time after water droplet
placement from dark color to light as follows: 0 sec, 15 sec, 1 min, and 2 min. Each bar
represents the average and standard deviation of three measurements on three different areas
of the same sample. Using single factor Anova, statistically significant differences in Ggatic
(2 min) (p< 0.05) among all specimens were noted.
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Fig. 6.

Fibrinogen adsorption on of unmodified silicone and silicones bulk-modified with PEO-
silane amphiphiles and the PEO-control. Each bar represents the average and one standard
deviation of three replicates. Statistical significance was determined by single factor Anova
(where * indicates p < 0.05). For low fouling surfaces, differences in HF adsorption were

compared to silicones modified with m = 24.
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Bacterial and fungal biofilm formation on unmodified silicone and silicones bulk-modified
with PEO-silane amphiphiles and the PEO-control. Each bar represents the average and one
standard deviation of three replicates. Statistical significance was determined by single
factor Anova (where * and # indicates p < 0.05 for “pairs” or to unmodified silicone,

respectively.)
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Scheme 1.
Synthesis of PEO-silane amphiphiles with a siloxane tether of varying length (/7) (m =0, m

=4, m=13, m=17, m =24 and m = 30) and corresponding intermediates (ODMS,,, and
TES-ODMS,).

Polym Chem. Author manuscript; available in PMC 2018 September 14.



Page 28

Hawkins et al.

v'e - 0Tt 0zt 60F5C 10T 982t |043U02-3UBXO|IS
TE v'e 67'T 850 T0762 86°0 8962 0 =W
6°C v'e 6€T S9°0 T0+8%¢ 86°0 ¥ese ye=u
e v'e o't 650 07072 66°0 9002 [T=w
ve ve LST ¢S50 [AE N 86°0 0TLT ET=w
9T v'e LTT ¢6°0 S0+9T 00T 0T y=uw

- v'e S0'T ST E0FYT 20T 6. 0=w
- v'e 0.0 09 Z0¥F€2 eTT 885 1042U09-03d
(wu) ¢rNeg = 34z (wu)geNez (wu) gplon (uuysureyo) U/(NGY)  (wu) yssawpoiyl  (uyB)d Ausuad  (jowyB) Uy @9BIINS payelD

Buioeds A1o]4 auexo|is

=3y Buroeds Aioj4 O3d /v) = @ ddueISIqQ Yedo

=0 Ajsuaqg ureyn

Author Manuscript

"|0JU02 BUBXO[IS 3Y) pue |0JU0I-O3d 3yl ‘sajiydiydwe auejis-O3d yum payelh siagem uodljis Joj erep Answosdi||3

T alqeL

Author Manuscript

Author Manuscript

Author Manuscript

Polym Chem. Author manuscript; available in PMC 2018 September 14.



	Abstract
	Table of Contents
	Introduction
	Results and discussion
	Synthesis of PEO-silane amphiphiles (m = 0, m = 4, and m = 13)
	Synthesis of ODMSm
	Synthesis of TES-ODMSm

	Synthesis of PEO-silane amphiphiles (m = 17, m = 24, and m = 30)
	Characterization of surface-grafted films
	XPS
	Ellipsometry
	Contact angle analysis
	Protein adsorption via QCM-D

	Characterization of bulk-modified silicone films
	Film preparation, transparency and modulus
	Contact angle analysis
	Protein adsorption via ELISA
	Biofilm adhesion


	Experimental part
	Materials
	Polymer Characterization
	General Synthetic Approach
	Synthesis of ODMS17
	Synthesis of ODMS24
	Synthesis of ODMS30
	Synthesis of TES-ODMS17
	Synthesis of TES-ODMS24
	Synthesis of TES-ODMS30
	Synthesis of m = 17
	Synthesis of m = 24
	Synthesis of m = 30

	Preparation of Surface-Grafted Films
	Preparation of bulk-modified silicone films
	Characterization of surface-grafted films and silicone films
	X-ray photoelectron spectroscopy (XPS)
	Ellipsometry
	Tensile tests
	Transparency measurements
	Contact angle measurements
	Protein adsorption
	Biofilm growth and retention


	CONCLUSIONS
	References
	Fig. 1
	Fig. 2
	Fig. 3
	Fig. 4
	Fig. 5
	Fig. 6
	Fig. 7
	Scheme 1
	Table 1

