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Abstract

Silicones with superior protein resistance were produced by bulk-modification with poly(ethylene
oxide) (PEO)-silane amphiphiles that demonstrated a higher capacity to restructure to the surface-
water interface versus conventional non-amphiphilic PEO-silanes. The PEO-silane amphiphiles
were prepared with a single siloxane tether length but variable PEO segment lengths: a-
(EtO)3Si(CH>),-oligodimethylsiloxane 3-block-poly(ethylene oxide),-OCH3 (n = 3, 8, and 16).
Conventional PEO-silane analogues (n = 3, 8 and 16) as well as a siloxane tether-silane (i.e. no
PEO segment) were prepared as controls. When surface-grafted onto silicon wafer, PEO-silane
amphiphiles produced surfaces that were more hydrophobic and thus more adherent towards
fibrinogen versus the corresponding PEO-silane. However, when blended into a silicone, PEO-
silane amphiphiles exhibited rapid restructuring to the surface-water interface and excellent
protein resistance whereas the PEO-silanes did not. Silicones modified with PEO-silane
amphiphiles of PEO segment lengths n = 8 and 16 achieved the highest protein resistance.

Introduction

Silicones, particularly silica-reinforced, crosslinked poly-dimethylsiloxane (PDMS), are
widely used for medical, marine and industrial applications. These include blood-contacting
devices (e.g. hemodialysis catheters, catheter balloons and cardiac pacing leads)1-3 and
marine coatings.* Unfortunately, as a result of their extreme hydrophobicity, the
performance of silicones is severely limited by poor resistance to biomolecules such as
proteins.> 8 For example, in the case of blood-contacting devices, the non-specific

Correspondence to: M. A. Grunlan, ngr unl an@ anu. edu.

Electronic Supplementary Information (ESI) available: [Contact angle analysis data for surface-grafted wafers (Table S1), contact
angle analysis data for bulk-modified silicones (Table S2), and protein adsorption fluorescent intensity measurements for bulk-
modified silicones (Table S3)].



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rufin et al.

Page 2

adsorption of plasma proteins is considered the first step of thrombosis and even
infection.”9 Various modifications have been utilized to hydrophilize silicones in order to
reduce protein adsorption, including physical, chemical and combined approaches.10-14

Silicone modification with poly(ethylene oxide) (PEO; or poly(ethylene glycol) (PEG))
represents arguably the most widely utilized method for enhancing hydrophilicity and
protein resistance.15-19 The exceptional protein resistance of PEO is attributed to its
hydrophilicity and hydration, as well as its configurational mobility.29-23 The
biocompatibility?4 and recently demonstrated in vivo oxidative stability2> of PEO
contributes to its widespread use. Notably, the protein resistance of PEO has largely been
assessed for chains surface-grafted onto physically stable substrates such as gold,26-28
silicon2%-31 and glass.32 33 For these “model PEO surfaces,” PEO chains are maintained at
the surface irrespective of the environment (i.e. air versus water). In contrast, PEO chains
incorporated into silicones are subject to surface reorganization upon exposure to a different
environment.34 This process has been studied mainly in terms of hydrophobic recovery (i.e.
loss of hydrophilicity with exposure to air) such as that observed for plasma treated
silicones.3® This behavior is attributed to the low surface energy of silicones,3¢: 37 coupled
with their high chain flexibility.38: 39 For example, hydrophobic recovery has been observed
for PEO-modified silicones formed by bulk crosslinking with triethoxysilylpropyl PEO
monomethyl ether [(Et0)3Si(CH2)3-(OCH,CHo),-OCH3]*0: 41 as well as allyl PEO
monomethyl ether (CH,=CHCH,-(OCH,CH),-OCHs.42 Hydrophobic recovery is also
observed for surface-grafted PEO chains such as those prepared with allyl PEO monomethyl
ether.42: 43 However, since biofouling events such as protein adsorption occur in an aqueous
environment, the rapid and substantial surface restructuring of PEO to the surface-water
interface is of critical importance.

Towards the goal of enhancing the protein resistance of silicones, we sought to improve the
capacity of PEO to migrate to the surface-water interface by altering its molecular structure.
Previously, we reported PEO-silane amphiphiles prepared with a siloxane tether of varying
lengths (m) separating the PEO segment from the crosslinkable ethoxy silane groups
[a(EtO)3Si(CH,),-oligodimethylsiloxane,-(OCH,CH,)s-OCHs; m= 0, 4, 13].44 The
siloxane tether distinguishes the PEO-silane amphiphiles from the analogous conventional
PEO-silanes noted above which contain a short alkane (e.g. propyl) spacer.40-43 The
siloxane tether is characterized by high flexibility resulting from the wide bond angle (~145
°) and low barrier to linearization (~0.3 kcal/mol) of Si-O-Si dimethylsiloxane bonds,
features that give rise to low glass transition temperatures (e.g. PDMS, Ty = -125 °C).38 39
Like a silicone elastomer, the siloxane tether is also hydrophobic, imparting an amphiphilic
character to these PEO-silanes. We anticipated that the flexibility and similarly hydrophobic
nature of the siloxane tether would facilitate water-driven migration to the surface of a bulk-
modified silicone thereby reducing protein adsorption. Indeed, when the PEO-silane
amphiphiles (m= 0, 4, 13) were bulk crosslinked with a,®-bis(Si-OH) PDMS (M,, = 3000 g/
mol), protein resistance** as well as bacteria and diatom resistance®® increased with siloxane
tether length. Furthermore, extensive atomic force microscopy (AFM) analysis has
confirmed the water-driven migration of PEO to these silicone coating surfaces to form
nanocomplex surfaces.*6 Herein, we evaluated the impact of PEO segment length by bulk
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crosslinking a medical grade RTV silicone with three PEO-silane amphiphiles of different
PEO segment lengths (n = 3, 8 and 16) and a single siloxane tether length (m = 13) (Figure
1). Given the protein resistance of PEO oligomers when surface-grafted onto a model
substrate,26 PEO-silane amphiphile (n = 8) was selected for our previous work to enhance
the protein resistance of bulk-modified silicones.*4 46-49 Thus, for this study, values of “n”
(3, 8, and 16) were chosen as they are “substantially” different from one another (by a factor
of approximately two) and thus were predicted to have different restructuring potentials.
Analogous conventional PEO-silanes or “PEO-controls” (i.e. no siloxane tether, n= 3, 8,
and 16) as well as a “siloxane-control” (i.e. no PEO segment, m = 13) were likewise
evaluated to highlight the effect of the siloxane tether. Water-driven surface restructuring
was quantified by temporal static contact angle analysis of water droplets, and resistance to
fibrinogen was also measured. In addition, PEO-silane amphiphiles, PEO-controls and the
siloxane-control were each surface-grafted onto silicon wafers in order to evaluate their
protein resistance in the absence of surface restructuring. This study therefore represents an
effort to better understand the influence of the siloxane tether and PEO segment length on
the protein resistance and surface restructuring of PEO-silanes through systematic
comparisons versus controls.

Results and discussion

Surface-grafted coatings on silicon wafers

The protein resistance of PEO-silane amphiphiles (n = 3, 8, and 16) in the absence of water-
driven restructuring to the surface was evaluated with surface-grafted coatings prepared on
silicon wafers. PEO-controls (n = 3, 8, and 16) and the siloxane-control were likewise
evaluated to elucidate the impact of the siloxane tether.

X-ray photoelectron spectroscopy (XPS)—The surface-grafting of conventional
PEO-silanes onto silicon wafers has been widely reported.29-31 Likewise, the successful
surface-grafting of PEO-silane amphiphiles (n = 3, 8, and 16) was confirmed via XPS with
the PEO-control (n = 8) and siloxane-control serving as controls. Surface elemental atomic
percent compositions are reported in Table 1. For the oxidized silicon wafer, the O 1s and Si
2p peaks correspond to the wafer composition whereas the carbon (C 1s) is attributed to
adsorbed contaminants.%: °1 Following surface-grafting, a decrease in Si 2p and increase in
C 1s content was observed as expected. To further confirm surface-grafting, the C 1s peak
was deconvoluted into two peaks of different binding energies and normalized to the peak
centered at 284.5 eV (Figure 2). These peaks correspond to the C-C/C-Si (at 284.5 eV) and
C-O (at 286.4 eV) of PEO.*3 The areas of the C-C/C-Si and C-O peaks are reported in Table
1. When surfaces were grafted with PEO-silane amphiphiles, C-O content increased with
PEO-segment length (n) and a concomitant decrease in C-C/C-Si content was also observed.
As expected, the relative quantity of C-O on the surface grafted with the PEO-control was
greatest due to the absence of C-Si associated with the siloxane tether that was present on all
other samples. Finally, for the surface-grafted siloxane-control, C-O content was very low
and may be attributed to residual unreacted ethoxy groups. Together, these results confirm
the successful grafting of PEO-silane amphiphiles to silicon wafers.
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Ellipsometry—As chain spacing is known to influence protein resistance of grafted PEO
coatings,2 53 it was important to ensure that the graft density was similar for all samples
using ellipsometry. Dry thickness values (h) of grafted PEO-silane amphiphiles, PEO-
controls, and the siloxane-control were measured and the obtained values of h were then
used to estimate the chain density (o) (Table 2):54-56

o=(hpN,)/Mn (1)

where p is the density of the dry grafted layer, Na is Avogadro's number and My, is the
number average molecular weight of the chain. The chain distance or “spacing” (D, nm) (i.e.
distance between grafting sites) was also calculated (Table 2):%¢

D=(4/70)'? (2

Utilizing the described grafting conditions, all grafted layers were found to have similar
chain spacing (D) (1.0 - 1.5 nm) except for the PEO-control (n = 8). This particular
composition yielded high values of h (~4.3 nm) which are significantly higher than the fully
extended chain length of the PEO segment (~ 2.8 nm),%7 indicative of substantial multilayer
formation. To prevent multilayer formation and increase D, the grafting conditions for the
PEO-control (n = 8) were adjusted as follows: grafting solution concentration = 0.006 M,
exclusion of water droplet from grafting solution, and cure under vacuum at RT.

For all compositions of surface-grafted chains to be in the brush regime, D must be less than
twice the Flory radius (2R).53 For each chain composition, R was calculated on the basis of
the length of one monomer (a) and the degree of polymerization (N) as follows: 3 58,59 (j)
for the siloxane-control in a poor solvent (water): Rf = aN'/3, where a= 0.5 nm and N = 13
and (ii) for the PEO-controls in a good solvent (water): Ri= aN3/®, where a = 0.35 nm and N
= n. For all of these controls, D< 2R;. Calculation of R for the PEO-silane amphiphiles is
complicated by the fact that these contain two “blocks” (i.e. siloxane tether and PEO
segment) of differing solubility in water. Thus, R was individually calculated on the basis of
both the siloxane tether and the PEO segment#’ using the aforementioned equations. For all
grafted PEO-silane amphiphiles, D< 2Ry, even when considering the lower of the two
calculated Rs values. Thus, for all grafted chains, a brush regime was obtained.

Water contact angle analysis—An oxidized silicon wafer provides a physically stable
surface such that the concentration of grafted chains is maintained at the surface,
irrespective of an air or water environment. Thus, the impact of PEO-silane amphiphile
structure, including PEO segment length, on surface wettability (i.e. Ogiatic) may be
elucidated by comparing these grafted surfaces to those prepared with the PEO-controls and
the siloxane-control. Og.tic Was measured immediately after water droplet deposition (0 sec)
and at 2 min (Figure 3; Table S1). For all grafted surfaces, Ogtatic (0 S) was very similar to
Ogtatic (2 min) due to the expected lack of surface restructuring. For the siloxane-control
grafted surface, the hydrophobicity of the siloxane tether (and the absence of a hydrophilic
PEO segment) led to a hydrophobic surface as characterized by Ogic > 90°.60 In the case of
PEO-control grafted surfaces, surface hydrophilicity increased (i.e. Ostatic decreased) with
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increased PEO-segment length (n). This trend was likewise observed for PEO-silane
amphiphile grafted surfaces. However, due to the contributions of the PEO-silane
amphiphiles' hydrophobic siloxane tethers, these surfaces were substantially more
hydrophobic versus the corresponding PEO-controls (i.e. same n).

Protein adsorption—Human fibrinogen (HF) was chosen as the protein for these
adsorption studies due to its well-established influence in surface-induced thrombosis by
causing platelet adhesion and activation.1-66 |ts use in evaluating the thromboresistance of
materials in vitro has also been well established.26: 40. 46-49, 53, 54, 63, 67-71 Adsorption of HF
onto surface-grafted silicon wafers was measured by quartz crystal microbalance with
dissipation monitoring (QCM-D) (Figure 4). QCM-D has been widely used for measuring
adsorption of proteins on low-fouling grafted monolayers and thin films.”% 7274 The
Sauerbrey model was used to approximate the mass of fibrinogen due to the relatively low
dissipation of the adsorbed protein.®® Furthermore, the changes in frequency and dissipation
for the most protein-resistant surfaces were too small for the software to accurately calculate
the mass using a viscoelastic (Voigt) model. Mass was calculated from the seventh overtone
of frequency.

Proteins, including HF, are known to adsorb more onto hydrophobic versus hydrophilic
surfaces.”® 76 Indeed, the degree of hydrophobicity of the grafted surfaces (as indicated by
Ostatic reported in Figure 3) correlates well with the observed amounts of HF adsorbed
(Figure 4). For instance, the siloxane-control produced the most hydrophobic grafted surface
which led to the highest level of HF adsorption. Due to increasing hydrophilicity, the protein
resistance of grafted surfaces with PEO-silane amphiphiles as well as PEO-controls
increased with PEO-segment length (n). Notably, for a given PEO-segment length (n), the
PEO-silane amphiphile adsorbed more HF than the PEO-control which is consistent with the
higher hydrophobicity of the former. These results agree with the exceptionally low fouling
nature observed for PEO chains grafted onto stable surfaces.26: 28-30, 32, 33

Bulk-modified silicone coatings

In order to evaluate the capacity of the silanes to undergo water-driven surface
reorganization and reduce protein adsorption, a medical-grade RTV silicone was bulk-
modified with PEO-silane amphiphiles (n = 3, 8, and 16), PEO-controls (n = 3, 8, and 16)
and the siloxane-control. Each silane was introduced at a constant level (0.05 mmol of silane
per 1.0 g silicone) and the solvent-cast films were cured on glass slides (Figure 5). The
thicknesses of all films were measured by an electronic caliper and found to be 0.14 + 0.01
mm. When modified with the hydrophobic siloxane-control, the coating appearance
resembled that of the unmodified silicone. The lack of increased opacity of these films was
attributed to the solubility of the siloxane-control in the silicone matrix. In contrast, silicones
modified with PEO-controls were substantially more opaque and notably so when compared
to those prepared with the corresponding PEO-silane amphiphiles. Opacity increased,
particularly for the PEO-controls, as the PEO-segment length (n) increased. The lesser
increase in opacity of silicones modified with PEO-silane amphiphiles may be attributed to
reduced phase separation stemming from the solubility of the hydrophobic siloxane tether in
the silicone matrix.
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Water contact angle analysis—As noted, AFM was previously used to confirm the
water-driven formation of a PEO-enriched surface for silicone modified with the PEO-silane
amphiphile (n = 8).46 Water-driven surface restructuring of bulk-modified silicones was
evaluated by temporally measuring Ost,tic Of @ water droplet placed on the surface over a 3
min period (Figure 6, Table S2). As expected, the unmodified silicone was very
hydrophobic and the Og:ic value did not change significantly during the 3 min measurement.
The siloxane-control produced a modified silicone that was also very hydrophobic but
displayed a slight decrease in Ogatic Over 3 min (A = ~12°). However, at 3 min, Ogtatic Was
still > 90° and therefore hydrophobic.5% Notably, silicones modified with PEO-controls also
remained hydrophobic after 3 min (Ostatic, 3-min™> 90°), similarly exhibiting only a moderate
decrease in Ogatic 3 min after droplet deposition (n=3, A=~19° n=8, A=~15° n=16,A
= ~12°). Thus, the PEO-controls demonstrated a limited capacity to migrate to the surface-
water interface and hydrophobicity was only slightly diminished with decreased PEO length.
In contrast, when modified with PEO-silane amphiphiles, silicone surfaces underwent
extensive and rapid water-driven surface reorganization as noted by large decreases in Ogatic
over a 3 min period (n=3, A=~33°% n=8, A =~88° n=16, A = ~59°). Thus, the
siloxane tether critically facilitates the migration of PEO segments to the surface-water
interface. Due to this enhanced surface reorganization, initially hydrophobic surfaces
quickly became more hydrophilic, with hydrophilicity increasing in the order: n=3

(Ostatic, 3-min = ~84°) <n =16 (Ostatic, 3-min = ~57°) <N =8 (Ostatic, 3-min = ~29°). Thus, the
PEO segment length of PEO-silane amphiphiles produced an obvious impact. For n = 8,
modified silicones displayed the greatest decrease in Ogtatic Over 3 min (i.e. A) and also
achieved the highest hydrophilicity (i.e. Ostatic, 3-min)- FOr n = 16, the longer PEO segment
length likely imparts a greater steric challenge for water-driven surface reorganization. In
contrast, for n = 3, while short PEO segments may more readily move to the surface-water
interface, the reduced number of PEO repeating units diminishes the relative potential to
increase hydrophilicity.

Protein adsorption—~Protein resistance of the bulk-modified silicone “thick” films was
determined via confocal microscopy.*4 46.48.49 Adsorption of fluorescently-labeled HF
(100 pg/mL) was measured on silicone in terms of absolute fluorescent intensity (Table S3)
and that normalized to unmodified silicone (Figure 7). The unmodified silicone, due to its
high hydrophobicity, resulted in characteristically high protein adsorption. Due to its
hydrophobic nature, the siloxane-tether produced modified silicones with similarly high
protein adsorption. Despite modification of silicones with PEO-controls (n = 3, 8, and 16),
protein adsorption was also high. This is notably contrary to the high protein repellency of
PEO-controls when grafted onto silicon wafers (Figure 4). This can be explained by the
contact angle analysis that demonstrates that the PEO segments comprising the PEO-
controls are severely inhibited in their migration to the surface-water interface where protein
adsorption occurs (Figure 6). The PEO-silane amphiphile (n = 3), due to its short PEO
segment length and corresponding inability to effectively hydrophilize the surface-water
interface (Figure 6), also produced modified silicones that adsorbed high levels of protein.
However, distinctively low protein adsorption was observed for silicones modified with
PEO-silane amphiphiles (n = 8 and n = 16), with the PEO-silane amphiphile (n = 8) yielding
the lowest of the two. This agrees with the contact angle analysis that shows the rapid
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transition from a hydrophobic to hydrophilic surface, indicative of highly efficient water-
driven PEO surface migration (Figure 6). Thus, while these PEO-silane amphiphiles
demonstrated reduced protein repellency versus the corresponding PEO-controls when
surface-grafted onto silicon wafers (Figure 4), they are superior and highly effective in
reducing protein adsorption onto bulk-modified silicones.

Experimental

Materials

Vinyltriethoxysilane (VTEOS), triethoxysilane, a,w-bis-(SiH)oligodimethylsiloxane [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), 0.185 (d, J = 2.7 Hz, 12H,
SiCH3) and 4.67 — 4.73 (m, 2H, SiH)] and allyl methyl PEO3[M,, = 204 g/mol per
manufacturer's specifications; M, = 204 g/mol per 1H NMR end group analysis; *H NMR
(6, ppm): 3.35 (s, 3H, OCH3), 3.50 — 3.67 (m, 12H, OCH,CH,), 4.00 (dt, J= 6.0 and 1.5 Hz,
2H, CH,=CHCH,0), 5.13 - 5.28 (m, 2H, CH,=CHCH,0), 5.82 - 5.96 (m, 1H,
CH,=CHCH,0)] were purchased from Gelest. Allyl methyl PEO [Polyglykol AM 450, M,
= 292 — 644 g/mol per manufacturer's specifications; M, = 424 g/mol per 1H NMR end
group analysis; TH NMR (&, ppm): 3.35 (s, 3H, OCH3), 3.51 — 3.66 (m, 32H, OCH,CH,),
4.00 (d, J=5.4 Hz, 2H, CH,=CHCH,0), 5.13 - 5.28 (m, 2H, CH,=CHCH,0), 5.82 - 5.96
(m, 1H, CH,=CHCH,0)] was graciously provided by Clariant. Anhydrous magnesium
sulfate (MgSQy,), hydrogen peroxide (H,0,) solution (30%) and glass microscope slides (75
mm x 25 mm x 1 mm), and phosphate buffer solution (PBS, without calcium and
magnesium, pH = 7.4) were purchased from Fisher. Sulfuric acid (HoSOg4, 95-98%), PEO
mono methyl ether [Mp, = 750 g/mol per manufacturer's specifications, M, = 736 g/mol

per IH NMR end group analysis; 1H NMR (&, ppm): 3.37 (s, 3H, OCH3) and 3.53 — 3.73 (m,
64H, OCH,CH))], sodium hydride (NaH; 60 wt% dispersion in mineral oil), allyl bromide,
RhCI(Ph3P)3 (Wilkinson's catalyst), Pt-divinyltetramethyl-disiloxane complex (Karstedt's
catalyst), and human fibrinogen (HF; M, = 340 kDa; lyophilized powder; >90% clottable
protein) were purchased from Sigma-Aldrich and were used as received. Organic solvents
were also purchased from Sigma-Aldrich and were dried over 4 A molecular sieves prior to
use. Silicon wafers (111) were obtained from University Wafer, Inc. Silica-coated QCM-D
sensor crystals (QSX-303) were purchased from Q-Sense. Medical-grade RTV silicone
(MED-1137) was purchased from NuSil. Per manufacturer specifications, MED-1137 is
comprised of a,m-bis(Si-OH)PDMS,; silica (11-21%), methyltriacetoxysilane (<5%),
ethyltriacetoxysilane (<5%), and trace amounts of acetic acid. The Alexa Fluor 546-dye
conjugate of HF (AF-546 HF; M,, = 340 kDa; lyophilized) was obtained from Invitrogen.

Synthetic approach

All reactions were run under a N, atmosphere with a Teflon-covered stir bar to agitate the
reaction mixture. Chemical structures were confirmed with nuclear magnetic resonance
(NMR) spectroscopy using a Mercury 300 MHz spectrometer operating in the Fourier
transform mode and with CDClj3 as the standard.
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Synthesis of allyl methyl PEO1g—Allyl methyl PEO1¢ was prepared using a procedure
adapted from literature.””: 78 PEO methyl ether (M, 736 g/mol, 13.98 g, 19 mmol) was
dissolved in 90 mL tetrahydrofuran (THF) and added dropwise to a chilled (0 °C) NaH
dispersion (6.24 g, 156 mmol) in 120 mL THF. The reaction was then warmed to room
temperature (RT) and stirred for 6 h. Next, the PEO solution was chilled, allyl bromide
(19.32 g, 160 mmol) in 120 mL THF was added dropwise, and the mixture was warmed to
RT and stirred for 16 h. The reaction was then filtered to remove precipitates and volatiles
removed under reduced pressure. The resulting orange oil was dissolved in 75 mL de-
ionized (DI) water and washed 3 times with 75 mL toluene. The product was extracted 3
times with 50 mL chloroform. The chloroform solution was then dried with anhydrous
MgSOy, filtered, and volatiles removed under reduced pressure to yield the final product
(8.32 g, 56 % yield) as a white, waxy solid. 1H NMR (&, ppm): 3.36 (s, 3H, OCH3), 3.51 —
3.68 (m, 64H, OCH,CH5), 4.00 (dt, J=5.7 and 1.5 Hz, 2H, CH,=CHCH,0), 5.14 - 5.28
(m, 2H, CH,=CHCH,0), 5.83 - 5.96 (m, 1H, CH,=CHCH,0).

Synthesis of PEO-silane amphiphiles (n = 3, 8, and 16)—PEO-silane amphiphiles
(Figure 1) were prepared as previously reported for n = 8.44 Wilkinson's-catalyzed
regioselective hydrosilylation of VTEOS and a,w-bis-(SiH)oligodimethyl-siloxane;3
produced “1” which was then subjected to Karstedt's-catalyzed hydrosilylation with the
designated allyl methyl PEOy,.

PEO-silane amphiphile (n = 3): 1 (22.11 g, 17.2 mmol), allyl methyl PEO3 (3.50 g, 17.2
mmol) and Karstedt's catalyst were reacted together. In this way, the product (25.76 g, 94%
yield) was obtained. TH NMR (&, ppm): 0.00 — 0.15 (m, 90H, SiCHg3), 0.48 — 0.55 (m, 2H,
SiCH,CH,CH5), 0.56 (s, 3H, SiCH,CHy>), 1.09 (d, J = 7.8 Hz, 1H, SiCH,CH>), 1.22 (t, J =
7.1 Hz, 9H, SiIOCH,CH3), 1.54 — 1.66 (m, 2H, SiCH,CH,CH5), 3.38 (s, 3H, OCH3), 3.41 (t,
J=7.2 Hz, 2H, SiCH,CH»CH>), 3.52 — 3.69 (m, 12H, CH,CH,0) and 3.82 (g, J = 7.0 Hz,
6H, SIOCH,CH3).

PEO-silane amphiphile (n = 8): 1 (20.02 g, 15.57 mmol), allyl methyl PEOg (6.60 g, 15.57
mmol) and Karstedt's catalyst were reacted together.4 In this way, the product (22.68 g,
85% yield) was obtained. 1H NMR (&, ppm): -0.02 — 0.14 (m, 90H, SiCH3), 0.47 — 0.53 (m,
2H, SiCH,CH,CH?y), 0.55 (s, 3H, SiCH,CH>), 1.08 (d, J=7.5 Hz, 1H, SiCH,CH,), 1.22 (t,
J=7.1Hz, 9H, SIOCH,CH3), 1.52 - 1.66 (m, 2H, SiCH,CH,CHy>), 3.37 (s, 3H, OCHy3),
3.40 (t, J= 7.2 Hz, 2H, SiCH,CH,CHjy), 3.51 - 3.68 (m, 32H, CH,CH,0) and 3.81 (q, J =
7.0 Hz, 6H, SIOCH,CHy).

PEO-silane amphiphile (n = 16): 1 (17.98 g, 13.98 mmol), allyl methyl PEO¢ (10.85 g,
13.98 mmol) and Karstedt's catalyst were reacted together.4 In this way, the product (23.55
g, 82% yield) was obtained. 1H NMR (&, ppm): -0.01 — 0.15 (m, 90H, SiCH3), 0.47 — 0.54
(m, 2H, SiCH,CH,CH>), 0.55 (s, 3H, SiCH,CH,), 1.09 (d, J= 7.5 Hz, 1H, SiCH,CH,),
1.22 (t, J=6.9 Hz, 9H, SIOCH,CH3), 1.52 — 1.66 (m, 2H, SiCH,CH,CHy>), 3.37 (s, 3H,
OCHgy), 3.41 (t, J=7.2 Hz, 2H, SiCH,CH,»CH,), 3.52 - 3.72 (m, 64H, CH,CH,0) and 3.82
(9, J=6.9 Hz, 6H, SIOCH,CHy3).
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Synthesis of siloxane- and PEO-controls (n = 3, 8, and 16)—PEO-controls (i.e. no
siloxane tethers) (Figure 1) were prepared as previously reported for n = 8 by the Karstedt's-
catalyzed hydrosilylation of triethoxysilane and the designated allyl methyl PEO,, (1.1:1.0
molar ratio).44

PEO-control (n = 3): Triethoxysilane(5.43 g, 33.1 mmol), allyl methyl PEO3 (6.14 g, 30.1
mmol) and Karstedt's catalyst were reacted together. In this way, the product (7.53 g, 65%
yield) was obtained. TH NMR (&, ppm): 0.57 — 0.65 (m, 2H, SiCH,CH»CH>), 1.20 (t, J = 6.9
Hz, 9H, SiOCH,CH3), 1.62 — 1.74 (m, 2H, SiCH,CH,CH>), 3.36 (s, 3H, OCH3), 3.41 (t, J =
6.9 Hz, 2H, SiCH,CH,CH5), 3.51 — 3.68 (m, 12H, CH,CH,0) and 3.80 (g, J = 7.1 Hz, 6H,
SIOCH,CH3).

PEO-control (n = 8): Triethoxysilane(4.24 g, 25.8 mmol), allyl methyl PEOg (9.94 g, 23.4
mmol) and Karstedt's catalyst were reacted together.#4 In this way, the product (9.32 g, 68%
yield) was obtained. TH NMR (&, ppm): 0.57 — 0.64 (m, 2H, SiCH,CH,CH,), 1.20 (t, J= 7.1
Hz, 9H, SiOCH,CH3), 1.62 — 1.74 (m, 2H, SiCH,CH,CH>), 3.36 (s, 3H, OCH3), 3.41 (t, J =
6.8 Hz, 2H, SiCH,CH,CH,), 3.50 — 3.66 (m, 32H, CH,CH,0) and 3.79 (g, J = 7.0 Hz, 6H,
SIOCH,CH3).

PEO-control (n = 16): Triethoxysilane(1.57 g, 9.57 mmol), allyl methyl PEO+¢ (6.74 g,
8.69 mmol) and Karstedt's catalyst were reacted together. In this way, the product (4.17 g,
50% yield) was obtained. 1H NMR (&, ppm): 0.57 — 0.65 (m, 2H, SiCH,CH,CH,), 1.20 (t, J
= 6.9 Hz, 9H, SiOCH,CH3), 1.62 — 1.74 (m, 2H, SiCH,CH,CHy>), 3.36 (s, 3H, OCH3), 3.41
(t, J=6.9 Hz, 2H, SiCH,CH,CHj>), 3.50 - 3.71 (m, 64H, CH,CH,0) and 3.80 (g, J= 7.0
Hz, 6H, SiOCH2CH3).

Synthesis of siloxane-control (1): 1 served as the siloxane-control and was prepared as
noted above for the first step of the synthesis of the PEO-silane amphiphiles. VTEOS (3.53
g, 18.6 mmol) and a,w®-bis-(SiH)oligodimethylsiloxane (20.37 g, 18.6 mmaol) were reacted
together.## In this way, the product (23.65 g, 99% yield) was obtained 1H NMR (&, ppm):
0.003 - 0.177 (m, 84H, SiCHs), 0.19 (d, J = 7.5 Hz, 6H, OSi[CHz3],H), 0.56 (s, 3H,
SiCH,CHy), 1.09 (d, J= 7.5 Hz, 1H, SiCH,CH>), 1.23 (t, J = 7.1 Hz, 9H, SiOCH,CHy3),
3.83 (g, J=7.0 Hz, 6H, SIOCH,CHS3) and 4.67 — 4.73 (m, 1H, SiH).

Coating preparation

Preparation of surface-grafted coatings on silicon wafers—Silicon wafers (17 x
1”) were cleaned by sequentially sonicating in (10 min) and rinsing with acetone, repeating
with DI water and then drying in a 120 °C oven overnight. Next, the surfaces of the wafers
were oxidized by submerging in a 7:3 v/v concentrated H,SO,4/30% H,05 (Piranha) solution
for 30 min (warning: Piranha solution must be handled with extreme caution), removed,
rinsed thoroughly with DI water and dried under a stream of air. In a typical procedure,
grafting solutions comprised of each of the PEO-silane amphiphiles, PEO-controls and the
siloxane-control were prepared at a concentration of 0.012 M in isopropanol (IPA) (30 mL).
Following the addition of 1 drop of DI water, the grafting solutions were mixed in sealed
jars for 1 h on a shaker table. Next, an oxidized wafer was placed into a jar and remained on
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a shaker table for 12 h. Afterwards, the wafers were removed, air dried, and cured under
vacuum (36 mm Hg) at 150 °C for 12 h. To remove unbound chains, the wafers were
sequentially soaked (1 h), sonicated (3 min) and rinsed with ethanol, the sequence repeated
with DI water and then lastly dried under a stream of air.

Preparation of modified silicone coatings—Glass microscope slides were
sequentially rinsed with dichloromethane (DCM) and acetone followed by drying in a 120
°C oven overnight. Casting solutions were prepared by combining 2.0 g MED-1137 silicone
in 6 g (9 mL) hexane and mixing with a vortexer until a homogenous solution was obtained.
The PEO-silane amphiphiles, PEO-controls and siloxane-control were each added to
individual casting solutions at 0.05 mmol of silane per 1.0 g silicone and mixed thoroughly.
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 so as to slow solvent evaporation and
prevent bubble formation. The films were allowed to cure for one week at RT and
immediately used for designated analyses.

Surface Characterization

XPS—Surface composition analysis of surface-grafted coatings on silicon wafers was
performed with a KRATO AXIS Ultra Imaging X-ray Photoelectron Spectrometer with a
monochromatized Mg K, source and operating at a base pressure of ~2% x 10-2 mbar. The
area of analysis was 7 x 3 mm. Elemental atomic percent compositions were determined
from three survey spectra sweeps performed from 0 to 1100 eV. High resolution (HR)
analyses with a pass energy of 40 eV were performed with a take-off angle of 90°. HR scans
(180 s sweeps) were performed at 526 to 536 eV for O 1s, 280 to 295 eV for C 1s, and 96 to
106 eV for Si 2p. Raw data was quantified and analyzed using XPS Peak Processing
software.

Ellipsometry—The thickness of surface-grafted coatings on silicon wafers was measured
via ellipsometry (Alpha-SE, J.A. Woollam) with an incident angle of 70° in the spectral
range of 380-900 nm and in the high-precision mode (30 s data acquisition time). The
average thickness of the oxide layer of an oxidized silicon wafer was determined at three
regions of a wafer specimen (taken from a wafer designated for grafting with a particular
composition) using a standard two-layer (silica-silicon) optical model included in the
manufacturer's software. To measure the thickness of the grafted chains, the previously
determined oxide layer thickness was utilized in a second optical model that included the
third “Cauchy layer” (polymer-silica-silicon). The index of refraction (n) was set to 1.450
which is that of crystalline PEO.47: 53 The average thickness (h) of the grafted layers was
based on four individual wafers, each measured at three different regions.

Water contact angle analysis—Static contact angles (Ostatic) of DI water droplets were
measured at RT using a CAM-200 goniometer (KSV Instruments) equipped with an
autodispenser, video camera, and drop-shape analysis software (Attension Theta). Following
deposition, a 5 UL sessile drop of water was iteratively measured over a 2 min (surface-
grafted wafers) and 3 min (silicone-based coatings) period. The reported Ogtatic Values of the
surface-grafted wafers were based on four individual wafers, each measured at three
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different areas (12 measurements total). The Ogatic for the silicone-based coatings was an
average of three measurements from different areas of the same film surface.

Protein adsorption—~Protein adsorption onto surface-grafted coatings was measured by
QCM-D (Q-Sense E4). Silicon dioxide coated sensors (50 nm thickness; Q-Sense) were
ultrasonically cleaned with acetone and DI water as described above for silicon wafers.
Following exposure to oxygen plasma for 2 min (Harrick Plasma, PDC-001), the sensors
were surface-grafted with the designated PEO-silane amphiphile, PEO-control or siloxane-
control as described above for silicon wafers. Contact angle analysis was used to verify
grafting. Grafted sensors were subjected to the following sequence: (1) 150 pL/min flow of
PBS until the frequency and dissipation values remained constant for > 5 min, (2) 150
pL/min flow of 100 pg/mL HF in PBS for 20 min and (3) 150 pL/min flow of PBS for 5 min
to remove loosely bound protein. The manufacturer's software was used to process the raw
data and determine the mass of HF adsorbed to each sensor.

The adsorption of AF-546 HF onto silicone coatings was measured via fluorescence
microscopy. A silicone isolator well (20 mm well diameter, 2 mm depth; McMaster-Carr)
was pressed against silicone films thereby creating a seal which prevented leakage of
solution from the well. Fibrinogen solution (100 pg/mL in PBS, 0.7 mL) was added to each
well. (Note: Per manufacturer specifications, the AF-546 was first dissolved in 0.1 M
NaHCO3 to obtain a 1.5 mg/mL solution and was further diluted in PBS to obtain a final
concentration of 0.1 mg/mL.) After 3 h at RT (protected from light), the solution was
removed and 0.7 mL of fresh PBS was then added to each well and removed after 5 min.
This process was repeated five times with fresh PBS and lastly one time with DI water. The
samples were dried under a stream of air and protected from light until imaged. For each
coating, an additional specimen was prepared and likewise rinsed with PBS and DI water,
but without exposure to AF-546 (i.e. soaked 3 h in PBS) in order to correct for the
background intensity.

A FV1000 (Olympus) laser scanning confocal microscope was used for quantification of
protein adsorption onto all films. Imaging conditions, both in excitation and collection, were
identical for all samples: objective (SPLSAPO 10x objective, NA 0.40), laser excitation type
and intensity (HeNe 543 nm source), field of view and resolution (256 x 256 pixels, 317 x
317 micron field of view), depth (40 slices at 1 pm per slice), slice averaging, and collection
(150 pm pinhole, 560 nm long-pass filter followed by a 560-660 nm band-pass filter,
identical photomultiplier voltages/sensitivities). Data analysis was performed on the FVV10-
ASW v3.1 software suite (Olympus). Each surface was imaged in three locations and
aggregate intensities computed. These were compared to three images obtained from the
analogous surface that had similar treatment without protein exposure. Changes in intensity
from exposure to protein were then obtained and compared, with errors reported as the
standard deviation of three measurements.

Conclusions

While the exceptional protein resistance of PEO (e.g. conventional PEO-silanes) is well
described, these observations have largely been made when PEO is grafted to a physically
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stable substrate (e.g. silicon wafer). In this way, migration of the PEO to the surface-water
interface (where protein and other biological adhesion occurs) is not required. However,
when PEOQ is used to bulk-modify a silicone elastomer, rapid water-driven restructuring is
essential in order to affect protein resistance. In this work, both surface-grafted silicon and
bulk-modified silicones were prepared with PEO-silane amphiphiles comprised of a siloxane
tether (m= 13) and a PEO segment of variable lengths (n = 3, 8, and 16) as well as the
corresponding PEO-controls (i.e. no siloxane tether). Surface-grafted PEO-controls, due to
their greater hydrophilicity, demonstrated superior resistance to fibrinogen versus the PEO-
silane amphiphiles. However, when used to bulk-modify a silicone, PEO-controls produced
surfaces that remained hydrophobic after 3 min of exposure to water. As a result, these
surfaces exhibited poor resistance to protein adsorption. In contrast, PEO-silane amphiphiles
(n =8 and 16) demonstrated dramatic and rapid water-driven surface restructuring,
becoming extremely hydrophilic after exposure to water for only 3 min. As a result, these
surfaces displayed exceptionally high resistance to fibrinogen. While the PEO-silane
amphiphile (n = 3) also exhibited water-driven restructuring, the achieved hydrophilicity and
resistance to protein was diminished by its low PEO content. The enhanced potential of
PEO-silane amphiphiles to migrate to the surface-water interface and reduce protein
adsorption may be attributed to the hydrophobic nature as well as flexibility of the siloxane
tether which allows movement of the tether and attached PEO segment through the silicone
network. Furthermore, these results point to the limitations of predicting PEQ's protein
resistance using model substrates.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Structures of PEO-silane amphiphiles, PEO-controls and siloxane-control.
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HR C 1s XPS spectra of silicon wafers grafted with PEO-silane amphiphiles (n = 3, 8, and

16) as well as the PEO-control (n = 8) and siloxane-control.
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Static contact angle (Ostatic) Of surface-grafted silicon wafers at 0 s (dark) and 2 min (light)
following placement of water droplet. Each bar represents the average and standard
deviation of measurements performed in triplicate on four identically prepared samples.
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Siloxane-control

Amphiphile (n = 3)
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==~ ENHANCED VIEW
PEO-control (n = 8)

Time (min)

QCM-D-measured adsorption of human fibrinogen (HF) onto silica-coated sensors grafted
with the siloxane-control [blue solid line], PEO-silane amphiphiles (n = 3, 8, and 16)

[dashed lines] and PEO-controls (n = 3, 8, and 16) [solid lines]. 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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Figure 5.
Unmodified silicone and silicones bulk-modified with PEO-silane amphiphiles (n = 3, 8, and

16), PEO-controls (n = 3, 8, and 16) and the siloxane-control.
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Figure 6.
Static water contact angles measured over three minutes on bulk-modified silicone films.

Bars are organized as the time after initial drop placement from dark color to light as
follows: 0's, 155, 30 s, 1 min, 2 min and 3 min. Each bar represents the average of three
contact angles measured at the same time point on the same sample and the error bar is the
standard deviation.
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Figure 7.
Fibrinogen adsorption on bulk-modified silicones as measured by fluorescent intensity with

confocal microscopy. Each bar represents the average and standard deviation of pixel
intensity for three images normalized to unmodified silicone. Statistical significance was
determined for low-fouling samples by one-way analysis of variance (Holm-Sidak method
where * indicates p < 0.05).
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