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ABSTRACT

The protein resistance, subsequent thromboresistance, and marine anti-biofouling
ability of poly(ethylene oxide) (PEO) was enhanced by the addition of a flexible,
hydrophobic siloxane tether which imparts configurational mobility and amphiphilicity
to the PEO. Conventional PEO-silanes (i.e. no tether) lack these beneficial properties
and thus are limited in their ability to reduce biological adhesion onto bulk-crosslinked,
silicone medical devices (e.g. hemodialysis catheters) or onto silicone marine coatings.
To achieve antifouling behavior, PEO-modified silicones require the ability to undergo
extensive water-driven surface restructuring so as to form a hydrophilic, PEO-enriched
layer. A siloxane tether, due to its flexibility and similar hydrophobic nature as a silicone
matrix, may potently enhance PEO migration to the silicone-water interface.

New PEO-silane amphiphiles were prepared by variations to the siloxane tether
length and PEO end-group chemistry to enhance water-driven surface-restructuring and
PEO hydration, respectively. General formulas for the PEO-silane amphiphiles include
a-(EtO)3Si-(CHy),-oligodimethylsiloxanen-block-poly(ethylene oxide)s-OCH3; for those
with variable siloxane tether length (m =0, 4, 13, 17, 24, and 30) and a-(EtO)3Si-(CH>),-
oligodimethylsiloxaneis-block-poly(ethylene oxide);;-sulfobetaine for those with a
zwitterion PEO end-group.

PEO-silane amphiphiles were used to bulk-modify silicones towards the goal of
reducing protein adsorption and biofouling. First, a PEO-silane amphiphile bearing a

siloxane tether of length m = 13 was incorporated into medical-grade silicone with



variable amounts. It was determined that only a small amount (< 5wt%) was necessary
for high protein resistance. PEO-silane amphiphiles of variable siloxane tether length (m
= 0-30) and a conventional PEO-silane control (i.e. no tether) were bulk-crosslinked into
silicones and surface-grafted onto silicon wafers. Although the surface-grafted PEO-
silane amphiphiles were less protein resistant than the PEO-silane control, when
incorporated into a bulk-modified silicone, the PEO-silane amphiphiles exhibited
superior surface restructuring and, hence, protein resistance. An intermediate siloxane
tether length was observed to maximize surface restructuring and subsequent protein and
biofouling resistance. Lastly, the chemistry of PEO-silane amphiphiles was modified to
include a zwitterion PEO end-group. These novel PEO-silane amphiphiles may be used
for the bulk-modification of silicones to achieve high levels of PEO hydration while

maintaining the ability of the PEO to restructure to the surface via a siloxane tether.
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CHAPTER I

INTRODUCTION AND LITERATURE REVIEW

1.1 Background

1.1.1 Surface-Induced Thrombosis

Thrombosis is a natural function of the body which prevents significant blood
loss from sites of injury. However, this mechanism can also occur when blood makes
contact with the surface of a foreign material in a process known as surface-induced
thrombosis (Figure 1.1). Upon implantation of a blood-contacting medical device,
plasma proteins rapidly adsorb onto the artificial material surface through various
interactions. Proteins in their native structure have low conformational entropy as a
result of protein folding. However, the adsorption of proteins onto surfaces leads to
unfolding of the proteins and thus a favorable increase in entropy [1]. This adsorption
process is facilitated in part by hydrophobic interactions. Contact with hydrophobic
surfaces causes proteins to undergo a conformational change such that the hydrophobic
residues are exposed and adhere to the surface [1]. Moreover, the Vroman effect causes
proteins to adsorb in a specific order such that high concentration, low molecular weight
proteins such as albumin adsorb first and are successively replaced by higher molecular
weight proteins such as fibrinogen [2,3]. Subsequently, platelets interact with the
adsorbed proteins, specifically fibrinogen and von Willebrand factor [4], and adhere and
become activated through receptors in the plasma membrane [5,6]. Additionally,

thrombin formation leads to the polymerization of fibrinogen to fibrin which, combined
1



with adhered platelets, results in clot formation on the biomaterial surface [6].
Ultimately, surface-induced thrombosis may compromise device efficacy and safety [7-
10] and can result in embolism if the clot were to break off from the surface and travel
through the bloodstream.

A variety of medical devices including hemodialysis catheters, cardiac pacing
leads, catheter balloons, coated metal stents, extracorporeal device tubing, and various
surgical devices naturally make contact with blood for their designated use [11-13]. A
majority of such devices are commonly composed of silicone due to its favorable
properties which include thermal and oxidative stability, gas permeability, flexibility,
and ease of processing [11,12]. Silicones may be formed by crosslinking with radicals,
by condensation (e.g. acetoxy cure), or by addition (e.g. platinum cure) and can be
readily reinforced with amorphous, fumed silica to increase modulus, strength, and
hardness [11]. Although silicones exhibit unique and advantageous properties, their
extreme hydrophobicity results in poor resistance to blood proteins and hence surface-

induced thrombosis [7,8,14-16].

/> Fibrinogen

Thrombin Fibrin

Activated

Platelets

Biomaterial (PDMS, PET, PE, PTFE) Thrombus

Figure 1.1. Surface-induced thrombosis.
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1.1.2 Current Methods of Reducing Surface-Induced Thrombosis

Heparinization is currently the gold standard of treatment for controlling surface-
induced thrombosis, along with other pharmacological agents such as aspirin [17,18].
Heparin’s anticoagulant property stems from its ability to bind to antithrombin, a serine
protease inhibitor, causing it to inactivate thrombin and thus prevent clot formation [19].
It is extensively used due to its availability and favorable properties such as rapid onset
of action [18]. However, heparin therapies are associated with high costs, limited
efficacy, and potentially severe side effects such as bleeding, allergies, and heparin-
induced thrombocytopenia [18,20,21]. Heparin coatings exhibit similar problems and
have reduced efficacy due to leaching, non-uniform distribution, and reduced anti-
coagulant activity when compared to unbound heparin [22,23].

Poly(ethylene oxide) [PEO or poly(ethylene glycol) (PEG)] is a neutral,
hydrophilic polymer commonly used in medical device coatings for reducing surface-
induced thrombosis due to its particularly high protein resistance [14,15,24,25]. This
behavior is due to its hydrophilicity and hydration [26] as well as its configurational
mobility which leads to a large excluded volume, steric repulsion, blockage of
underlying adsorption sites, and an entropic penalty if protein adsorption were to occur
(Figure 1.2) [14,15,25,27,28]. To enhance the protein resistance of biomaterials, PEO
has been immobilized onto material surfaces by self-assembly [29,30], physisorption
[31,32], formation of surface physical interpenetrating networks (SPINs) [33-35], or
covalent grafting [36-43]. Grafted chains can provide long-term chemical stability of

functionalized surfaces without altering the bulk properties of the substrate material [44-

3



46]. Thus, covalent grafting of PEO onto activated surfaces is considered to be the most
effective method to prepare surface-modified materials [25]. In regards to the
modification of silicone, both trimethoxysilylpropyl and triethoxysilylpropyl PEO
monomethyl ether have been grafted onto silanol-covered silicone surfaces [40-42].
Additionally, allyl PEO monomethyl ether (CH,=CHCH,—(OCH,CH,),—OCHp3) has been
surface-grafted onto silane (Si—H)-enriched silicone surfaces [43]. PEO has also been
crosslinked throughout the bulk of silicone materials via the condensation cure of
triethoxysilylpropyl PEO monomethyl ether with a,®-bis(S—-OH)PDMS and

tetraethoxysilane (Si(OEt),) [47,48].

————

Continuous

Movement /
Excluded ~~ * / bN
Volume 7 g

Figure 1.2. Protein resistance is attributed in part to its configurational mobility, leading to a
large exclusion volume and steric repulsion of proteins.

Zwitterionic polymers are neutral polymers with a positive and negative
electrical charge at different locations within the molecule. Whereas PEO and other non-
ionic materials achieve hydration via hydrogen-bonding, zwitterions achieve stronger

4



hydration via electrostatic interactions [49,50]. Water is believed to be an important
factor in surface resistance to protein adsorption due to the resulting repulsive steric
forces that prevent proteins from adsorbing to hydrated surfaces [51-54]. Thus,
zwitterions are considered excellent candidates for non-fouling materials due to their
ability to bind a substantial amount of water molecules. Types of zwitterionic polymers
include poly(phosphobetaine), poly(sulfobetaine), and poly(carboxybetaine) (Figure
1.3) and have been shown to exhibit excellent non-fouling properties [55-58].
Phosphobetaine-based polymers are biomimetic due to the presence of
phosphorylcholine headgroups which are a major component of the outer membrane of
erythrocytes and thus aid in the suppression of thrombogenesis [55,57,59]. However,
phosphobetaine monomers such as 2-methacryloyloxyethyl phosphorylcholine can be
difficult to synthesize, and the phosphoester group has a tendency to be hydrolyzed [60].
Poly(sulfobetaine) and poly(carboxybetaine) are the most popular choices for antifouling
applications due to their relative ease of fabrication [60] and chemical stability [55], but
are otherwise similar to phosphobetaine. All three types of zwitterions exhibit similar
antifouling properties and have been shown to adsorb very low levels of protein (<0.3
ng/cm? fibrinogen adsorption) [60-62]. Zwitterionic polymers have been covalently
attached to PEO with varying repeat unit number (n = 0-4) to produce
phosphorylcholine-oligoethylene glycol-alkane thiols which were subsequently used to
form self-assembled monolayers (SAMs) [58]. Protein resistance was enhanced by as
much as 62% when compared to the corresponding oligoethylene glycol-alkane thiols. In

limited reports, silicone surfaces have been modified with carboxybetaine and

5



sulfobetaine to reduce protein adsorption and platelet adhesion [63-65] as well as to form
coatings with enhanced stability against the migration of grafted chains below a silicone

surface [66].

b,

P
A
o
0
" 0=5=0 o
\N /_
N O

Figure 1.3. Zwitterionic polymers. From left to right:
phosphobetaine, sulfobetaine, and carboxybetaine.

1.1.3 Marine Biofouling

Marine biofouling consists of the adhesion of marine organisms such as diatom
slimes, algae and barnacles (i.e. biofilms) to ship hulls or other marine structures.
Consequently, biofilm formation increases surface roughness and hydrodynamic drag as
the ship travels through the water and thus fuel consumption rises [67]. Marine
biofouling is therefore problematic due to the substantial economic consequences
associated with increased fuel consumption, hull cleaning, and repainting [67]. This
issue is particularly prominent for static marine structures or for ships in port or traveling

at less than two knots [68].



The biofouling process typically begins with the adsorption of a conditioning
film consisting of ions, proteins, and other organic macromolecules (e.g. glycoproteins
and polysaccharides) [69,70], followed by the adhesion of bacteria, diatoms, and other
micro and macroorganisms [71,72]. Diatoms are unicellular algae that are a major
component of biofilms [73]. They secrete extracellular polymeric substances to attach to
surfaces and quickly multiply to form diatom slimes [68]. Diatom slimes are particularly

challenging due to their robust ability to adhere to hydrophobic marine surfaces [74,75].

1.1.4 Current Methods of Reducing Marine Biofouling

The traditional method of resisting biofouling is through the use of toxic, ablative
antifouling paints including those comprised of copper, organotin, and organic biocides
[76]. However, their accumulation in marine waters has a negative impact on non-target
marine life and has led to a call for restrictions on the use of organotin and biocide-based
paints by the International Maritime Organization [77].

Foul-release (FR) coatings represent a non-toxic alternative to ablative
antifouling paints [78]. By weakening the attachment of biofouling organisms, FR
coatings facilitate the facile removal of biofilms upon application of a hydrodynamic
force (e.g. ship movement or cleaning) [79,80]. Two types of materials are utilized for
commercial FR coatings, namely fluoropolymers and silicones. Fluoropolymers exhibit
low surface energy and sufficient chemical stability [81]. However, they are relatively
high in modulus which encourages biofilm formation [82], are comparatively expensive

[83], and are also an environmental persistent [84,85]. Silicones, particularly crosslinked



poly(dimethyl siloxane), are commonly used for commercial FR coatings [78] due to
their low surface energy, roughness, glass transition temperature, and modulus which
minimize adhesion and enhance the release of marine biofoulers [78,86,87]. Conversely,
the hydrophobicity of silicones leads to poor resistance to biofouling, particularly to
diatom slimes [88]. Furthermore, the FR performance of commercial silicone coatings
requires vessel speeds approaching 30 knots [89] whereas a moderate ship speed is 10-
15 knots [90].

To overcome the limitations of silicone FR coatings, amphiphilic antifouling
(AF) coatings have appeared as an approach to diminish the initial attachment of fouling
organisms including diatoms. Amphiphilic coatings combine hydrophobic and
hydrophilic polymers to form chemically complex surfaces [91-94]. Several examples of
amphiphilic coatings comprise those based on combinations of PEO with a hydrophobic
component such as polystyrene [95,96] or fluoropolymers [97,98]. However, these
amphiphilic AF coatings are composed solely of a co- or multi-polymer whereas an
amphiphilic additive would be a more desirable approach for a simple one-step

modification of silicones.

1.2 Approach

1.2.1 Overview
Herein, we have developed various PEO-silane amphiphiles that may be
introduced into silicones in order to reduce protein adsorption and platelet adhesion as

well as to reduce marine biofouling. The structure of conventional triethoxysilane PEO
8



was modified to achieve this. First, a hydrophobic, flexible siloxane tether of variable
length was introduced to impart amphiphilicity as well as mobility, including water-
driven restructuring to the silicone surface-water interface. Second, a zwitterionic PEO

end-group was introduced to increase the antifouling efficacy.

1.2.2 PEO Modification with a Hydrophobic, Flexible Siloxane Tether

The protein resistance of silicones bulk-modified with conventional PEO-silanes
may be limited by the chemical structure of PEO. Specifically, the PEO-silane spacer or
“tether” separating the PEO segment and reactive end group (e.g. tricthoxy) is a short
alkane spacer (e.g. propyl) (Figure 1.4) [40,43]. This spacer may limit PEO’s
configurational mobility, including migration through the silicone matrix to the surface-
water interface where biofouling occurs. In a previous report by Grunlan, PEO-silane
amphiphiles (m = 0, 4 and 13) were prepared and used to bulk-modify silicones resulting
in enhanced protein resistance which improved as the siloxane tether length increased
[99]. In this work, we have similarly prepared PEO-silane amphiphiles in which the

siloxane tether length (m) was increased to 17, 24, and 30 repeat units.

(EtO)3Si/\/\O</\/ Oi
(EtO)3Si\/\s:i<o_s:i>o_s:i/\/\o</\/o>g
m

Figure 1.4. Structure of a conventional PEO-silane (top) versus a PEO-silane amphiphile containing
a siloxane tether where m =0, 4, 13, 17, 24, and 30 (bottom).



1.2.3 Water-Driven Surface-Restructuring of PEO-Silane Amphiphiles

The notable protein resistance of PEO has largely been assessed of chains
surface-grafted onto a physically stable, model substrate such as gold, silicon wafer, or
glass [29,30,37,38,100-103] (Figure 1.5a). For such grafted chains, exposure to the
aqueous biofouling environment does not require their migration since chains remain at
the surface. However, when PEO chains (e.g. PEO-silanes) are incorporated into silicone
matrices and other polymeric materials, in vivo results are often disappointing
[41,104,105]. The lack of protein resistance for PEO-modified silicones may stem from
the inability of PEO chains to migrate from the bulk to the surface-water interface to
impart a PEO-enriched surface with high hydrophilicity and molecular mobility [106]
(Figure 1.5b). In this work, the ability of PEO-silane amphiphiles (m =0, 4, 13, 17, 24
and 3) to enhance the hydrophilicity of bulk-modified silicones was compared to that of
conventional PEO-silane controls (i.e. no siloxane tether). Furthermore, each of these
was surface-grafted onto physically stable silicon wafer and the protein resistance
compared to each other as well as versus the bulk-modified silicones. In this way, the
validity of assessing the antifouling behavior of PEO-silane amphiphiles as well as PEO-

silane controls could be determined.
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Figure 1.5. The effect of coating substrate and siloxane tether on the restructuring ability of PEO.

a) Surface-grafted PEO on a model substrate does not restructure upon exposure to water. b) PEO-
modified bulk-crosslinked silicone coatings undergo substantial restructuring upon exposure to water
only with the addition of a siloxane tether (i.e. PEO-silane amphiphile).

1.2.4 Incorporation of Zwitterions
The protein resistance behavior of PEO is partly attributed to its hydrophilicity
and hydration [26]. Zwitterions, however, achieve a stronger hydration when compared
to PEO. Thus, the substitution of the methoxy group (-OCHj3) on the PEO-silane
amphiphile with a zwitterionic end-group is expected to enhance PEO hydration (Figure
1.6). To this end, a zwitterionic PEO-silane amphiphile as well as zwitterion and PEO
controls were synthesized and may be used to prepare surface-grafted and bulk-

crosslinked coatings.
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Figure 1.6. Structure of zwitterionic PEO-silane amphiphile.

1.3 Innovation

The need for heparin-free thromboresistant coatings as well as nontoxic
antifouling coatings remains critical. While PEO continues to be the gold standard for
passive antifouling coatings, opportunities exist to improve its capacity to prevent in vivo
surface-induced thrombosis as well as marine biofouling via modifications to its
structure. Given the prevalent use of silicones in blood-contacting medical devices and
for foul-release marine coatings, new PEO-derivatives should permit the ready bulk- and
surface-modification of silicones.

Because the protein resistance of PEO is attributed to its hydrophilicity and
hydration as well as its configurational mobility, modification to its structure has the

potential to enhance protein resistance. In this work, antifouling silicone coatings were

prepared via bulk-modification with PEO-silane amphiphiles. Several key structural

features were considered in the design of PEO-silane amphiphiles. First, similar to
conventional PEO-silanes, the PEO-silane amphiphiles bear a triethoxy-silane [(EtO)s-
Si-] end group. Thus, it permits the bulk-modification of silicones via condensation
reaction with silanol (Si-OH)-terminated PDMS and crosslinkers. In addition, the
triethoxy-silane group also permits covalent surface attachment to hydroxylated surfaces

such as oxidized silicone prepared via simple oxidation treatments (e.g. plasma). Second,
12



a flexible, hydrophobic siloxane tether was used to separate the PEO segment from the
triethoxy-silane group. This is in contrast to conventional PEO-silanes in which the PEO
segment is separated from the reactive end group via a short alkane spacer (e.g. propyl)
[40,43]. The siloxane tether is highly flexible due to the wide bond angle (~145°) and
low barrier to linearization (~0.3 kcal mol™) of Si-O-Si in dimethylsiloxanes [107,108].
The dynamic flexibility of the dimethylsiloxane backbone results in polymers with
extremely low glass transition temperatures (Tgs) (e.9. PDMS, Ty = -125 °C). Thus, the
siloxane tether was anticipated to enhance the molecular mobility of the PEO segment,
including migration through the silicone matrix to the surface-water interface. Moreover,
the hydrophobic siloxane tether imparts amphiphilicity, a feature associated with
enhanced antifouling [109,110]. In addition, the hydrophobic tether may enhance the
solubility of the PEO in the silicone matrix to further enhance its migration to the
surface-water interface. As a third and final structural modification, a zwitterion end-
group was introduced to the PEO segment to further increase antifouling efficiency by
enhancing PEO hydration.

This approach is innovative in several ways. First, it is heparin-free thereby
eliminating the potential harmful side effects associated with even bound heparin.
Second, the strategy to prepare modified silicone coatings is simple, yet versatile, and is
in stark contrast to other more complex coatings, particularly those that are heparin-
based. Specifically, with these PEO-silane amphiphiles, modification of silicones can be
done via simple blending (“bulk modification”) or direct surface-grafting (“surface

modification”). Third, the PEO-silane amphiphile molecular design permits a unique
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strategy to impart protein resistance: combined molecular mobility and amphiphilicity as
well as enhanced hydration. Compared to other PEO coating designs that may limit PEO
configurational mobility, the addition of a flexible siloxane tether will enhance
configurational mobility, a fundamental protein resistant property of PEO (Figure 1.4).
The hydrophobicity of the siloxane tether also imparts amphiphilic character to the PEO-
silane amphiphile which is also associated with reduced protein adhesion [111,112].
Finally, in an attempt to enhance the hydration of the PEO-silane amphiphiles, a
zwitterionic PEO end group was substituted for the methoxy group (-OCHs) (Figure

1.6).

14



CHAPTER II
THE PROTEIN RESISTANCE OF SILICONES PREPARED WITH A PEO-SILANE

AMPHIPHILE"

2.1 Overview

Silicone coatings with improved resistance to plasma proteins were prepared by
incorporating a PEO-silane amphiphile: a-(EtO)3Si-(CH,).-oligodimethylsiloxane;s-
block-poly(ethylene  oxide)s-OCH3. The oligodimethylsiloxane tether imparts
amphiphilicity and molecular mobility to the chain thereby enhancing protein resistance.
Using a medical grade, silica-filled acetoxy-cure silicone, the PEO-silane amphiphile
was introduced at varying levels (0, 1, 5, 10, 15 and 20 wt%) and films prepared via
solvent-casting. Increased PEO-silane amphiphile content led to increased surface
hydrophilicity and improved resistance to bovine serum albumin (BSA) and human
fibrinogen (HF). When maintained in air, the surfaces of the coatings did not display

hydrophobic recovery.

" Hawkins, M.L.; Grunlan, M.A. The protein resistance of silicones prepared with a PEO-silane
amphiphile. J Mater Chem 2012, 22, 19540-19546.
http://pubs.rsc.org/en/content/articlelanding/2012/jm/c2jm32322b — Reproduced by permission of The
Royal Society of Chemistry
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2.2 Introduction

Silicones such as crosslinked polydimethylsiloxane (PDMS) are commonly used
in biomedical applications [11-13]. Their utility stems from a unique set of properties
that includes thermal and oxidative stability, gas permeability, flexibility and ease of
processing [11,12]. In addition, silicones are readily reinforced with amorphous, fumed
silica powder to systematically increase modulus, strength and hardness [11]. These
properties have led to the widespread use of reinforced silicones for a variety of blood-
contacting medical devices, including hemodialysis catheters, cardiac pacing leads,
catheter balloons, coated metal stents, extracorporeal device tubing and various surgical
devices [11-13]. Unfortunately, due to their extreme hydrophobicity, silicones exhibit
poor resistance to blood proteins [7,8,14-16]. Adsorbed proteins initiate platelet adhesion
and activation of coagulation pathways leading to thrombosis thereby compromising
device efficacy and safety [7-10]. In efforts to diminish protein adsorption, silicones
have been hydrophilized by various physical, chemical and combined approaches
[8,113-116].

Poly(ethylene oxide) (PEO; or poly(ethylene glycol) (PEG)) is a neutral,
hydrophilic polymer which displays high protein resistance [14,15,24,25]. This behavior
is attributed to its hydrophilicity and hydration [26] 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
[14,15,25,27,28]. In efforts to improve the protein resistance of silicones, PEO has been

introduced via surface-grafting [39-43] and bulk crosslinking [47,48,99,117] strategies.
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PEO-silanes containing the appropriate reactive end groups are often utilized [118]. PEO
alkoxysilanes readily react with silanol (Si—-OH) groups located on the terminal ends of
PDMS chains or surfaces of oxidized silicone. For instance, PEO was introduced into
silicones via the condensation crosslinking of triethoxysilylpropyl PEO monomethyl
ether [(RO)3Si(CH2)s—(OCH,CH,),—OCH3;) with o,®-bis(Si-OH)PDMS [47,48]. Both
trimethoxysilylpropyl and triethoxysilylpropyl PEO monomethyl ether have been grafted
onto silanol-covered silicone surfaces [40-42]. In addition, allyl PEO monomethyl ether
(CH,=CHCH,—(OCH,CH;),—OCH3) has been surface-grafted onto silane (Si-H)-
enriched silicone surfaces [43].

The protein resistance of PEO-modified silicones using the aforementioned
strategies is limited by the chemical structure of conventional PEO-silanes as well as the
hydrophobic recovery of PEO-modified silicones. The structure of the PEO-silane will
significantly influence its efficiency to repel proteins. A key structural feature is the
nature of the PEO-silane spacer or “tether” separating the PEO segment and reactive end
group. As noted above, conventional PEO alkoxysilanes contain a short alkane spacer
(e.g. propyl) which may limit PEO configurational mobility [40-43,47,48]. Silicones are
well-known to undergo extensive surface reconstruction when exposed to air versus
aqueous environments [119]. Likewise, hydrophilic polymer chains incorporated into
silicones restructure below the surface when maintained in air [106]. This effect has
been observed for silicones modified with conventional PEO-silanes in which surface

hydrophilicity decreases with exposure time in air [40]. Thus, upon exposure to aqueous
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protein-containing environments, such surfaces are unable to optimally inhibit protein
adsorption.

We recently reported new PEO-silanes prepared with a siloxane tether [o-
(EtO)3Si(CH_)2-oligodimethylsiloxanen-block-(OCH,CH2)s-OCH3; n = 0, 4 and 13]
[39,99]. The siloxane tether is highly flexible due to the wide bond angle (~145°) and
low barrier to linearization (~0.3 kcal/mol) of Si—-O-Si in dimethylsiloxanes [120,121].
The dynamic flexibility of the dimethylsiloxane backbone results in polymers with
extremely low glass transition temperatures (Tgs) (e.9. PDMS, Ty = -125 °C). In addition
to enhanced configurational mobility, the hydrophobicity of the siloxane tether imparts
amphiphilic character to the PEO-silane amphiphile. Amphiphilicity is known to inhibit
the adsorption of proteins [109,110]. Thus, PEO-silane amphiphiles surface-grafted onto
silicon wafers exhibited enhanced protein resistance as the siloxane tether length was
increased (i.e. n = 13) [39]. Also, when combined in a stoichiometric molar ratio with
o, ®-bis(Si—-OH)PDMS (M, = 3000 g/mol; 2:3), the resulting bulk-crosslinked coatings
similarly repelled proteins most effectively when formed with the PEO-silane containing
the longest siloxane tether (i.e. n = 13) [99]. For these crosslinked coatings, contact
angle analysis revealed that PEO chains restructured to both the air- and water-interface
to a greater extent as the siloxane tether length increased.

In this study, the PEO-silane amphiphile bearing the longest siloxane tether (n =
13) was introduced into a medical grade, silica-reinforced silicone at varying levels (1 —
20 wt%) (Figure 2.1). The acetoxy cure RTV silicone is based on the acid-catalyzed
condensation of a o,0-bis(Si-OH)PDMS base and methyl-triacetoxysilane and
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ethyltriacetoxysilane crosslinkers. PEO-modified silicone films were formed via solvent-
casting (Figure 2.2). The thermal, mechanical and surface properties as well as protein

adsorption behavior of the films were characterized.

(Eto)33i\/\s%o—s'i%o—sli/\/\ofvc’>
| | 13 | 8

Figure 2.1. Structure of PEO-silane amphiphile.

Figure 2.2. PEO-modified silicone before (top row) and after (bottom row) soaking in water (6 days).
“wt%” corresponds to wt% PEO-silane amphiphile introduced.

2.3 Materials and Methods

2.3.1 Materials

Sodium bicarbonate and ACS-grade solvents were obtained from Sigma-Aldrich.
Phosphate buffered saline (PBS, without calcium and magnesium, pH = 7.4) and glass
microscope slides (75 x 50 mm; cut to a final size of 37.5 x 50 mm) were obtained from
Fisher Scientific. Medical-grade silicone (MED-1137) was obtained from NuSil
Technology (Carpinteria, CA). Per manufacturer specifications, MED-1137 is comprised
of  0,0-bis(Si-OH)PDMS, silica (11-21%), methyltriacetoxysilane  (<5%),
ethyltriacetoxysilane (<5%), and trace amounts of acetic acid. The Alexa Fluor 555-dye
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conjugate of bovine serum albumin (AF-555 BSA; MW = 66 kDa; lyophilized powder;
> 96% BSA) and the Alexa Fluor 546-dye conjugate of human fibrinogen (AF-546 HF;
MW = 340 kDa; lyophilized powder; 95% clottable protein) were 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 amphiphile (n = 13) was synthesized as previously reported

[99].

2.3.2 Film Preparation

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

In a scintillation vial, MED-1137 was combined with hexane (1:3, wt:wt) and the
PEO-silane amphiphile at varying amounts based on silicone weight (0, 1, 5, 10, 15 and
20 wt%). The sealed vial was placed on a shaker table for 4 hr to achieve a
homogeneous solution.

Solutions were solvent-cast onto levelled glass microscope slides (1.5 mL per
slide) and a polystyrene Petri dish cover placed on top of each. In this way, solvent
evaporation was slowed which prevented the formation of gas bubbles in the resulting
films. In this way, films were allowed to cure for seven days at room temperature (RT)
and immediately used for designated tests. Free-standing films for thermal gravimetric
analysis (TGA), dynamic mechanical thermal analysis (DMTA), and tensile testing were

obtained by removing the films from slides with a clean single-edge razor blade. Coated
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microscope slides were used for water-extractable content, water absorption, contact

angle and protein adsorption measurements.

2.3.3 Thermal Gravimetric Analysis (TGA)
TGA was performed on the neat PEO-silane amphiphile and PEO-modified films
(~10 mg) in Pt pans with a TA Instruments Q50 under N, or air at a flow rate of 60
cm*min. The sample weight was recorded while the temperature was increased

4 °C/min from 25 to 800 °C.

2.3.4 Glass Transition Temperature (Tg)

The T4 of each film was determined from the peak maximum of the measured
loss modulus (G”) as a function of temperature on a TA Instruments Q800 dynamic
mechanical analyzer (DMA). Specimens (length x width = 37.5 x 5.5 mm?) were cut
from free-standing films using a single-edge razor cutting tool. Electronic calipers were
used to measure film thickness (~0.12 mm) prior to testing. The DMA was operated
using a tension clamp assembly at a gauge length of 6 mm, a frequency of 5 Hz, a
displacement of 4 pum, and a pre-load force of 0.01 N. After equilibration at
-140 °C for 3 min, the temperature was increased 4 °C/min to

25 °C. Measurements were completed in triplicate.
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2.3.5 Tensile Tests
Tensile properties of the films were performed at RT on a tensile tester (Instron
3345). Rectangular specimens (~37.5 mm x ~5.5 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 (E), tensile strength (TS), and percent
elongation at break (%¢c) were determined. E was taken as the slope from 20-100%

strain. Measurements were completed in triplicate.

2.3.6 Water-Extractable Content
Coated slides were weighed (W;) and then continually soaked in DI water at 37
°C for 2 weeks. The films were subsequently dried at RT in a vacuum oven (30 in. Hg,
24 h) and weighed (Ws). The weight of the uncoated glass slide was subtracted from W;
and Ws before calculating the water-extractable content. Water-extractable content is
defined as: water-extractable content = [(W; — Ws)/W;i] x 100. Measurements were

completed in triplicate.

2.3.7 Absorbed Water Content
Coated slides were weighed (W;) and then continually soaked in DI water at RT
for 6 days. After removal from water, the surface was gently dried with a stream of air
and immediately weighed (Ws). The weight of the uncoated glass slide was subtracted
from W; and W; before calculating the water content. The absorbed water content is

defined as: absorbed water content = [(Ws — W;)/Wi] x 100.
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2.3.8 Contact Angle Measurements

Static contact angles (Ostatic) Of distilled/deionized water droplets at the film-air
interface were measured at RT with a CAM200 (KSV Instruments) goniometer equipped
with an autodispenser, video camera, and drop-shape analysis software. Following cure,
coated microscope slides were immediately subjected to contact angle analysis and/or
subsequent conditioning in water or air (described below). A sessile drop of water (5 pL)
was measured 15 sec, 1 min, and 2 min after deposition onto the film surface. The
reported values are an average of three measurements taken on different areas of the
same film sample. For each film composition, two coated microscope slides were
analyzed. One slide served to measure the contact angles of a film surface during
conditioning in water (‘“water-equilibrated”; for a period of 6 days) and the other during
conditioning in air (“air-equilibrated”; for a period of 60 days). For air-equilibrated
films, sessile water droplets were removed under a stream of air such that the film could
continue to equilibrate in air until the next measurement. For water-equilibrated films,
the surface water was removed under a stream of air just prior to contact angle analysis

and subsequently re-submerged in water until the next measurement.

2.3.9 Protein Adsorption
The adhesion of Alexa Fluor dye conjugates of bovine serum albumin (AF-555
BSA) and human fibrinogen (AF-546 HF) onto film surfaces was studied with
fluorescence microscopy. A silicone isolator (18 mm well diameter, 2 mm well depth)

was affixed to each coated microscope slide. For each film composition, four coated
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microscope slides were analyzed. Two slides served to test a film surface exposed to air
prior to the deposition of AF-555 BSA and AF-546 HF solutions whereas the other two
served to likewise test a film surface that was first exposed to PBS for 24 h.

For “air-equilibrated” films, the exposed surface of the film inside each isolator
well was filled with 0.7 mL of AF-555 BSA solution (0.1 mg/mL in PBS) [39,99,117] or
AF-546 HF solution (0.1 mg/mL) [39,117]. (Note: Per manufacturer specifications, the
AF-546 HF was first dissolved in 0.1 M NaHCOj3 to obtain 1.5 mg/mL solution and was
further diluted in PBS to obtain a final concentration of 0.1 mg/mL.) After equilibrating
in the dark at RT for 3 h, 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 a total of three
times. The samples were then dried under a stream of N, and immediately imaged.

For “PBS-equilibrated” films, the exposed surface of the film inside each isolator
well was filled with 0.7 mL of PBS and removed after 24 hr. Exposure to AF-555 BSA
or AF-546 solutions (3 hr) was immediately executed using the same protocol as above.

A Zeiss Axiovert 200 optical microscope equipped with an A-plan 5x objective,
Axiocam (HRC Rev. 2), and filter cube (excitation filter of 546 + 12 nm [band pass] and
emission filter 575-640 nm [band pass]) was used to obtain fluorescent images on three
randomly selected regions of the surface within each isolator well. The fluorescent light
source was permitted to warm up for 10 min prior to image capture. Linear operation of
the camera was ensured and constant exposure time used during the image collection to
permit quantitative analyses of the observed fluorescent signals. The fluorescence

microscopy images were analyzed using ImageJ, which yielded the mean of the
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fluorescence intensity for a given image. The fluorescence intensity of each non-exposed
region was subtracted from the corresponding protein-exposed region to ensure
correction for any fluorescence signal from the material itself. The background-corrected
fluorescence intensities for each film were then used to quantify AF-555 BSA or AF-546
HF levels adsorbed by comparison against a calibration curve constructed from the
measured fluorescence intensities of AF-555 BSA or AF-546 HF standard samples,
respectively. The obtained value was converted to pug/cm? by dividing by the area inside
the isolator well. Standard samples were prepared by adding 0.7 mL of AF-555 BSA or
AF-546 HF solutions of known concentrations (0, 0.001, 0.0025, 0.005, 0.0075 and 0.01
mg/mL AF-555 BSA or AF-546 HF diluted in the same manner as described above) to
individual wells in a 24-well plate. For all film surfaces, the reported protein adsorption
value is an average of three measurements taken from different areas of the same

sample.

2.4 Results and Discussion

2.4.1 Preparation of Films
A medical grade, silica-reinforced acetoxy cure RTV silicone was modified with
different levels of a PEO-silane amphiphile (0, 1, 5, 10, 15 and 20 wt%) (Figure 2.1).
Films were prepared by solvent-casting with hexane onto glass slides. The resulting

PEO-modified silicones remained transparent (Figure 2.2).
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242 TGA

The exceptional thermal stability of polysiloxanes is further enhanced upon
crosslinking [122]. Thus, the thermal stabilities of PEO-modified silicones were used as
an indicator of successful formation of crosslinked networks (Figure 2.3). The
degradation profiles of these films were compared to that of unmodified silicone film
controls (i.e. 0 wt% PEO-silane amphiphile) as well as that of the neat PEO-silane
amphiphile. As expected, all films began to degrade at lower temperatures in air versus
in N2. In air, degradation of polysiloxanes are known to produce silica residue [122].
Thus, in air, ~60-65% silica was produced for all films. Compared to the unmodified
silicone control, the thermal stabilities of the PEO-modified silicones did not vary

substantially. In addition, no significant weight loss from these films was observed at
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Figure 2.3. TGA of films in N, (left) and in air (right).
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lower temperatures characteristic of neat PEO-silane amphiphile degradation. Thus, the

PEO-silane amphiphile was successfully crosslinked into the modified silicone films.

243 Ty

The Tgs of the PEO-modified silicones were measured by dynamic mechanical
thermal analysis (DMTA) (Table 2.1). The Ty of each film was determined from the
peak of the G” [123]. An unmodified silicone film (i.e. 0 wt% PEO-silane amphiphile)
served as a control. A depression in the film Ty (i.e. plasticization) relative to the control
would be observed if the PEO-silane amphiphile did not effectively crosslink during
formation of the silicone network. However, all films exhibited similar Ty values
between -112 and -110 °C and were not significantly different versus the unmodified

silicone (T4 =-111 °C).

Table 2.1. Ty and mechanical properties.

wit% PEO-silane T, (°C) E (MPa) TS(MPa)  %Strain
0% 11101  033+004 637+£04 116547
1% 110407  033£001 525+06  1093+25
5% 112406 035+£001 563+02 1212+ 200
10% 11102  029+002 409+04 1128 +125
15% 111402 018+001  3.64+02 1490+ 166
20% 11002  019+001 247+02 1169 +59
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2.4.4 Tensile Testing

The tensile mechanical properties of the PEO-modified silicones are summarized
in Table 2.1. Following crosslinking, the PEO amphiphile segments in all films exist as
“dangling free ends”. Because of the low crosslink density of the films, the beta
transition temperature (Tg) was not observed in DMTA [124]. However, the presence of
an increasing number of PEO dangling ends with wt% of PEO-silane amphiphile
produced an expected decrease in E and TS. In addition, as PEO-silane amphiphile
concentration was raised, there was a concomitant decrease in the total amount of
reinforcing silica in the resulting film. The average %e of all films was around 1200%.
While an increase in %g¢ with increasing amounts of PEO-silane amphiphile was

expected, the films apparently became too weak to withstand higher strains.

2.4.5 Water-Extractable Content
Given their targeted use in an aqueous environment, PEO-modified silicone films
were continually soaked in DI water at 37 °C for 2 weeks. For all films, weight loss did
not exceed 0.05%. This indicates that PEO-silane amphiphile or other components do

not readily leach from the films.

2.4.6 Absorbed Water Content
With increased levels of PEO-silane amphiphile, surface and bulk hydrophilicity
were increased and subsequently led to water uptake (Table 2.2). Water content

increased to ~6.5 wt% for films containing 15 and 20 wt% PEO-silane amphiphile.
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Following water exposure, the films became progressively more opaque as PEO-silane
amphiphile content was increased (Figure 2.2). The presence of increasing amounts of
water in the films causes them to become more opaque due to their incompatibility.

Upon drying in a vacuum oven, the films returned to their original transparent

appearance.

Table 2.2. Contact angle measurements.
\gg/oo i a d\s,\(/)t:’)ﬁe d t =0 (“air-equilibrated”) t = 6 days (“water-equilibrated”)
silane water 15s 1 min 2 min 155 1 min 2 min
0% 0.15 1137+0.2 1131+03 1123+0.8 103.8+3.0 1026+34 1018129
1% 0.53 113.8+1.2 1044+%15 95.0+x14 106.0+1.8 1049+£0.7 101.6%0.2
5% 2.07 916 +0.7 59.9+13 491+11 105.3+0.7 68.1+1.1 53.3+0.9
10% 3.65 61.7+1.1 439+0.2 334101 89.6+2.0 547+1.4 458+1.1
15% 6.57 50.1+04 30.6£0.3 26.2+0.2 71.2+18.8 448+7.1 389+42
20% 6.4 441+0.1 30.8+0.1 27.2%0.2 58.8+9.4 412+14 375+£0.8

2.4.7 Contact Angle Analysis

Contact angle measurements of water droplets on freshly cured films before (t =
0 days; air-equilibrated) and after subsequent conditioning in water (t = 6 days; water-
equilibrated) are reported in Table 2.2. By measuring Ost.iic Over a period of 2 minutes
following droplet deposition, we were able to effectively monitor surface reorganization
at the water-film interface. The longer time period of this analysis versus conventional
dynamic contact angle analysis (~7 sec) better captures surface reconstruction [39,117].
As expected, the unmodified silicone film exhibited high values of Ogic (~113 ©) that did
not significantly change over the 2 minute contact angle measurement nor was there a

substantial change in before and after water equilibration. In contrast, for PEO-modified
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silicone films, O4aiic (15 sec) substantially decreased (i.e. hydrophilicity increased) as the
PEO-silane amphiphile content increased. In addition, for a given film, the Osac
systematically decreased from 15 sec to 2 min. This indicates that the PEO-silane
amphiphile chains are readily mobilized to the water-film interface. After 6 days, water-
equilibrated films displayed Osic values which were unexpectedly higher relative to the
corresponding air-equilibrated film (t = 0 days). This observation became more
pronounced as the PEO-silane amphiphile content was increased. As previously noted,
films absorbed increasing amounts of water as PEO-silane amphiphile content was
increased (Table 2.2, Figure 2.2). Thus, given the presence of water in the bulk, PEO-
silane amphiphile chains are less thermodynamically driven to the water-droplet-film
interface. Still, for a given water-equilibrated film, Ogaic Still systematically decreased
from 15 sec to 2 min after droplet deposition. Thus, in the time it took to remove the
films from water, air dry the surfaces and immediately begin analysis, some chains
began to reorganize below the surface, but they began to rearrange to the surface after
exposure to the water-droplet. Ogaiic (2 min) of films was also recorded throughout the 6
day period of water equilibration (Figure 2.4a).

We likewise characterized film surfaces following prolonged periods of exposure
to air (Figure 2.4b). When conditioned in air over extended periods, hydrophilic
polymer chains (including conventional PEO-silanes) [40] incorporated into silicones
restructure below the surface leading to reduced surface hydrophilicity [106]. For PEO-

modified silicones, during 60 days of conditioning in air, Osaic (2 min) values were
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generally quite stable. Moreover, these films did not display marked hydrophobic

recovery, particularly those containing with 5-20 wt% PEO-silane amphiphile.
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Figure 2.4. 0 4. (2 min) of films (a) before (t = 0) and during 6 days of exposure to DI water and (b)
during exposure to air for 60 days. “wt%” = wt% of PEO-silane amphiphile.

2.4.8 Protein Adsorption
Albumin is the most abundant plasma protein (60%) and fibrinogen (4%), also a
plasma protein, converts thrombin to insoluble fibrin during clot formation [125]. Thus,
the amounts of BSA and HF proteins adsorbed onto films were analyzed to determine
plasma protein resistance (Figure 2.5). Protein adsorption of BSA and HF conjugated
with a fluorescent dye was measured via fluorescence microscopy [39,97,99,117,126-
128]. The detection limit of this method was < 0.003 pg protein adsorbed/cm?. For films

adsorbing less than this amount, the values in Figure 2.5 were reported to be “zero”. For
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each film composition, protein adsorption was measured before (air-equilibrated) and
after (PBS-equilibrated) equilibration in PBS (24 hr).

As a result of its extreme hydrophobicity [7,8], the unmodified silicone control
adsorbed the highest levels of BSA and HF as expected. The observed levels of protein
adsorption are similar to those previously reported in the literature [43,129,130]. For all
films, including the control, higher amounts of HF were adsorbed versus BSA due to the
greater hydrophobicity and rod-like structure of HF [125,131,132].

Incorporation of the PEO-silane amphiphile into the silicone produced a dramatic
decrease in adsorption of BSA and HF proteins. This is attributed to the associated
reduction in surface hydrophobicity (Table 2.2). When conditioned in air, films
exhibited protein adsorption below the detectable limit when based on 5-20 wt% (BSA,
Figure 2.5a) and 10-20 wt% (HF, Figure 2.5b) PEO-silane amphiphile. Thus, although
increased wt% of PEO-silane amphiphile progressively increases surface hydrophilicity
(Table 2.2), maximum reduction in protein adsorption is realized before reaching 20
wt%.

For all PEO-silane modified silicones having a detectable amount of adsorbed
protein when equilibrated in air, equilibrating the films in PBS (24 hr) produced a
relative reduction in protein adsorption. The contact angles of films conditioned for 24
hr in water is noted in Figure 2.4a. As previously noted, hydrophilicity decreased
somewhat due to the water uptake into the film and reduced concentration of PEO-silane

amphiphile chains at the surface. The reduction in protein adsorption of PBS-

32



equilibrated films may be due to the improved hydration of the PEO chains on the

surface.
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Figure 2.5. Adsorption of (a) BSA and (b) HF. Error bars represent the standard deviation between
fluorescence measurements of 3 randomly selected regions. Statistical significance was determined
by one-way analysis of variance (Holm-Sidak method where p = 0.05) and is denoted by *. Values
below the detection limit are indicated by # and recorded as “0” pg cm .

2.5 Conclusions

A PEO-silane amphiphile bearing a hydrophobic, flexible siloxane tether (n = 13)
was introduced into a medical grade, silica-reinforced silicone at varying levels (1 — 20
wt%). TGA and DMTA confirmed that the PEO-silane modified silicones were
effectively crosslinked. As expected, E and TS of the films were decreased with high
levels of PEO-silane amphiphile. As the amount of PEO-silane amphiphile was
increased, surfaces became more hydrophilic. Following water-equilibration, film

surfaces were somewhat more hydrophobic versus the corresponding air-equilibrated
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films. This was attributed to water uptake by the films and the subsequent reduction of
PEO amphiphile chains located at the surface. Notably, surfaces maintained in air over a
60 day period did not exhibit notable hydrophobic recovery. As a result of their surface
properties, these PEO-modified silicones exhibited exceptional protein resistance to
BSA and HF, particularly when prepared with > 5 wt% of PEO-silane amphiphile. This
was observed for films both before and after conditioning in water. Such behavior is
significant, as blood-contacting silicone-based coatings and devices are stored for
extended periods of time (in air) before implantation. Thus, such PEO-modified silicones

would be excellent candidates for these applications.
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CHAPTER Il
PITFALLS OF PEO MODIFICATION OF SILICONES: PEO-SILANE

AMPHIPHILES’ SUPERIOR ABILITY TO REDUCE PROTEIN ADSORPTION

3.1 Overview

Versus with conventional PEO-silanes (i.e. no siloxane tether), silicones with
improved water-driven surface hydrophilicity and resistance to protein adsorption were
prepared by bulk-modification with PEO-silane amphiphiles: o-(EtO)3;Si-(CH,),-
oligodimethylsiloxanen-block-poly(ethylene oxide)s-OCHs having varying lengths of the
siloxane tether (m = 0, 4, 13, 17, 24, and 30). As a control, a conventional PEOg-silane
was prepared. To examine protein resistance in the absence and presence of water-driven
surface restructuring, respectively, the amphiphiles and control were surface-grafted
onto silicon wafers and used to bulk-modify a medical-grade silicone. While surface-
grafted PEOg-silane control exhibited superior protein resistance, it failed to restructure
to the surface-water interface of a 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 the bulk-
modified silicone thereby exhibiting superior hydrophilicity and protein resistance. An
intermediate siloxane tether length was observed to maximize surface restructuring as

well as subsequent protein resistance.
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3.2 Introduction

Silica-reinforced silicones such as polydimethylsiloxane (PDMS) are widely
used in biomedical applications [11,12,133] due to their unique properties including
thermal and oxidative stability, gas permeability, flexibility, and ease of processing
[11,12]. Silicone-based medical devices include hemodialysis catheters, cardiac pacing
leads, catheter balloons, coated metal stents, extracorporeal device tubing, and various
surgical devices [11,12,133]. Unfortunately, due to their hydrophobic nature, silicones
lack resistance to protein adsorption [14-16,134,135]. 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 [9,134-137]. To improve the efficacy and safety of silicone-based devices,
reduction of protein adsorption is essential. In efforts to diminish protein adsorption,
silicones have been hydrophilized by various physical, chemical, and combined
approaches [116,135,138-140].

Poly(ethylene oxide) (PEO; or poly(ethylene glycol) (PEG)) is noted for its
exceptional protein resistance [14,15,141,142]. This behavior is attributed to its
hydrophilicity and hydration [143] 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 [14,15,28,142,144]. PEQO’s
biocompatibility [145] and recently noted in vivo oxidative stability [146] 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
36



such as gold [102,147,148], silicon wafers [101,149,150], and glass [100,103]. Such
“model PEO surfaces” maintain the PEO chains at the surface whether exposed to air or
to an aqueous environment [100-103,147,148,151,152]. This is in contrast to modified
silicones in which PEO chains may undergo surface-reorganization following exposure
to different environments [153]. Thus, since protein 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. Surface-restructuring of silicones has largely been
studied in terms of hydrophobic recovery (i.e. loss of hydrophilicity upon exposure to
air) as observed for plasma treated silicones [154]. This recovery is attributed to their
low surface energy [155,156] and high chain flexibility [120,121]. PEO-modified
silicones likewise display hydrophobic recovery. For instance, silicones prepared by bulk
crosslinking with triethoxysilylpropyl PEO monomethyl ether [(EtO);Si(CH,)s-
(OCH,CH,),-OCH3] [48,157] as well as allyl PEO monomethyl ether [CH,=CHCH,-
(OCH,CH»),,-OCH3] [158] hydrophobically recover. This is also observed for surface-
grafted PEO chains such as those prepared with allyl PEO monomethyl ether [43,158].
Notably lacking is the systematic evaluation of water-driven hydrophilicity of PEO-
modified silicones which is of critical importance to protein resistance. Recent reports
highlight the poor efficacy of PEO-modified and other polymer matrices to prevent
thrombosis [104,105,159] which may indicate poor mobilization of the PEO to the
surface-water interface [153].

To enhance PEO’s ability to undergo water-driven surface reorganization in

silicones, the chemical structure of a PEO-silane was altered to include a hydrophobic,
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flexible siloxane “tether” separating the PEO segment and crosslinkable end group
(Figure 3.1). This is in contrast to conventional PEO alkoxysilanes that contain a short
alkane spacer (e.g. propyl) [42,43,48,157,159,160]. Previously, we reported three
different PEO-silane amphiphiles prepared with short siloxane tethers [o-
(EtO)3Si(CH,;),-oligodimethylsiloxane,,-block-(OCH,CH,)s-OCH3; m = 0, 4, and 13]
[39,99]. The high mobility of the siloxane tether is a result of its highly flexible nature,
attributed to the wide bond angle (~145°) and low barrier to linearization (~0.3 kcal/mol)
of Si—O-Si [120,121]. The dynamic flexibility of the backbone accounts for the
extremely low glass transition temperature (7,) of PDMS (7, = -125 °C). In addition to
enhanced configurational mobility, the hydrophobic siloxane tether renders the PEO-
silane amphiphilic, a property associated with enhanced protein resistance [161,162].
The flexibility and similarly hydrophobic nature of the siloxane tether was anticipated to
enhance reorganization of PEO to the surface-water interface and reduce protein
adsorption. Our previous studies showed that, in addition to enhanced protein resistance
versus a conventional PEO-silane, protein adsorption decreased with increased siloxane
tether length (i.e. m = 13 <4 <0) [99,163].

Herein, to better understand the influence and to maximize the influence of the
siloxane tether, PEO-silane amphiphile were also prepared with longer siloxane tether
lengths [m = 0 (m=0), M, = 749 g/mol; 4 (m=4), M,, = 1044 g/mol; 13 (m=13), M, =
1710 g/mol; 17 (m=17), M, = 2006 g/mol; 24 (m=24), M, = 2524 g/mol; and 30 (m=30),
M, = 2968 g/mol] (Figure 3.1). PEO-silane amphiphiles were both surface-grafting onto

a model substrate and used for bulk-modification of silicone. Grafting onto silicon
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wafers permitted the evaluation of protein resistance in the absence of surface
restructuring effects. PEO-silane amphiphiles were also incorporated into a medical
grade, silica-reinforced silicone via bulk modification. Water-driven surface-
restructuring of PEO-modified silicones was quantified using temporal static contact
angle analysis of water droplets and protein resistance measured. A conventional PEO-
silane (i.e. no siloxane tether) (EtO)s;Si—(CH,)s—poly(ethylene oxide)s—OCH3; was

utilized as a “PEO control”.
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Figure 3.1. Synthesis of PEO-silane amphiphiles m=0 — m=30.
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3.3 Materials and Methods

3.3.1 Materials

Triflic acid, RhCI(Ph3P)3; (Wilkinson’s catalyst), solvents, sulfuric acid (H2SO4),
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 4A molecular sieves prior to use in hydrosilylation
reactions.  Octamethylcyclotetrasiloxane (Ds; MW = 296 g/mol), Pt-
divinyltetramethyldisiloxane complex (Karstedt’s catalyst), vinyltriethoxysilane
(VTEOS; MW = 190 g/mol), a,0-bis-(Si-OH)oligodimethylsiloxanes {ODMS, or
tetramethyldisiloxane (TMDS) [M, = 118 g/mol per manufacturer’s specifications; My =
134 g/mol per *H NMR end group analysis; *H NMR (&, ppm): 0.17 — 0.21 (m, 12H,
SiCH3) and 4.66 — 4.72 (m, 2H, SiH)]; ODMS, [M, = 400-500 g/mol per manufacturer’s
specifications; M, = 430 g/mol per *H NMR end group analysis; *H NMR (&, ppm): 0.07
—0.09 (m, 24H, SiCHj3), 0.18 — 0.19 (d, J = 2.7 Hz, 12H, SiCHj3) 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; *H NMR (&, ppm): 0.05 — 0.10 (m, 78H, SiCHs),
0.185 (d, J = 2.7 Hz, 12H, SiCHg3) and 4.67 — 4.73 (m, 2H, SiH)]}, and monovinyl-
terminated PDMS (CH,=CH-PDMS-n-Bu) [M, = 62,700 g/mol, essentially 100%
monovinyl-terminated with the nonfunctional end n-butyl-terminated per manufacturer’s
specifications] were obtained from Gelest. PEO allyl methyl ether (Polyglycol AM-450;
A-PEOgM) [M, = 292 — 644 g/mol per manufacturer’s specifications; M, = 424 g/mol

per 'H NMR end group analysis; *H NMR (&, ppm): 3.35 (s, 3H, OCH3), 3.51 — 3.66 (m,
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32H, OCH,CH,), 4.00 (d, J = 5.4 Hz, 2H, CH,=CHCH,0), 5.13 — 5.28 (m, 2H,
CH,=CHCH0), 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 (H20,), 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 NuSil Technology (Carpinteria, CA). Per manufacturer 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-dye
conjugate of human fibrinogen (AF-546 HF; 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=0), 4 (m=4), and 13 (m=13)) and the PEO control were synthesized as previously

reported [99].

3.3.1 Polymer Characterization
3.3.1.1 NMR
'H spectra were obtained on a Mercury 300 MHz spectrometer operating in the

Fourier transform mode. Five percent (w/v) CDCIs (dried over 4 A molecular sieves)
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solutions were used to obtain spectra. Residual CDCI3; was used as an internal standard

set to 7.26 ppm.

3.3.1.2 IR Spectroscopy
IR spectra of neat liquids on NaCl plates were recorded using a Bruker TENSOR

27 Fourier transform infrared spectrometer.

3.3.1.3 Gel Permeation Chromatography (GPC)

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
pHm). 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).

3.3.1.4 Synthetic Approach
All reactions were run under a nitrogen (N;) atmosphere with a Teflon-covered
stir bar to agitate the reaction mixture.
ODMS,, (ODMSy7, ODMS;4, and ODMS3j) was prepared by a triflic acid-
catalyzed ring-opening reaction of Ds with TMDS (Figure 3.1) [164]. D4 and TMDS
(4:1, 5:1, and 6:1 molar ratios) were combined with triflic acid in a 100 mL round-

bottom (rb) flask equipped with a rubber septum at RT. After 2.5 h, HMDS was added to
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the reaction to neutralize the acid. The reaction was then filtered to remove salts, and
volatiles removed under reduced pressure.
a-Triethoxysilylethyl-m-silane-oligodimethylsiloxane,, (TES-ODMS;;, TES-
ODMSy,, and TES-ODMSg,) and triethoxysilylethyl-oligodimethylsiloxane,-block-
poly(ethylene oxide)s (m=17, m=24, and m=30) were likewise prepared using a
previously reported strategy [99]. Briefly, TES-ODMS;7, TES-ODMS,,, and TES-
ODMS3, were synthesized by the Rh-catalyzed regioselective hydrosilylation of
equimolar amounts of VTEOS with ODMS;;, ODMS,4, and ODMSg,, respectively
(Figure 3.1). An equimolar ratio of ODMS;, and VTEOS 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 A-PEOgM with TES-ODMS;7, TES-
ODMS,,4, and TES-ODMSg, respectively (Figure 3.1). TES-ODMS,, and A-PEOsM
(1:1 molar ratio) 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 (~2125 cm™) 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.
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3.3.1.5 Synthesis of ODMS;;
D4 (20.03 g, 0.068 mol), TMDS (2.28 g, 0.017 mol), and triflic acid (40 uL)
were reacted as above and quenched with the final addition of HMDS (94 uL). In this
way, ODMS;; (13.3 g, 60% vyield) was obtained. '"H NMR (3, ppm): 0.03-0.12 (m,

102H, SiCH3), 0.19 (m, 12H, SiCH3), 4.70 (m, 2H, SiH).

3.3.1.6 Synthesis of ODMS;4
D4 (20.07 g, 0.07 mol), TMDS (1.85 g, 0.014 mol), and triflic acid (40 puL) were
reacted as above and quenched with the final addition of HMDS (94 pL). In this way,
ODMSy4 (18.2 g, 83% vyield) was obtained. '"H NMR (8, ppm): 0.05-0.11 (m, 144H,

SiCH3), 0.19 (m, 12H, SiCHs), 4.70 (m, 2H, SiH).

3.3.1.7 Synthesis of ODMS3,
D4 (20.05 g, 0.07 mol), TMDS (1.53 g, 0.011 mol), and triflic acid (40 puL) were
reacted as above and quenched with the final addition of HMDS (94 uL). In this way,
ODMS3, (16.5 g, 76% yield) was obtained. '"H NMR (8, ppm): 0.03-0.11 (m, 180H,

SiCH3), 0.19 (m, 12H, SiCHs), 4.70 (m, 2H, SiH).

3.3.1.8 Synthesis of TES-ODMS;;
ODMS;; (7.12 g, 5.1 mmol), VTEOS (0.98 g, 5.1 mmol), and Wilkinson’s
catalyst (10 mg) in toluene (50 mL) were reacted as above. In this way, TES-ODMS;;

(7.8 g, 96% vyield) was obtained. 'H NMR (8, ppm): 0.02-0.20 (m, 114H, SiCHs), 0.56
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(m, 3H, SICH,CH_), 1.09 (m, 1H, SiCH,CH), 1.23 (m, 9H, SiOCH,CH3), 3.82 (m, 6H,

SiOCH,CHs), 4.71 (m, 1H, SiH).

3.3.1.9 Synthesis of TES-ODMS,4
ODMS,, (13.0 g, 6.8 mmol), VTEOS (1.3 g, 6.8 mmol), and Wilkinson’s
catalyst (10 mg) in toluene (50 mL) were reacted as above. In this way, TES-ODMSy,
(13.8 g, 97% yield) was obtained. 'H NMR (5, ppm): 0.001-0.22 (m, 156H, SiCHs),
0.56 (m, 3H, SiCH,CH,), 1.09 (m, 1H, SiCH,CH,), 1.23 (m, 9H, SiOCH,CHj3), 3.82 (m,

6H, SIOCH,CHj), 4.70 (m, 1H, SiH).

3.3.1.10 Synthesis of TES-ODMSg3,

ODMS3 (11.9 g, 5.1 mmol), VTEOS (0.97 g, 5.1 mmol), and Wilkinson’s
catalyst (10 mg) in toluene (50 mL) were reacted as above. In this way, TES-ODMSg,
(12.7 g, 99% yield) was obtained. *H NMR (3, ppm): 0.02—0.20 (m, 192H, SiCHj), 0.56
(m, 3H, SiCH,CH,), 1.09 (m, 1H, SiCH,CH,), 1.23 (m, 9H, SiOCH,CHj), 3.82 (m, 6H,

SIOCH,CHs), 4.70 (m, 1H, SiH).

3.3.1.11 Synthesis of m=17
TES-ODMS;; (7.8 g, 0.005 mol), A-PEOgM (2.1 g, 0.005 mol), and Karstedt’s
catalyst (50 uL) in toluene (100 mL) were reacted as above. In this way, m=17 (7.7 g,
78% yield) was obtained. *H NMR (8, ppm): 0.01-0.11 (m, 114H, SiCHj3), 0.47-0.54 (m,

2H, SiCH,CH,CHy), 0.55 (m, 3H, SiCH,CH,), 1.08 (m, 1H, SiCH,CH,), 1.22 (m, 9H,
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SiIOCH,CHs), 1.59 (m, 2H, SiCH,CH,CH,), 3.37 (s, 3H, OCHs), 3.56 (m, 2H,
SiCH,CH,CH)), 3.64 (m, 32H, OCH,CH,), 3.81 (m, 6H, SIOCH,CHs). IR (v): no Si-H

band.

3.3.1.12 Synthesis of m=24
TES-ODMSy, (13.4 g, 6.4 mmol), A-PEOsgM (2.7 g, 6.4 mmol), and Karstedt’s
catalyst (50 uL) in toluene (80 mL) were reacted as above. In this way, m=24 (14.3 g,
89% vyield) was obtained. *H NMR (8, ppm): 0.02—0.11 (m, 156H, SiCH3), 0.47-0.54 (m,
2H, SiCH,CH,CH,), 0.55 (m, 3H, SiCH,CHy), 1.09 (m, 1H, SiCH,CHy), 1.22 (m, 9H,
SiIOCH,CH3), 1.60 (m, 2H, SiCH,CH,CH,), 3.38 (s, 3H, OCHjs), 3.56 (m, 2H,
SiCH,CH,CHy), 3.64 (m, 32H, OCH,CH,), 3.82 (m, 6H, SIOCH,CH3). IR (v): no Si—H

band.

3.3.1.13 Synthesis of m=30
TES-ODMS3, (12.32 g, 4.8 mmol), A-PEOgM (2.05 g, 4.8 mmol), and
Karstedt’s catalyst (50 pL) in toluene (100 mL) were reacted as above. In this way,
m=30 (12.6 g, 88% vyield) was obtained. 'H NMR (5, ppm): 0.02-0.11 (m, 192H,
SiCHj3), 0.47-0.54 (m, 2H, SiCH,CH,CHy), 0.55 (m, 3H, SiCH,CH,), 1.09 (m, 1H,
SiCH,CHy), 1.22 (m, 9H, SIOCH,CHj3), 1.61 (m, 2H, SiCH,CH,CHy), 3.38 (s, 3H,
OCHjs), 3.56 (m, 2H, SiCH,CH,CH,), 3.64 (m, 32H, OCH,CH,), 3.82 (m, 6H,

SIOCH,CHj3). IR (v): no Si—H band.
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3.3.1.14 Synthesis of mono-17
TES-ODMS;; (0.05 g, 0.03 mmol), CH,=CH-PDMS-n-Bu (2.1 g, 0.03 mmol),
and Karstedt’s catalyst (50 puL) were combined in toluene in a round-bottom (rb) flask
equipped with a rubber septum and heated to 70 °C for 12 h. The reaction was monitored
by IR until the disappearance of Si—H was observed. The catalyst was removed by
refluxing the reaction mixture with activated charcoal for 12 h. The reaction mixture was
filtered and the volatiles were removed under reduced pressure. In this way, mono-17

(1.66 g, 77% yield) was obtained. IR (v): no Si—H band.

3.3.1.15 Synthesis of mono-24
TES-ODMSy, (0.08 g, 0.038 mmol), CH,=CH-PDMS-n-Bu (2.03 g, 0.034
mmol), and Karstedt’s catalyst (50 pL) in toluene were reacted as above. In this way,

mono-24 (1.03 g, 49% yield) was obtained. IR (v): no Si—H band.

3.3.1.16 Synthesis of mono-30
TES-ODMSg3, (0.10 g, 0.039 mmol), CH,=CH-PDMS-n-Bu (2.32 g, 0.039
mmol), and Karstedt’s catalyst (50 puL) in toluene were reacted as above. In this way,

mono-30 (1.48 g, 61% yield) was obtained. IR (v): no Si—H band.

3.3.1.17 Synthesis of non-17
ODMS;7 (2.00 g, 1.4 mmol), VTEOS (0.54 g, 2.8 mmol), and Wilkinson’s

catalyst (10 mg) were combined in toluene in a rb flask equipped with a rubber septum

47



and heated to 80 °C for 12 h. Toluene was removed under reduced pressure, the product
was purified by flash column chromatography, and volatiles were removed under

reduced pressure. In this way, non-17 (2.32 g, 91% yield) was obtained.

3.3.1.18 Synthesis of non-24
ODMS,,; (2.01 g, 0.001 mol), VTEOS (0.40 g, 0.002 mol), and Wilkinson’s
catalyst (10 mg) in toluene were reacted as above. In this way, non-24 (2.16 g, 90%

yield) was obtained.

3.3.1.19 Synthesis of non-30
ODMS3; (1.98 g, 0.84 mmol), VTEOS (0.32 g, 1.7 mmol), and Wilkinson’s
catalyst (10 mg) in toluene were reacted as above. In this way, non-30 (2.14 g, 93%

yield) was obtained.

3.3.1.20 Synthesis of di-17
ODMS;7 (0.03 g, 0.022 mmol), CH,=CH-PDMS-n-Bu (2.32 g, 0.039 mmol),
and Karstedt’s catalyst (50 puL) were combined in toluene in a round-bottom (rb) flask
equipped with a rubber septum and heated to 70 °C for 12 h. The reaction was monitored
by IR until the disappearance of Si—H was observed. The catalyst was removed by
refluxing the reaction mixture with activated charcoal for 12 h. The reaction mixture was
filtered and the volatiles were removed under reduced pressure. In this way, di-17 (1.80

g, 77% yield) was obtained. IR (v): no Si—H band.
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3.3.1.21 Synthesis of di-24
ODMS,, (0.037 g, 0.019 mmol), CH,=CH-PDMS-n-Bu (2.13 g, 0.036 mmol),
and Karstedt’s catalyst (50 puL) in toluene were reacted as above. In this way, di-24 (0.96

g, 44% yield) was obtained. IR (v): no Si—H band.

3.3.1.22 Synthesis of di-30
ODMS3, (0.04 g, 0.017 mmol), CH,=CH-PDMS-n-Bu (2.03 g, 0.034 mmol),
and Karstedt’s catalyst (50 pL) in toluene were reacted as above. In this way, di-30 (0.95

g, 46% yield) was obtained. IR (v): no Si—H band.

3.3.2 Surface-Grafting PEO-Silane Amphiphiles onto Silicon Wafers

Silicon wafers (1" 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,S04/30% 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 or the PEO-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 mmHg) 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
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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 with a plasma

cleaner (O, 2 min).

3.3.3 Preparation of Silicone Films

Microscope slides were sequentially washed with acetone, dichloromethane, and

acetone and dried in a 100 °C oven for at least 2 hr 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, an unmodified silicone control was prepared without the addition of
a PEO-silane amphiphile. The sealed vials were placed on a shaker table for 4 hr 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. In this way, solvent
evaporation was slowed which prevented the formation of air bubbles in the resulting
coatings. Films were allowed to cure for seven days at room temperature (RT) and
immediately used for designated tests. Free-standing films for thermal gravimetric
analysis (TGA) were obtained by removing the films from slides with a clean single-
edge razor blade. Coated microscope slides were analyzed for water absorption, contact

angle, and protein adsorption.
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3.3.4 X-Ray Photoelectron Spectroscopy (XPS)

Surface composition analysis of grafted silicon wafers 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 10 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 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.

3.3.5 Ellipsometry

Ellipsometry measurements on grafted silicon wafers 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 [165-167]. 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 (n) of the PEO-silane amphiphiles and the PEO-control was set
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to that of crystalline PEO (n = 1.450) [39,168]. The reported thickness value (h) was

based on three wafers, each measured at three different regions.

3.3.6 Thermal Gravimetric Analysis (TGA)
TGA was performed on the neat PEO-silane amphiphiles and the PEO control as
well as on the PEO-modified silicone films (~10 mg) in Pt pans with a TA Instruments
Q50 under N or air at a flow rate of 60 cm*/min. The sample weight was recorded while

the temperature was increased 4 °C/min from 25 to 800 °C.

3.3.7 Absorbed Water Content
Coated slides were weighed (W;) and then continually soaked in DI water at RT
for 6 days. After removal from water, the surface was gently dried with a stream of air
and immediately weighed (Ws). The weight of the uncoated glass slide was subtracted
from W; and W; before calculating the water content. The absorbed water content is

defined as: absorbed water content = [(W; — W;)/W;] x 100.

3.3.8 Contact Angle Measurements
Static (fsmiic) 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. Osuic Of a sessile drop of
water (5 pulL) was measured at 0, 15, 60 and 120 sec after deposition onto the coating

surface for silicone films and at 0 and 120 sec for surface-grafted wafers. The reported
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Osatic Values are an average of three measurements taken from three different areas of the

same sample.

3.3.9 Protein Adsorption

The adsorption of human fibrinogen (HF) onto surface-grafted wafers was
studied with QCM-D (Q-Sense E4). PBS was flowed over grafted sensors (150 pL/min)
until stable baselines were observed (~1 hr), and then the frequency and dissipation were
recorded for 5 min. A HF protein solution (0.1 mg/mL in PBS) was then flowed over the
sensors (150 pL/min) for 20 min. Finally, PBS was flowed over the sensors (150
pL/min) for 5 min to remove any non-adherent protein. A sensor grafted with a siloxane
tether (TES-ODMS;3; m = 13) was used as a hydrophobic siloxane control. The raw
data was quantified and analyzed using Q-Sense software.

The adsorption of the Alexa Fluor dye conjugate of human fibrinogen (AF-546
HF) onto silicone films was studied with confocal laser scanning microscopy. A silicone
isolator (18 mm well diameter, 2 mm well depth) was affixed to each coated microscope
slide. The exposed surface of the film inside each isolator well was filled with 0.7 mL of
AF-546 HF solution (0.1 ml/mL) [39,169]. (Note: Per manufacturer specifications, the
AF-546 HF 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
equilibrating in the dark at RT for 3 h, the solution was removed and 0.7 mL of PBS was
then added to each well and removed after 5 min. This rinsing process was repeated with

PBS and then with DI water for a total of three rinses. The samples were then dried

53



under a stream of air and imaged. An unmodified silicone-coated slide served as a

hydrophobic silicone control with well-known high protein adhesion [101,134,135].

3.3.10 Confocal Laser Scanning Microscopy (CLSM)

A FV1000 (Olympus) confocal laser scanning microscope was use 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
micron per slice); slice averaging; collection (150 micron 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 FV10-ASW v3.1 software
suite (Olympus). Each protein exposed sample was imaged in three locations and
aggregate intensities were computed. These were compared to three images obtained
from samples that had similar treatment without protein exposure. Changes in intensity
upon exposure to protein were then obtained and compared, with errors reported as the

standard deviation of three measurements.
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3.4 Results and Discussion

3.4.1 Synthesis of ODMS,
The triflic acid-catalyzed ring-opening reaction of variable molar ratios of Dy
with TMDS produced ODMS;7, ODMS,4, and ODMS3 in good yields (>60%) (Figure

3.1). The M, ODMS;,-ODMS3, were confirmed by *H NMR end-group analysis.

3.4.2 Synthesis of TES-ODMS,,

The Rhodium-catalyzed regioselective hydrosilylation reaction of equimolar
amounts of ODMS;;, ODMS,4, or ODMSg3, with VTEOS effectively produced TES-
ODMS;;, TES-ODMSy4, and TES-ODMS3, respectively, in good yields (>96%). 4
NMR spectra of TES-ODMS;;, TES-ODMS,,4, and TES-ODMS3, showed a reduction

in the Si—H peak integration value by one-half compared to the starting material.

3.4.3 Verification of the Composition of TES-ODMS,

For Rh-catalyzed regioselective hydrosilylation, it has been suggested that an
increased distance between terminal Si—H groups may result in their decreased reactivity
[121]. However, our previous work has demonstrated successful regioselective
hydrosilylation of ao,w-bis(Si—H)oligodimethylsiloxanes (ODMS,, ODMS4, and
ODMS;3) [99]. Further, we sought to confirm the compositions of the products of
regioselective hydrosilylation of ODMS;7, ODMS;4, and ODMS3y each with VTEOS

by GPC as previously reported [99]. '"H NMR cannot be the sole basis for evidence of
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the pure monosubstitution of regioselective hydrosilylation since the spectra represent
the average composition of each sample.

Subsequent to Rh-catalyzed hydrosilylation of ODMS;7, ODMS,4, and ODMS3,
each with VTEOS (1:1 molar ratio), the products (TES-ODMS;7, TES-ODMS,4, and
TES-ODMS;)) were each reacted with CH,=CH-PDMS-n-Bu (M,/M, =
83,000/60,000 g/mol) by Pt-catalyzed hydrosilylation thereby producing mono-17,
mono-24, and mono-30, respectively. If the initial Rh-catalyzed hydrosilylation reaction
was regioselective, then the products would be pure mono-17, mono-24, or mono-30.
However, non-regioselective Rh-catalyzed hydrosilylation would have resulted in a
mixture of products which would subsequently react with CH,=CH-PDMS-n-Bu to
yield: mono-17, mono-24, and mono-30, the products of monosubstituted TES-
ODMS;7, TES-ODMS,4, and TES-ODMS3 each with CH;=CH-PDMS-n-Bu (M, =
61,582; 62,100; 62,544 g/mol); non-17, non-24, and non-30, unreacted o,®-
triethoxysilylethyl-disubstituted products (M, = 1,772; 2,290; 2,734 g/mol); and di-17,
di-24, and di-30, the products of ODMSy7, ODMS,4, and ODMS3; each with CH,=CH-
PDMS-n-Bu (1:2 molar ratio) (M, = 121,334; 121,852; 122,296 g/mol).

Products non-17, non-24, and non-30 were synthesized by Rh-catalyzed
hydrosilylation of ODMSy7, ODMS,4, and ODMS3;,, respectively, with VTEOS (1:2
molar ratio), whereas di-17, di-24, and di-30 were synthesized by Pt-catalyzed
hydrosilylation of ODMSy7, ODMS,4, and ODMS3;, respectively, with CH,=CH-

PDMS-n-Bu (1:2 molar ratio).
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In the GPC chromatographs of mono-17, mono-24, and mono-30, the elution
peaks of non-17, non-24, and non-30, respectively, are absent (Figure 3.2). The elution
peaks of di-17, di-24, and di-30 would overlap with the elution peaks of mono-17,
mono-24, and mono-30 but must be absent as well since non-17, non-24, and non-30
and di-17, di-24, and di-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;;, TES-ODMS,4, and TES-ODMS3, each with
CH,=CH-PDMS-n-Bu. These results confirm that the Rh-catalyzed hydrosilylation
reactions of ODMS;7;, ODMS,4, and ODMSg3, each with VTEOS were regioselective
and produced only monosubstituted TES-ODMS;;, TES-ODMS,,4, and TES-ODMS3y,

respectively.
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Figure 3.2. GPC chromatographs of non-m, di-m, and mono-m. The absence of non-m (and thus di-
m) confirms that mono-m is the product of monosubstituted TES-ODMSm and CH,=CH-PDMS-n-
Bu.
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3.4.4 Synthesis of m=17-30
The Platinum-catalyzed hydrosilylation reaction of equimolar amounts of TES-
ODMS;7, TES-ODMS,,;, and TES-ODMSg3, 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 (~4.7 ppm) of

the *H NMR spectra of m=17, m=24, and m=30 was also absent.

3.4.5 Grafted Silicon Wafers
3.4.5.1 XPS

XPS was used to confirm successful grafting of PEO-silane amphiphiles onto
silicon wafers. The elemental surface compositions of grafted silicon wafers are reported
in Table 3.1. As expected, the Si 2p content decreased and the C 1s content increased
upon surface-grafting. The Si 2p peak decreased as siloxane tether length increased,
which can be explained by the lower silicon content of PDMS (25% theoretical) versus
the bare wafer surface (61% measured). The HR C 1s peaks were deconvoluted using
XPS software into two peaks centered at 284.5 eV (C—C and C-Si) and 286.4 eV (C-O)
which was unique to PEO (Figure 3.3). The component of the C 1s peak corresponding
to C—O decreased as the siloxane tether was lengthened, corresponding to a decrease in
the PEO concentration relative to PDMS. These results confirm the presence of grafted
PEO-silane amphiphiles on the silicon wafers and correlate well with differences in

composition.
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Table 3.1. Surface atomic % composition by XPS of surface-grafted PEO-silane amphiphiles and a
PEO control (n = 8).

C-Si/
Cls c-C cC-0 O1ls Si2p
286.4

Surface Total 2845eV eV

Oxidized wafer 5 - - 34 61
PEO control 20 19 81 36 44
m=0 10 32 68 37 52
m=4 16 31 69 39 46
m=13 22 54 46 30 48
m=17 23 66 34 34 44
m=24 38 72 28 30 32
m=30 44 68 32 27 30

m=0
PEO control__/\____

295 290 285 280
Binding Energy (eV)

Figure 3.3. HR C 1s XPS spectra of silicon wafers grafted with PEO-silane amphiphiles and a PEO
control (n = 8).
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3.4.5.2 Ellipsometry

PEO-silane amphiphiles of varying siloxane tether length were grafted onto
silicon wafers and the dry graft layer thicknesses (h) were measured (Table 3.2). As
expected, h of the PEO-silane amphiphiles increased with siloxane tether length such
that m=30 yielded the thickest graft layer (2.9 nm) while m=0 was the thinnest (1.4 nm).
The h values were then used to calculate spacing between grafted polymer chains (D,
Table 3.2) which is known to influence their conformation [170,171]. For the surface-
grafted chains to have an extended conformation (brush regime), D must be less than
twice the Flory radius (Rg) [154]. For each PEO-silane amphiphile composition, Rg was
calculated using the length of one monomer unit (a) and the degree of polymerization
(N) as follows: (1) Re = aN* for the siloxane control in a poor solvent (i.e. water), where
a=0.5nm [172] and N = 13 and (2) Re = aN*® for the PEO control in a good solvent
(i.e. water), where a = 0.35 nm [39,173] and N = 8 [99,163,164]. However, due to the
two-block composition of the PEO-silane amphiphiles and the differing solubility of
PEO and PDMS, the R of the PEO segment and the siloxane tether must be calculated
separately using their respective Flory equations as explained above (Table 3.2). For all
grafted silicon wafers, the PEO-silane amphiphiles exhibited D less than 2Rg for both
the PEO segment as well as for the siloxane tether. Thus, all grafted surfaces were
determined to be in a brush regime. Lastly, D for all grafted PEO-silane amphiphiles and
the siloxane control differed by less than 0.5 nm (1.05 - 1.49 nm) with the exception of
the PEO control (0.67 nm). Thus, the effect of chain density could be disregarded as a

variable when comparing protein resistance of grafted PEO-silane amphiphiles.
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Table 3.2. Ellipsometry data for silicon wafers grafted with PEO-silane amphiphiles, a PEO control (n =

8), and a siloxane control (m = 13).

Graft PEO Flory  PDMS Flory
Chain Density Distance Spacing Spacing

Grafted My Density | Thickness o= (hp/M;)xNa D= (4/n0)*? | 2Re=2aN®® 2R = 2aN'?
Surface (g/mol)  p (g/mL) h (nm) (chains/nm?) (nm) (nm) (nm)
PEO control 588 1.06 22101 2.39 0.73 2.4 -
m=0 749 1.02 14+0.3 1.15 1.05 2.4 -
m=4 1044 1.00 1.6+05 0.92 1.17 2.4 1.6
m=13 1710 0.98 15+0.2 0.52 157 24 2.3
m=17 2006 0.99 2.0+0.2 0.59 1.46 2.4 2.5
m=24 2524 0.98 28+0.1 0.65 1.39 2.4 2.9
m=30 2968 0.98 29+0.1 0.58 1.49 2.4 3.1
Siloxane 1286 101 | 2509 12404 1.1£02 - 2.3
control

3.4.5.3 Contact Angle Analysis

Ostatic (0 sec) and Osaiic (2 min) of water droplets on grafted surfaces are reported

in Figure 3.4. A silicon wafer grafted with a siloxane tether (TES-ODMS;3; m = 13)

served as a hydrophobic control. As the siloxane tether increased, the grafted wafers

exhibited an increase in Gsaic (0 sec) and Osaic (2 min), indicating a decrease in surface

hydrophilicity. This trend was attributed to the hydrophobic siloxane tether which

created more hydrophobic surfaces as its concentration was increased. Hysteresis (6, =

Gaav — Grec) Was relatively consistent among all grafted wafers, signifying that surface

reorganization was not a variable.
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Figure 3.4. Static contact angles (6saic) Of silicon wafers grafted with PEO-silane amphiphiles, a
PEO control (n = 8), and a siloxane control (m = 13) at 0 s (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.

3.4.5.4 Protein Adsorption via QCM-D

Adsorbed HF plays a major role in surface-induced thrombosis by facilitating
platelet adhesion and activation [9,174]. Thus, the amount of HF protein adsorbed onto
grafted surfaces was analyzed via QCM-D to estimate thromboresistance (Figure 3.5).
Due to the low dissipation of adsorbed HF [175], the adsorbed mass was calculated
using Sauerbrey approximation and the seventh frequency overtone. Due to its
hydrophobicity, the siloxane control adsorbed the highest amount of HF. The PEO-silane
amphiphiles experienced reduced adsorption compared to the siloxane control due to
their relatively reduced hydrophobicity as determined by contact angle (Figure 3.4).
Lastly, the PEO control adsorbed significantly less HF compared to all other grafted
surfaces due to its hydrophilicity. Thus, reduced HF adsorption generally correlates with
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increased hydrophilicity of the grafted surfaces. Therefore, the siloxane tether is
detrimental to the inherent protein resistance of surface-grafted PEO-silane amphiphiles.
However, due to the absence of restructuring effects, the silicon wafer is not necessarily
predictive of protein resistance for PEO-silane amphiphiles in a bulk-modified silicone

network.
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Figure 3.5. QCM-D-measured adsorption of HF onto silica-coated sensors grafted with PEO-silane
amphiphiles, a PEO control (n = 8), and a siloxane control (m = 13). After equilibration for 5 min
with PBS, the sensors were exposed to HF for 20 min and then to PBS for 5 min.

3.4.6 Silicone Films
3.4.6.1 Preparation of Films
A medical grade, silica-reinforced acetoxy cure RTV silicone was modified with
PEO-silane amphiphiles of variable siloxane tether length (m=0, m=4, m=13, m=17,

m=24, and m=30) as well as a PEO control at equivalent molar concentrations (Figure
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3.1). Films were prepared by solvent-casting with hexane onto glass microscope slides

(Figure 3.6).

Air/Equilibrated

Waqler-Eqﬁilibrated

[
[ |
&Z PEQ

Silicone control m=0 m=4 m=13 m=17 m=24 \m=30

Figure 3.6. Unmodified silicone and silicones bulk-crosslinked with PEO-silane amphiphiles and a
PEO control (n = 8) before (top row) and after (bottom) soaking in water (6 days). wt% absorbed
water content is displayed (blue).

3.4.6.2TGA

Successful crosslinking of bulk silicone films was confirmed by TGA (Figure
3.7). The thermal degradation profiles of PEO-modified silicones were compared to that
of unmodified silicone as well as the neat PEO-silane amphiphiles. In air, ~55 to 70%
silica residue remained as expected due to the degradation of polysiloxanes [122]. The
thermal stabilities of the PEO-modified silicones did not vary substantially from the
unmodified silicone film. Additionally, the significant weight loss at lower temperatures
that was observed for neat PEO-silane amphiphiles was not observed for PEO-modified
silicones. Thus, PEO-silane amphiphiles were successfully crosslinked into the bulk

silicone films.
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Figure 3.7. Thermal stability of silicones bulk-crosslinked with PEO-silane amphiphiles and a PEO
control (n = 8) in N, and in air.
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3.4.6.3 Contact Angle Analysis

Contact angle measurements of films cured for one day are reported in Figure
3.8. The contact angle was tracked for 2 min following the deposition of a water droplet
to monitor surface restructuring in response to water exposure. As expected, the
unmodified silicone control was hydrophobic (Gsaie > 90°) [176] with minimal
restructuring over the 2 min period. The contact angle of the PEO control was similarly
hydrophobic and remained so after 2 min but did undergo greater restructuring (A = -15°)
attributed to a small amount of hydrophilic PEO migrating from the bulk to the surface.
However, all of the PEO-silane amphiphile-modified films underwent major surface
reorganization as evidenced by greater increases in wettability (m=0, A = -64°; m=4, A =
-72% m=13, A= -77°% m=17, A = -75°% m=24, A = -67°; m=30, A = -69°). As the siloxane
tether was lengthened from m = 0 to m = 13, the films exhibited greater restructuring
capacity due to the enhanced configurational mobility of the PEO with a longer tether.
However, PEO-silane amphiphile restructuring was reduced from m = 17 to m = 30.
Thus, m=13 films observed the greatest restructuring ability, beyond which the chains
became too bulky to migrate to the surface-water interface as effectively due to the
lengthened siloxane tether.

The films were similarly characterized during prolonged exposure to both air (30
days) and water (33 days) to assess longevity (Figure 3.9). For films exposed to air,
restructuring behavior remained generally constant over 30 days. Alternatively, the
restructuring capacity of films soaked in water was gradually reduced (higher contact

angle at 2 min) over the 33 day period. Furthermore, shorter tether lengths appeared to
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be more heavily influenced by water equilibration. Yet, the films containing PEO-silane

amphiphiles generally remain hydrophilic even after 33 days.
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Figure 3.8. Static contact angles (i) of unmodified silicone and silicones bulk-crosslinked with
PEO-silane amphiphiles and a PEO control (n = 8) measured over 2 min. Bars are organized as the
time after initial 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 at the
designated time point on three different areas of the same sample.
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Figure 3.9. Static contact angles (i) of unmodified silicone and silicones bulk-crosslinked with
PEO-silane amphiphiles and a PEO control (n = 8) during exposure to (a) air for 30 days and (b) DI
water for 33 days. Each bar represents the average and standard deviation of three measurements
taken from three different areas of the same sample.

3.4.6.4 Absorbed Water Content
After soaking for six days, PEO-silane amphiphile-modified silicone films
generally absorbed similar amounts of water (~6-11 wt%) versus unmodified silicone
(0.3 = 0.04 wt%) (Figure 3.6). Water uptake could also be observed as an increase in
film opaqueness resulting from incompatibility of the silicone and the absorbed water.

Water content within the film is believed to inhibit the surface restructuring capacity of
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PEO-silane amphiphiles by reducing the driving force of PEO from the bulk to the

surface-water interface [177].

3.4.6.5 Protein Adsorption

The amount of fluorescently-labelled HF protein adsorbed onto silicone films
was measured with CLSM (Figure 3.10; Table 3.3). The results correlate well with Osaic
measurements. The unmodified silicone control adsorbed expectedly high levels of HF
due to its extreme hydrophobicity. The PEO control-modified silicone adsorbed
similarly high levels due to the hydrophobicity that resulted from PEO’s inability to
migrate to the surface. However, the PEO-silane amphiphile films adsorbed significantly
reduced amounts of HF, which coincides with their greater surface restructuring ability
and subsequent hydrophilicity. Protein resistance was maximized with shorter siloxane
tethers (m = 0-13), whereas longer siloxane tethers led to decreased protein resistance (m
= 17-30). Thus, longer siloxane tethers appear to inhibit PEO surface migration and
reduce the protein resistance of PEO-silane amphiphiles. More importantly, these results
demonstrate that PEO-silane amphiphiles outperform conventional PEO-silanes (i.e. no

siloxane tether) in reducing protein adsorption on silicone.
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Figure 3.10. Fibrinogen adsorption on silicones bulk-modified with PEO-silane amphiphiles and a
PEO control (n = 8) as measured by fluorescence 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

1449
+64

analysis of variance (Holm-Sidak method where * indicates p < 0.05).

Table 3.3. Fluorescence intensity measured on silicones bulk-modified with PEO-silane amphiphiles
and a PEO control (n = 8) before (absolute) and after normalizing all values to the signal measured on

unmodified silicone.

Absolute Normalized
Silicone 1571.8 £91.7 100+5.8
PEO control 2276.8+5.9 1449+6.4
m=0 1.4+0.3 0.09 +0.02
m=4 15%+0.3 0.10 £0.02
m=13 20+£0.3 0.13+0.02
m=17 6.4+0.3 0.24 +0.19
m=24 3.2+0.3 0.20 +0.02
m=30 11.2+0.1 0.42 +0.05
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3.5 Conclusions

New PEO-silane amphiphiles with variable lengths of the siloxane tether were
synthesized to study their effect on protein resistance. Surface-grafted coatings were
used to measure the inherent protein resistance of amphiphiles in the absence of surface
restructuring effects. The siloxane tether of the amphiphiles, when compared to the PEO
control, was found to increase the hydrophobicity of surface-grafted coatings to an
extent that depended directly on the relative tether length. HF adsorption on the coatings
correlated with their wettability such that more hydrophobic surfaces adsorbed the most
protein. These results indicated that the inherent protein resistance of PEO-silanes is
reduced with the incorporation of a siloxane tether. Next, PEO-silane amphiphiles were
tested in a bulk-crosslinked medical grade silicone where surface restructuring was
prevalent. The substantial surface restructuring in response to water that was observed
on silicone modified with PEO-silane amphiphiles was largely absent with the PEO
control-modified silicone. This was attributed to the siloxane tether enhancing the ability
of PEO to migrate from the bulk to the surface-water interface. Restructuring ability
correlated with protein resistance such that the same PEO-silane amphiphiles with
inherently poor protein resistance actually outperformed conventional PEO in reducing
fouling on modified silicone. Overall, m=13 was most effective PEO-silane amphiphile
in surface restructuring and protein resistance. These results indicate that while model
substrates may be useful as an initial step in determining the antifouling potential of
coatings, they are not reliable for screening chemistries intended for polymeric materials

where surface restructuring effects are critical.
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CHAPTER IV
BACTERIA AND DIATOM RESISTANCE OF SILICONES MODIFIED WITH

PEO-SILANE AMPHIPHILES"

4.1 Overview

Silicone coatings with enhanced antifouling behavior towards bacteria, diatoms,
and a diatom dominated slime were prepared by incorporating PEO-silane amphiphiles
with varied siloxane tether lengths (a—c): a-(EtO)sSi(CH,),-oligodimethylsiloxane,-
block-poly(ethylene oxide)s-OCH3 [n = 0 (a), 4 (b), and 13 (c)]. Three modified silicone
coatings (A-C) were prepared by the acid-catalyzed sol-gel cross-linking of a-c,
respectively, each with a stoichiometric 2:3M ratio of o, -bis(Si-
OH)polydimethylsiloxane (M, =3,000 g mol™'). The coatings were exposed to the
marine bacterium Bacillus sp.416 and the diatom (microalga) Cylindrotheca closterium,
as well as a mixed community of Bacillussp. and C. closterium. In addition, in
situ microfouling was assessed by maintaining the coatings in the Atlantic Ocean. Under
all test conditions, biofouling was reduced to the highest extent on coating C which was

prepared with the PEO-silane amphiphile having the longest siloxane tether length (c).

“ Hawkins, M.L.; Fay, F.; Réhel, K.; Linossier, I.; Grunlan, M.A. Bacteria and diatom resistance of
silicones modified with PEO-silane amphiphiles. Biofouling 2014, 30, 247-258. This is the author’s
accepted manuscript of an article published as the version of record in Biofouling, 2014.
http://www.tandfonline.com/doi/full/10.1080/08927014.2013.862235
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4.2 Introduction

Diatom slimes are compact marine biofilms comprised of bacteria and diatoms
embedded in a matrix of secreted extracellular polymeric substances (EPS), often
referred to as mucilage or slime [178]. Diatoms are unicellular algae that are ubiquitous
in marine as well as freshwater habitats [73], and are a main eukaryotic microorganism
that fouls ship hulls [78]. Development of diatom slimes on ships’ hulls and other
submerged structures is a dynamic process [179,180]. First, a conditioning film forms
from the adsorption of ions, proteins, and other organic macromolecules (eg
glycoproteins and polysaccharides) present in the water [69,70], followed by attachment
of bacteria, diatoms, and other microorganisms [71,72] although as noted by Callow and
Callow [179], these processes are not always sequential. Diatoms have a silica case (the
frustule) comprised of two overlapping halves which completely enclose the protoplast
[73]. Raphid diatoms secrete mucilaginous EPS through the elongated slit (the raphe)
and pores thereby permitting attachment as well as gliding on the substratum, leaving
behind deposited adhesive trails [181]. EPS consists primarily of polysaccharide as well
as smaller amounts of protein [182]. In seawater, attached diatoms rapidly divide to form
a slime layer or ‘microfilm’, which can grow up to 2 mm in thickness [68].

Slime formation (ie microfouling) results in substantial economic and
environmental consequences. On ships’ hulls, slime increases hydrodynamic drag
leading to as much as 15% greater fuel consumption and furthermore increases
maintenance costs associated with cleaning and corrosive damage [76,183,184]. Slime

formation is particularly pronounced for ships in port or traveling at less than two knots
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[68]. Toxic, ablative antifouling (AF) paints, including those based on copper, organotin,
and organic biocides, have traditionally been used to prevent biofouling [76]. However,
their accumulation in marine waters and negative impact on non-target marine life has
resulted in a ban on the use of organotin-based paints, and has prompted a call for
restrictions on use of some other biocides by the International Maritime Organization
[77].

Foul-release (FR) coatings represent a non-toxic alternative to ablative marine
coatings [78]. Rather than prevent initial attachment, these coatings weaken the
attachment of biofouling organisms such that they are removed via hydrodynamic force
(eg ship movement or cleaning regimes) [79,80]. Silicone elastomers, particularly those
based on polydimethylsiloxane (PDMS), have emerged as the most popular choice for
commercial FR coatings [78]. Their foul-releasing behavior is attributed to their low
surface energy, low roughness, low glass transition temperature (Tg), and low modulus
which minimize chemical and mechanical adhesion, and enhance release [78,86,87].
While some macrofoulers such as macroalgae [74] and barnacles [185] adhere poorly to
hydrophobic, low surface energy materials such as silicones, others do not. Notably,
diatoms strongly adhere to hydrophobic surfaces [74,75] including silicone-based
coatings [73,186]. The hydrophobicity of silicones leads to poor AF behavior towards
the protein-, glycoprotein-, and polysaccharide-based bioadhesives of marine organisms
[88]. Moreover, complete detachment of fouling species, including slimes, from
commercial hydrophobic FR silicones requires speeds around 30 knots [89] whereas a

moderate ship speed is 10-15 knots [90].
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Based on the limitation of silicone FR coatings, amphiphilic AF coating systems
have emerged as a potentially effective alternative way to resist fouling by multiple
organisms including diatoms. These coatings present chemically complex surfaces
comprised of hydrophobic and hydrophilic domains [91-94]. Several examples of
amphiphilic coatings have been explored based on the combination of hydrophilic
poly(ethylene oxide) (PEO, or ‘PEG’) with a hydrophobic component. Polystyrene-
block-(ethylene-ran-butylene)-block-isoprene copolymers with PDMS and PEO side
chains demonstrated superior resistance to diatoms with increasing PEO content
compared to a PDMS control [95]. This copolymer was also prepared with ethoxylated
fluoroalkyl side chains and resulted in reduced attachment of spores of Ulva linza, and
significantly enhanced removal of sporelings (young plants) at low-impact pressures
[96]. Amphiphilic coatings containing a combination of PEO and fluoropolymers have
also been studied. For instance, cross-linked hyperbranched fluoropolymer and PEO
networks exhibited superior FR behavior with respect to the adhesion strength of
sporeling of U. linza compared to a PDMS standard [97]. Also, a polystyrene-block-PEO
diblock copolymer was modified with perfluorinated chemical moieties which reduced
the settlement of spores and attachment strength of sporelings of U. linza [98].

The aforementioned amphiphilic coatings were comprised solely of an
amphiphilic co- or multi-polymer. In contrast, a strategy for imparting amphiphilicity to
hydrophobic silicones via the introduction of PEO-silane amphiphiles has also been
reported. In this way, an amphiphilic additive is utilized, permitting a simple protocol to

modify silicones. In earlier work, PEO-silane amphiphiles comprised of a linear PEO
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segment distanced from the cross-linkable trialkoxysilane group by an
oligodimethylsiloxane tether of varying lengths: a-(EtO)sSi(CHy),-
oligodimethylsiloxane,-block-(OCH,CH,)s-OCH3;n=0  (a), M, =749 gmol '; n=4
(b), M, = 1,044 gmol'; n=13 (c), M, = 1,710 g mol™’ were reported
(Figure 4.1a) [99]. Their siloxane tether is in contrast to the short alkane spacer (eg
propyl) typical of conventional PEO alkoxysilanes useful for cross-linking with o, ®-
bis(Si-OH)PDMS (eg RTV silicones) [40,41,43,47,48]. The flexible, hydrophobic
siloxane tether is expected to enhance PEO configurational mobility as well as render the
chain amphiphilic, properties individually associated with resistance to accumulation of
molecules such as proteins. First, the high protein resistance of PEO [24,25] was
attributed not only to its hydrophilicity and hydration [26], but also its configurational
mobility which leads to a large excluded volume [27], steric repulsion [14,15], blockage
of underlying surface adsorption sites [187], and an entropic penalty of chain
compression upon protein adsorption [14,15,25]. Therefore, resistance to biomolecule
attachment may be enhanced by increasing PEO chain mobility. For the PEO-silane
amphiphiles (a—c), the oligodimethylsiloxane tether is highly flexible due to the wide
bond angle (~143°) and low barrier to linearization (0.3 kcal mol™) of Si-O-Si of
dimethylsiloxanes [120,121]. It is the dynamic flexibility of Si—O-Si that produces
polymers  with extremely low glass transition temperatures (TgS) (eg
PDMS, T4 = —125 °C). Second, the hydrophobicity of the siloxane tether combines with
the hydrophilicity of the PEO segment to create an amphiphilic chain. Amphiphilicity, as

noted in the examples above, is associated with enhanced resistance to biofouling.
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Figure 4.1. (a) Structure of PEO-silane amphiphiles. (b) Schematic representation of restructuring of
PEO-silane amphiphile chains to the aqueous interface. (c) Contact angle measurements of silicone and
modified silicone coatings A, B, and C prepared with PEO-silane amphiphiles a (n = 0), b (n =4), and ¢ (n
= 13), respectively. Error bars represent the SD between three measurements taken on different areas of
the same sample.

It was demonstrated previously that when PEO-silane amphiphiles (a—c) were
surface-grafted onto silicon wafers, protein resistance generally increased with siloxane
tether length [39]. When a—c were combined in a stoichiometric 2:3 M ratio with a, o-
bis(Si—-OH)PDMS (M, = 3,000 g mol™"), protein resistance of the resulting coatings (A—
C, respectively) likewise generally increased with siloxane tether length [99]. Contact
angle analysis of A—C revealed that a longer siloxane tether produced more extensive

restructuring of PEO chains from the air to water interface.
78



In this work, modified silicone coatings A—C were produced and their ability to
resist microfouling was evaluated and compared to that of an unmodified silicone
‘standard’ (‘silicone’, Silastic T-2). Microfouling resistance was evaluated in terms of
the settlement of the bacterium Bacillussp. 4J6 and the diatom
(microalga) Cylindrotheca closterium (formerlyNitzschia closterium) as well as mixtures
of the two. Bacillus sp. 4JS is a Gram-positive bacterium which constitutes up to 20% of
the total bacterial flora found in seawater [188] and which forms a ‘substrate’ for
subsequent biofouling [189]. The bacterium wused herein is most similar
to Pseudoalteromonas sp. strain SM9913 which is a Gram-negative, psychrotolerant
bacterium found in deep-sea sediment [190]. Furthermore,Pseudoalteromonas spp. have
shown a variety of biological activities associated with the secretion of extracellular
compounds [191]. C. closterium is a benthic marine diatom which is a major component
of the diatom slimes that form on AF coatings [192]. Immersion of the coatings in the
Atlantic Ocean for periods of 1, 2, and 4 weeks provided comparisons ofin
situ microfouling via microscopy. Finally, formation of diatom slime was evaluated by

visual observation after immersion in the ocean for 6 weeks.

4.3 Materials and Methods

4.3.1 Materials
Solvents, H3PO4, Marine Broth (MB2216, Difco), NaCl, glutaraldehyde, and
Guillard’s F/2 Marine Enrichment Basal Salt Mixture were obtained from Sigma-

Aldrich. Syto green was obtained from molecular probes. o, ®-Bis(Si—
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OH)polydimethylsiloxane (M, = 2,000-3,500 g mol ™" per
specifications; My/M, = 5,000/3,000 g mol™' by gel permeation chromatography [99]
was obtained from Gelest. Glass microscope slides (75 x 25 x 1 mm) were obtained
from Fisher Scientific. Polycarbonate (PC) sheets (100 x 75 x 1 mm) were obtained
from Goodfellow USA. PC sheets (1 mm thick) used to prepared spacers for fiberglass
panels were obtained from McMaster Carr. Glass fiber composite panels
(40 cm x 10 cm) were obtained from Nautix Corporation. Interlux Epoxy Primekote was
obtained from West Marine. Silastic T-2 (a 2-part RTV silicone) was obtained from
Dow Corning and served as a silicone standard. PEO-silane amphiphiles were
synthesized according to the procedures previously reported [99]. The benthic diatom C.
closterium (Diatomophyceae, AC515) was obtained from the Culture Collection of

Algae of the University of Caen (France).

4.3.2 Coating Preparation
Coatings A—C were prepared and characterized as previously reported [99].
Briefly, PEO-silane amphiphiles [n=0 (8), My =749gmol';n=4
(b), My, = 1,044 g mol™'; n =13 (c), M, = 1,710 g mol™'] were each combined with o, ©-
bis(Si—-OH)PDMS (M, = 3,000 g mol™") with a 2:3 M ratio of a, b, or ¢ to o, ®-bis(Si—
OH)PDMS and mixed for ~5 min. Next, 3 mol% of H3PO, (based on total solid weight
of the mixture) was added as a solution of HsPO4/EtOH (10:90 w/w) and the mixture

was rapidly stirred for 3 h. Silastic T-2 was used without further modification.
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Coatings A-C used for bacterial and diatom tests were formed on microscope
slides (75 x 25 x 1 mm), which were sequentially cleaned with deionized (DI) H.0,
CH,Cly/hexane (1:1 v/v) and acetone, and lastly dried in a 150 °C oven for 24 h [99].
One milliliter of each of the aforementioned mixtures containing a—c was applied to a
microscope slide, allowed to level across the entire surface and cured in a 150 °C oven
for 48 h. All coated microscope slides were leached in DI H,O for 24 h with a water
change at 12 h to aid in the removal of the acid catalyst and other leachable compounds.
Coated microscope slides were subsequently dried with a stream of nitrogen and the
final coating thickness was ~0.5 mm. For short-term seawater immersion tests (1-
4 weeks), coatings A—C (0.5 mm thick) were prepared on PC sheets by applying 4 ml of
each mixture and curing as above. For the 6-week seawater immersion tests, glass fiber
composite panels were painted with two coats of epoxy primer with a foam brush,
allowing the first coat to dry for 12 h at room temperature (RT) before applying the
second coat. After two days, PC borders (1 cm wide x 4 mm thick) were attached with
Super Glue™ to define an interior area of 10 x 7.5 cm. Each mixture containing a—C was
applied (4 ml) and cured as above. Coated PC sheets and panels were not soaked in DI
H,O prior to settlement tests to better parallel the manner in which a coated ship’s hull
would be directly exposed to fouling organisms. ‘Silicone’ standard coatings (~0.6 mm
thick) were formed by applying the Silastic T-2 mixture onto glass microscope slides
and PC sheets with a drawdown bar (30 mil) and onto glass fiber composite panels as

above and cured at RT for over 72 h.
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4.3.3 Bacterial Biofilm Test Conditions

A strain of a marine bacterium, Bacillus sp. 4J6, was isolated from a surface of
glass which had been previously immersed in natural seawater (Gulf of Morbihan,
France) for 6 h [72] and was subsequently grown in Marine Broth (MB2216, Difco). Its
16S rDNA sequence (GenBank accession number FJ966949) is most closely related
(95.5% identity) to that of Pseudoalteromonas sp. strain SM9913 [193]. Bacterial cells
were harvested by centrifugation at 7000 x g for 10 min, washed twice with 0.15 M
NaCl, and re-suspended in 0.15 M NaCl at 10" cells ml™'. Each coated microscope slide
was incubated in 20 ml of a given bacterial suspension for 6 h at 20 °C under static
conditions. Next, the samples were gently rinsed three times with 0.15 M NaCl to
remove non-adherent bacteria. A given coating composition was tested using three
independent cultures of bacteria with three samples per culture. Bacterial biofilm

formation was analyzed using confocal laser scanning microscopy (CLSM) (see below).

4.3.4 Diatom Biofilm Test Conditions
C. closterium was grown in sterile artificial seawater (SASW) medium with
Guillard’s F/2 Marine Enrichment Basal Salt Mixture (stored at 4 °C before use) at 18 °C
[194]. Synthetic seawater was prepared before use [195]. Diatom suspensions were
maintained under controlled illumination of 500 pmol photons m?s 'white fluorescent
lamps at 18 °C, cycled with 16 h of darkness, and 8 h of light. Three slides of each
composition were placed in a bioreactor composed of an Erlenmeyer flask containing 2 |

of SASW which was then inoculated with a pure culture of diatoms at a concentration of
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3.7 x 10° cells mI™". Slides were maintained in the bioreactor at 20 °C and pH 7.6 under
controlled illumination of 500 umol photons m?s ' cool white fluorescent lamps, cycled
with 16 h of darkness, and 8 h of light. Air was flowed into the bioreactor at
1.8 I min”' to agitate the medium. Each minute, 1 ml of SASW medium with Guillard’s
F/2 was added to the bioreactor while a peristaltic pump withdrew 1 ml in order to
maintain the supply of nutrients. The growth of biofilms on the test surfaces was
analyzed after 1 and 3 weeks. At each time point, all slides were collected and
analyzed via CLSM. Sample surfaces were not rinsed prior to imaging to avoid

detachment of diatoms from the surface.

4.3.5 Mixed Biofilm Test Conditions

Prior to inoculation, slides were placed in a bioreactor composed of an
Erlenmeyer flask containing 2 | of SASW with 10% Marine Broth medium (MB2216,
Difco). Pure cultures of the bacterium (Bacillus 4J6) and the diatom (C. closterium) were
inoculated together in the bioreactor at 1 x 10" cellsml™ and 1 x 10°cells ml™,
respectively. All samples were maintained in the bioreactor at 20 °C and pH 7.6 under
controlled illumination of 500 umol photons m?s ' cool white fluorescent lamps, cycled
with 10 h of darkness and 14 h of light. Air was flowed into the bioreactor at 1.8
I min~' to agitate the medium. Each minute, 1 ml of SASW with 10% Marine Broth was
added to the bioreactor while a peristaltic pump withdrew 1 ml to maintain nutrients. At
each time point (3, 16 and 23 days), three samples of each composition were collected

and analyzed via CLSM and scanning electron microscopy (SEM).

83



4.3.6 Seawater Exposure Tests
Coated PC sheets were immersed in seawater at a depth of 50 cm (Atlantic
Ocean, Kernevel Harbor, France; springtime) where the tide provided a flow of ~ 2 to 3
knots. A portion of each sheet was removed at 1, 2, and 4 weeks, and CLSM and SEM
were performed. Coated fiberglass composite panels were similarly immersed in
seawater and removed for visual observation of diatom slime formation at 6 weeks.
Surfaces were rinsed with seawater to remove silt and unattached biofouling species.

Photographs recorded the extent of slime formation on the coatings.

4.3.7 CLSM

Accumulated bacteria were stained with 5 uM syto green (485 nm excitation and
498 nm emission) for 10 min. Diatoms were imaged via autofluorescence of chlorophyll
(633 nm excitation and 650-700 nm emission). Images were captured with CLSM using
a DMB 6000B confocal microscope (Leica Microsystems, Germany). The percentage
coverage was evaluated using ImageTool software (UTHSCSA), and the thickness and
volume of the biofilm were measured using COMSTAT software [196]. For all coating
samples, the reported results are an average of five measurements taken at various
positions in a random manner from different areas of three microscope slides giving a
total of 15 measurements. Images were collected from the center of the samples to
eliminate any edge defects. Statistical analysis of biofilm formation data was performed

with Matlab 7.4. p-values were calculated by one-way analysis of variance (p < 0.05).
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Error bars represent the standard deviation (SD) between the fluorescence measurements

of 15 randomly selected regions on three microscope slides (5 measurements per slide).

4.3.8 SEM
Samples were immersed in 3% glutaraldehyde (prepared in DI water) overnight
at 4 °C and subsequently dehydrated by several washings: phosphate buffer (0.1 M; pH
7.35) (10 min, 3 times), 70% EtOH (10 min, 3 times), 90% EtOH (10 min, 3 times), and
100% EtOH (10 min, 3 times). The samples were desiccated by the carbon dioxide
critical point method and were coated with gold. Images were collected using a JSM-

6460LV SEM (JEOL) with a accelerated electron energy of 20 keV.

4.4 Results

4.4.1 Contact Angle Analysis

Static and dynamic contact angle analysis of coatings A—C and the unmodified
silicone standard [99] are shown in Figure 4.1c. Surface restructuring of PEO-silane
amphiphiles from the air to water interface was quantified by measuring the decrease in
static contact angle (Oswiic) at 15 svsat 2 min as well as the difference between the
advancing (@aqv) vs receding (Grc) contact angles (ie hysteresis). Dynamic contact angle
measurements occurred over a shorter time period (~7 s). The silicone standard was
hydrophobic and exhibited minimal surface restructuring. saiic (15s) decreased and

surface hydrophilicity increased in the order: A <B = C. fsaiic (2 min) values exhibited
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the same trend but were significantly lower than the corresponding Gsaic (15 S).

Likewise, O Was significantly lower vs the corresponding &gy

4.4.2 Bacterial Biofilm Formation
Following incubation in the presence of Bacillus 4J6 (10 cells ml™") for 6 h,
biofilm formation was quantified (Figure 4.2, Table 4.1). Bacterial percentage
coverage, average thickness, and biomass decreased in the order: silicone~ A>B = C.

Maximum thickness did not vary significantly among the coatings.

4.4.3 Diatom Biofilm Formation
After exposure for 1 and 3 weeks to C. closterium (3.7 x 10° cells mI™"), biofilm
formation was observed as shown in Figure 4.3, Figure 4.4, and Table 4.2). At 1 week
the percentage coverage decreased in the order: silicone~ A> B~ C. At 3 weeks, the
percentage coverage decreased in the order: silicone > A~ B > C. For A, the percentage

coverage at 1 week was unexpectedly higher than that at 3 weeks.

4.4.4 Mixed Biofilm Formation
Mixed biofilm formation was observed following simultaneous exposure to
bacterial and diatom cells, each at the aforementioned concentrations, at 3, 16, and
23 days (Figure 4.5a, Table 4.3). At 3 and 16 days, bacterial biomass was present at low
levels on coatings A-C, but was not significantly different from the silicone standard

(Figure 4.5b). At 23 days, C exhibited significantly reduced levels of bacteria. In terms
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Figure 4.2. Settlement of bacterial cells on silicone and modified silicone coatings A, B, and C after
6 h via CLSM. Coatings A, B, and C were prepared with PEO-silane amphiphiles a (n =0), b (n = 4),
and ¢ (n = 13), respectively. * indicates p < 0.05 and # indicates p > 0.05 when compared to silicone.
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Table 4.1. Bacillus settlement on silicone and coatings A, B, and C after 6 h.

Silicone A B C
Percent coverage 11.3+1.6 8.9+0.6 26+0.9 14+0.2
Maximum thickness (pum) 16.1+44 114+19 112+ 3.7 56+6.0
Average thickness (um) 0.53+0.32 0.54+0.24 0.16 £0.10 0.08 £0.12
Biomass (um® pm™) 0.21 £0.07 0.40+0.13 0.12 £ 0.07 0.06 £ 0.07
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Figure 4.3. Settlement of diatom cells (C. closterium) on silicone and modified silicone coatings A,
B, and C after 3 weeks via CLSM. Coatings A, B, and C were prepared with PEO-silane amphiphiles
a(n=0), b (n=4), and ¢ (n = 13), respectively. * indicates p < 0.05 and # indicates p > 0.05 when
compared to silicone.
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Figure 4.4. (a) C. closterium settlement and (b) percentage coverage on silicone and modified
silicone coatings A, B, and C after 1 week via CLSM. Coatings A, B, and C were prepared with
PEO-silane amphiphiles a (n = 0), b (n = 4), and ¢ (n = 13), respectively. * indicates p < 0.05 and #
indicates p > 0.05 when compared to silicone.

Table 4.2. C. closterium settlement on silicone and coatings A, B, and C after 1 and 3 weeks.

Percent coverage Silicone A B C
1 week 256+5.1 26.3+9.3 1.3+0.6 04+£17
3 weeks 278+7.1 105+1.9 71+43 0.7+0.8
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Figure 4.5. (@) Mixed biofilm (bacterium and diatom), (b) Bacillus biomass and (c)C.
closterium biomass on silicone and modified silicone coatings A, B, and C after 3, 16, and
23 days via CLSM. Coatings A, B, and C were prepared with PEO-silane amphiphiles a (n=10), b

(n=4), and ¢ (n = 13), respectively. * indicates p < 0.05 and # indicates p > 0.05 when compared to
silicone.
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Table 4.3. Mixed biofilm settlement (Bacillus and C. closterium) on silicone and coatings A, B, and
C after 3, 16, and 23 days via CLSM.

No. of days Silicone A B C
Bacillus biomass 3 0.14+0.07 0.25+0.07 0.03+0.05 0.03+0.04
(um® pm?) 16 04+007 01+004 038+012 0.18+0.17
23 6.8+0.07 62+007 58+088  4.0+1.30
C. closterium biomass 3 0.06+0.03 005+0.01 0.04+0.10 0.01+0.03
(um® pm) 16 0.73+0.28 0.04+0.03 0.21+008 0.03+0.01
23 228+28  87+037 814+161 0.19+0.05
Maximum thickness 3 16.8+0.71 20.7+423 203+576 105+1.17
(um) 16 212+168 234+140 254+140 13.9+3.80
23 183+27 241+740 569+140 12.9+2.30

of diatom biomass, after 3 days, diatoms were present on all coatings but at
indistinguishably low levels, statistically similar to the silicone standard (Figure 4.5c).
At 16 and 23 days, coatings A—C exhibited reduced amounts of diatoms vs the silicone
standard. Notably, at 23 days, C exhibited exceptionally low diatom biomass. In
addition, the maximum thickness of the mixed biofilm was significantly reduced on
C vs the silicone standard at all time points (Figure 4.6). The corresponding SEM

images of the mixed biofilms are shown in Figure 4.7.

4.4.5 Seawater Microfouling
Coated panels were immersed in the ocean, and microfouling was observed after
1, 2, and 4 weeks (Figure 4.8). The silicone standard rapidly accumulated a biofilm
comprised of a diverse community of microorganisms, which consisted predominantly
of diatoms along with bacteria and other microorganisms. For coatings A—C, the biofilm
was noticeably reduced at all time points vs the silicone standard. Unlike silicone, at 1

and 2 weeks, A—C displayed a negligible presence of diatoms. Only after submersion for
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Figure 4.6. Mixed biofilm (Bacillus and C. closterium) on silicone and modified silicone coatings A,
B, and C after 3, 16, and 23 days via CLSM. Coatings A, B, and C were prepared with PEO-silane
ampbhiphiles a (n = 0), b (n = 4), and ¢ (n = 13), respectively. * indicates p < 0.05 and # indicates p >
0.05 when compared to silicone.

Figure 4.7. Mixed biofilm (Bacillus and C. closterium) on silicone and modified silicone coatings A,
B, and C after 3, 16, and 23 days via SEM. Coatings A, B, and C were prepared with PEO-silane
ampbhiphiles a (n = 0), b (n =4), and ¢ (n = 13), respectively.
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Figure 4.8. In situ microfouling of silicone and modified silicone coatings A, B, and C after
immersion in the Atlantic Ocean for 1, 2, and 4 weeks via CLSM. Coatings A, B, and C were
prepared with PEO-silane amphiphiles a (n = 0), b (n = 4), and ¢ (n = 13), respectively.

4 weeks did diatoms become a significant part of the biofilm, and bacterial levels
remained quite low. At 4 weeks, coating C showed exceptional resistance to
microfouling. The corresponding SEM images are shown in Figure 4.9. After
immersion for 6 weeks in the ocean, microfouling was observed by visual
inspection [197] (Figure 4.10). While the silicone standard showed the presence of a

brown slime, coatings A—C did not.
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2 weeks

Figure 4.9. In situ microfouling of silicone and modified silicone coatings A, B, and C after
immersion in Atlantic Ocean for 1, 2, and 4 weeks via SEM. Coatings A, B, and C were prepared
with PEO-silane amphiphiles a (n = 0), b (n = 4), and ¢ (n = 13), respectively.

Figure 4.10. In situ microfouling of silicone and modified silicone coatings A, B, and C after
immersion in the Atlantic Ocean for 6 weeks. Coatings A, B, and C were prepared with PEO-silane
amphiphiles a (n = 0), b (n = 4), and ¢ (n = 13), respectively.
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4.5 Discussion

PEO-silane amphiphiles (a—c) containing flexible, hydrophobic siloxane tethers
of varying lengths [a (n=0), b (n=4), and ¢ (n=13)] were used to produce three
modified silicone coatings (A-C, respectively) (Figure 4.1a). A 2:3 stoichiometric
molar ratio of a—c and a, w-bis(Si-OH)PDMS was utilized and resulted in coatings with
<1 wt.% of uncross-linked materials, ensuring that the coatings contained similar molar
concentrations of a—c [99]. Osaic (15 S) and G,qy Values revealed that coating surface
hydrophilicity at the air interface increased with siloxane tether length in the order:
silicone< A<B=C (Figure4.1c). In addition, as noted by the decrease in the
corresponding values of Osaic (2 mins) and 6., PEO-silane amphiphiles rapidly
restructured to the aqueous interface (Figure 4.1b). This process was also facilitated by
a longer siloxane tether such that hydrophilicity likewise increased in the order:
silicone < A <B~=C. Previous work demonstrated that coating resistance to bovine
serum albumin protein was enhanced with increased siloxane tether length in the order
A<B~=C [99]. Protein resistance improved further when the coatings were first
equilibrated in an aqueous environment. Also, protein resistance paralleled coating
hydrophilicity. These results confirmed that the mobility of PEO-silane amphiphiles to
the coating surface was enhanced by a longer siloxane tether, leading to increased
surface hydrophilicity and, thus, protein resistance. In addition, the combination of the
hydrophobic siloxane tether and the hydrophilic PEO chain produces amphiphilic

surfaces, particularly at the aqueous interface, to also enhance protein rejection.
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The efficacy of A—C in diminishing the accumulation of diatom slime was
measured through a series of biofouling tests. A commercial silicone (Silastic T-2)
(silicone) served as a positive standard as its strong affinity to diatoms has been
demonstrated [198]. Because the accumulation of bacteria often precedes diatom
settlement [72], the coatings were exposed to Bacillus (4J6) and C. closterium as well as
a mixture of the two using a previously reported static incubation strategy [199].
Settlement of C. closterium and mixed biofilms also containing Bacillus sp. were
measured temporally for extended time periods to observe the progression of biofouling.
These settlement tests collectively revealed key differences among the coatings, which
often became more pronounced at the later time points. First, the percentage coverage,
average thickness, and biomass of bacteria on coatings B and C were statistically lower
than that on the silicone standard. The higher settlement on the silicone standard as well
as the coating prepared with the PEO-silane amphiphile bearing the shortest siloxane
tether (A) may be attributed to their greater hydrophobicity. Second, coatings were
exposed to C. closterium, a known fouler of silicone-based coatings, for 1 and 3 weeks.
At 1week, coatings B and C exhibited statistically lower percentage
coverage vs silicone. At 3 weeks, coatings A-C all exhibited statistically lower
percentage coverage vs silicone. However, coverage was particularly low on coating C.
With prolonged exposure from 1 to 3 weeks, the percentage coverage did not
significantly increase for the silicone standard. In the case of A, percentage coverage at
3 weeks was lower than at 1 week, indicating weak attachment of settled diatoms. For B

and C, percentage coverage was not substantially increased vs at 1 week. The enhanced
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diatom resistance of B and, in particular, C is consistent with their greater hydrophilicity.
Since natural seawater provides simultaneous exposure to bacteria and diatoms, the
coatings were also exposed to a mixture of the two for 3, 16, and 23 days. Coatings
prepared with PEO-silane amphiphiles having a longer siloxane tether generally
exhibited reduced mixed biofilm formation vs the silicone standard, particularly with
longer exposure times. These trends are consistent with results observed when coatings
were exposed individually to bacteria and diatoms. The enhanced resistance of B and C
(particularly of C to diatoms) can be likewise attributed to their higher hydrophilicity
due to enhanced restructuring of the PEO-silane amphiphiles to the water interface. In
future studies, the AF capacity of the coatings under dynamic conditions should also be
evaluated [200,201]. Finally, the coatings were submerged for 1, 2 and 4 weeks in
seawater (Atlantic Ocean) such that they would be exposed to a natural environment
containing bacteria, diatoms, and other biofoulers. A biofilm dominated by diatoms was
observed on the silicone standard at just 1 week and increased at 2 and 4 weeks. In
contrast, coatings prepared with PEO-silane amphiphiles exhibited diminished biofilm
formation. The biofilm was particularly reduced on coating C due to the enhanced
restructuring of the PEO-silane amphiphiles to the water interface and the resulting
increased hydrophilicity. Finally, coated panels were also immersed in the Atlantic
Ocean for an extended period of 6 weeks to allow the observation of brown slime. Slime
was noted on the silicone standard but not on coatings A-C, which were
indistinguishable from each other. Thus, C displayed the best overall resistance to

biofouling, which may be attributed to the longer siloxane tether of the PEO-silane
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amphiphile (c) and associated surface properties. However, the complex interactions
between bacteria, diatoms and other microorganisms in biofilms developed on coatings
immersed in the ocean will also impact on their long-term performance [202-204].

In conclusion, PEO-silane amphiphiles containing siloxane tethers of varying
length [n=0 (a),n=4 (b),n=13 (c)] may be used as additives to form modified
silicones (A—C) by simply blending with a a, »-bis(Si—-OH)PDMS. As the length of the
siloxane tether is increased (a < b <c), surface restructuring of the amphiphiles to the
aqueous interface is enhanced as confirmed by an increase in surface hydrophilicity. As
a result, the modified silicone coating (C) prepared with the PEO-silane amphiphile
comprised of the longest siloxane tether (c) exhibited the greatest AF behavior to
microfouling by bacteria and diatoms. The FR behavior of a coating is known to be
enhanced by a low modulus [205-207]. As expected for modified silicones, coatings A—
C exhibited low modulus values that decreased slightly as the PEO-silane amphiphile
siloxane tether was lengthened: 27.4 MPa (A), 5.4 MPa (B) and 4.9 MPa (C) [99]. As a
result, the low modulus of coatings A—C may also contribute to their FR behavior. Thus,
PEO-silane amphiphiles may be used to produce silicones with a high capacity to control
diatom slimes and possibly other categories of marine biofouling. Such coatings would

represent potential alternatives to toxic, ablative marine coatings.
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CHAPTER V
ZWITTERIONIC PEO-SILANE AMPHIPHILES FOR ENHANCED BLOOD

PROTEIN RESISTANCE

5.1 Overview

A new PEO-silane amphiphile chemistry was prepared by modification with a
zwitterionic sulfobetaine end group: triethoxysilylethyl-oligodimethylsiloxane;s-block-
poly(ethylene oxide)i;-sulfobetaine. The sulfobetaine end group is expected to provide
enhanced hydration to the PEO segment versus the methoxy end group to further reduce
protein adsorption. In addition to the zwitterionic PEOg-silane amphiphile (TES-
ODMS13-PEO3:-SB), a series of controls were also prepared which contain one or more
key structural features, including: PEOg-silane amphiphile control [a-(EtO)3Si(CH>),-
oligodimethylsiloxane;s-block-(OCH,CH,)g-OCHg; TES-ODMS,3-PEQOg], PEO-
zwitterion control [a-(EtO)sSi(CH2)s-block-(OCH,CH,)11-SB; TES-PEO;;-SB], PEO-
silane control [a-(EtO)3Si(CH,)s-block-(OCH,CH,)s-OCH3; TES-PEQOg], siloxane
control [a-(EtO)3;Si(CH,),-oligodimethylsiloxane;3-SiH; TES-ODMS;3], and potentially
a zwitterion control [a-(MeO)3Si(CH,);-SB; TMS-SB]. This series may be surface-
grafted onto a model substrate and incorporated into bulk-modified silicones to
determine the impact on protein resistance in the absence and in the presence of water-

driven surface restructuring.
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5.2 Introduction

Silicones, such as crosslinked polydimethylsiloxane (PDMS), are commonly
used in biomedical applications [11-13] due to their unique properties including thermal
and oxidative stability, gas permeability, flexibility and ease of processing [11,12].
However, silicones typically exhibit poor resistance to blood proteins due to its extreme
hydrophobicity [7,8,14-16]. Adsorbed proteins initiate platelet adhesion and activation
of coagulation pathways, which ultimately leads to thrombosis thereby compromising
device efficacy and safety [7-10].

Zwitterionic polymers are neutral polymers with a positive and negative
electrical charge at different locations within the molecule. They achieve excellent
hydration via electrostatic interactions [49,50], specifically when compared to other
protein-resistant polymers such as poly(ethylene oxide) (PEO; or poly(ethylene glycol)
(PEG)) which achieves hydration via hydrogen-bonding. Water is believed to be an
important factor in surface resistance to protein adsorption due to the resulting repulsive
forces that prevent proteins from adsorbing to hydrated surfaces [51-54]. Thus,
zwitterions are expected to be excellent candidates for protein-resistant materials due to
their ability to bind a significant amount of water molecules.

Poly(sulfobetaine) is a commonly used zwitterion due to its simple synthesis [60]
and chemical stability and has been shown to exhibit excellent non-fouling properties
[55-58]. A zwitterionic siloxane composed of sulfobetaine [3-(dimethyl-(3-
(trimethoxysilyl)propyl)ammonio)propane-1-sulfonate] has been used to coat silica

[107,208], iron oxide [209,210], and gold [211] nanoparticles for enhanced stability and
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biocompatibility, reduced cytotoxicity, and reduced nonspecific protein adsorption for
increased circulation times in blood. When compared to silica nanoparticles coated with
PEO, those coated with the zwitterionic siloxane were shown to have greater stability
against particle disintegration at various temperatures [208].

Additionally, zwitterionic polymers have been covalently attached to low
molecular weight PEO, (i.e. oligoethylene oxide) (n = 0-4) to produce
phosphorylcholine-oligoethylene oxide-alkane thiols which were subsequently used to
form self-assembled monolayers (SAMs) on gold surfaces [58]. Protein resistance was
enhanced by as much as 62% when compared to the corresponding oligoethylene oxide-
alkane thiols. In limited reports, silicone surfaces have been surface-modified with
carboxybetaine and sulfobetaine by surface ozone-induced grafting as well as by
covalent silanization to reduce protein adsorption and platelet adhesion [63-65] as well
as to form coatings with enhanced stability against hydrophobic recovery (i.e. migration
of grafted zwitterion chains below the surface) [66].

Previously, Grunlan and co-workers reported new PEO-silane amphiphiles
prepared with a short siloxane tether [a-(EtO)3;Si(CH,).-oligodimethylsiloxanen-block-
(OCH,CH2)g-OCHg; m = 0, 4, and 13] [39,99]. As discussed in Chapter IV, the siloxane
tether length was increased further (m = 17, 24, and 30) [212]. The flexibility and
similarly hydrophobic nature of the siloxane tether was anticipated to enhance
reorganization of PEO to the surface-water interface and reduce protein adsorption.
Indeed, compared to a PEO-silane control (i.e. no siloxane tether), PEO-silane

amphiphiles demonstrated a higher capacity to organize to the surface-water interface,
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thereby enhancing protein resistance, with intermediate siloxane tether lengths achieving
optimal results [99,163,212].

In this study, PEO-silane amphiphiles were modified with a zwitterionic
sulfobetaine end group (Figure 5.1) with the goal of enhancing PEO hydration while
maintaining the improved ability of the PEO to migrate through a silicone coating
matrix. Due to its previously exhibited superior ability to undergo water-driven surface-
restructuring, a siloxane tether (m = 13) was utilized in the synthesis of the zwitterionic
PEO-silane amphiphile. In addition, a series of controls were also prepared which
contained one or more key structural features, including: PEOg-silane amphiphile control
(TES-ODMS;3-PEQg), PEO-zwitterion control (TES-PEO;;-SB), PEO-silane control
(TES-PEOQg), siloxane control (TES-ODMS;3), and potentially a zwitterion control
(TMS-SB) (Figure 5.2). As in previous studies [212,213], the zwitterionic PEO-silane
amphiphile as well as and the controls may be used to prepare surface-grafted coatings
on silicon wafers as well as bulk-modified silicone coatings such that surface

hydrophilicity, water-driven restructuring, and protein resistance can be evaluated.
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Figure 5.1. Synthesis of zwitterionic PEO-silane amphiphile.
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Figure 5.2. Structures of PEO-silane amphiphiles and PEO controls (with and without zwitterion),
siloxane control, and zwitterion control.

5.3 Materials and Methods

5.3.1 Materials
p-Toluene sulfonyl chloride (tosyl chloride, TsCl), sodium hydroxide (NaOH),
N,N’-dimethylethanolamine (DMEA), sodium hydride (NaH), propane sultone,

RhCI(PhsP); (Wilkinson’s catalyst), ACS-grade dichloromethane (CH,Cl,), acetone,
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hexane, and ethyl acetate, HPLC-grade tetrahydrofuran (THF), toluene, and chloroform
(CHCI3), NMR grade CDCl3, and dimethyl sulfoxide-ds (DMSO) were obtained from
Sigma-Aldrich. Allyloxy poly(ethylene oxide) (HO-PEO;;-A) [M, = ~480 g/mol per
manufacturer’s specifications; M, = 554 g/mol per *H NMR end group analysis; ‘H
NMR (8, ppm): 2.66 (s, 1H, OH), 3.55-3.70 (m, 44H, CH,CH,0), 3.98-4.01 (dt, 2H,
CH,=CHCH,0), 5.12-528 (m, 2H, CHs=CHCH,O), 5.82-595 (m, 1H,
CH,=CHCH,0)], Pt-divinyltetramethyldisiloxane complex in xylene (Karstedt’s
catalyst), triethoxysilane, a,-bis-(SiH)oligodimethylsiloxane;s (ODMS;3) [M, = 1000
— 1100 g/mol per manufacturer’s specifications; M, = 1096 g/mol per *H NMR end
group analysis; *H NMR (&, ppm): 0.05 — 0.10 (m, 78H, SiCHs), 0.185 (d, J = 2.7 Hz,
12H, SiCHj3), 4.67 — 4.73 (m, 2H, SiH)], vinyltriethoxysilane (VTEOS), and (N,N-
dimethyl-3-aminopropyl)trimethoxysilane (DMA-TMS) were obtained from Gelest.
Allyl methyl PEO (A-PEOg-M) [Polyglykol AM 450, M, = 292 — 644 g/mol per
manufacturer’s specifications; M, = 424 g/mol per *H NMR end group analysis; *H
NMR (&, ppm): 3.35 (s, 3H, OCHs3), 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,=CHCH0), 5.82 — 5.96 (m, 1H,
CH,=CHCH,0)] was provided by Clariant. Magnesium sulfate (MgSQ,) and activated
charcoal were obtained from Fisher Scientific. The PEO-silane amphiphile control
(TES-ODMS;3-PEOQsg), siloxane control (TES-ODMS;3), and PEO-silane control (TES-
PEQOg) were synthesized according to the procedures previously reported [99]. The

zwitterion control (TMS-SB) may be synthesized as reported by Estephan et al. [107].
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5.3.2 NMR
'H spectra were obtained on a Mercury 300 MHz spectrometer operating in the
Fourier transform mode. Five percent (w/v) CDCI; (dried over 4 A molecular sieves)
solutions were used to obtain spectra. Residual CDCI3; was used as an internal standard

set to 7.26 ppm.

5.3.3 IR Spectroscopy
IR spectra of neat liquids on NaCl plates were recorded using a Bruker TENSOR

27 Fourier transform infrared spectrometer.

5.3.4 Materials Synthesis
5.3.4.1 Synthesis of TsO-PEO3;-A Intermediate

Tosylated allyloxy PEO (TsO-PEO1;-A) was synthesized by the reaction of HO-
PEO1:-A and TsCl in the presence of NaOH based on procedures previously reported
[117,214]. HO-PEO;;-A (30.0 g, 60.2 mmol) in 120 mL of THF was added quickly
dropwise over 5 min to a solution of NaOH (3.4 g, 84.3 mmol) in 180 mL of deionized
(DI) water and 135 mL of THF. This mixture was allowed to stir for 2 h at RT before
cooling to 0 °C and then TsCI (13.7 g, 72.2 mmol) in 280 mL of THF was added
dropwise over 3 h (0 °C) and allowed to stir overnight at RT. The mixture was then
poured over 200 mL of ice and extracted with 3 x 200 mL of CH,Cl, and subsequently
dried with MgSO.. All volatiles were removed under reduced pressure to isolate the final

product. In this way, TsO-PEO;-A (25.3 g, 61% vyield) was obtained. *H-NMR (3,
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ppm): 2.44-2.50 (d, 3H, C¢H,—CH3), 3.57-3.73 (m, 44H, OCH,CH), 4.00-4.02 (dt, 2H,
CH~=CHCH,0), 5.14-530 (m, 2H, CHy=CHCH;0), 5.84-597 (m, 1H,

CH2=CHCH20), 7.32-7.42 (m, 2H, C6H4), 7.77-7.93 (m, 2H, C6H4).

5.3.4.2 Synthesis of DMEA-PEO;;-A Intermediate

Dimethylethanolamino allyl PEO (DMEA-PEO;;-A) was prepared by the
reaction of DMEA and TsO-PEO;;-A in the presence of NaH according to procedures
previously reported [117,214]. DMEA (2.9 g, 32.6 mmol) in 10 mL of THF was added
dropwise to a suspension of NaH (60% dispersion in mineral oil) (2.6 g, 65.0 mmol) in
10 mL of THF at 0 °C under an atmosphere of N,. After the addition of DMEA, the
mixture was stirred for 3 h until no bubbling of H, gas was observed. Next, a solution of
TsO-PEO;;-A (4.4 g, 6.6 mmol) in 10 mL of THF was slowly added dropwise. This
mixture was then heated to 60 °C and stirred for 72 h. Next, the reaction mixture was
allowed to cool and sodium tosylate salts were filtered and all volatiles removed under
reduced pressure. The resulting product was dissolved in 10 mL of toluene, and the
organic layer was extracted with 3 x 10 mL of DI water. Next, the aqueous layer was
extracted with 3 x 10 mL of CHCIs. The organic layers were combined and dried with
MgSQ,, and the solvent was removed under reduced pressure to isolate the final product.
In this way, DMEA-PEO1;-A (1.7 g, 44% yield) was obtained. *H-NMR (5, ppm): 2.24
(s, 6H, N'—CHsCHj), 2.47-2.51 (t, 2H, OCH,CH,N'), 3.63-3.64 (m, 46H,
CH,CH,0—OCH,CH,N"), 3.99-4.02 (dt, 2H, CH,=CHCH,0), 5.14-5.29 (m, 2H,

CH2=CHCH20), 5.83-5.96 (m, 1H, CH2=CHCH20)
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5.3.4.3 Synthesis of A-PEO;-SB Intermediate

Allyl-ether-poly(ethylene oxide);;1-sulfobetaine (A-PEO;1-SB) was prepared by
the reaction of DMEA-PEO;;-A and propane sultone [107,215]. DMEA-PEO1;-A (1.1
g, 1.8 mmol) and propane sultone (0.24 g, 2.0 mmol) were combined with 20 mL of
acetone under an atmosphere of N,. The reaction was stirred at RT for 16 h. Volatiles
were removed under reduced pressure to isolate the final product. In this way, A-PEO;;-
SB (1.3 g, 97% vyield) was obtained. ‘H-NMR (5, ppm): 2.21-2.31 (m, 2H,
CH,CH,CH,S03), 2.87-2.91 (t, 2H, CH,CH,CH,S05), 3.22 (s, 6H, N*—CH3CHj3), 3.59-
3.66 (m, 48H, CH,CH,0—OCH,CH,N"), 3.95-3.97 (m, 2H, CH,CH,CH,S05), 4.0-4.03
(dt, 2H, CH,=CHCH,0), 5.14-5.30 (m, 2H, CH,=CHCH,0), 5.84-5.97 (m, 1H,

CH;=CHCH0).

5.3.4.4 Synthesis of TES-ODMS;3-PEO;;-SB

Triethoxysilylethyl-oligodimethylsiloxane;s-block-poly(ethylene oxide);1-
sulfobetaine (TES-ODMS;3-PEO;1-SB) was prepared by the hydrosilylation of
equimolar amounts of a-triethoxysilylethyl-m-silane-oligodimethylsiloxane;; (TES-
ODMS;3) with A-PEO;-SB similar to procedures previously reported [99,117]. TES-
ODMS;3 (2.2 g, 1.7 mmol) and A-PEO1;-SB (1.3 g, 1.7 mmol) were combined with 15
uL of Karstedt’s catalyst and 20 mL of toluene and heated to 80 °C under an atmosphere
of N and allowed to stir for 16 h. The progress of the reaction was monitored with IR
spectroscopy by the disappearance of the Si-H peak (~2125 cm™). In the case of an
incomplete reaction, additional Karstedt’s catalyst (15 pL) was added and the reaction
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continued for another ~6 h. This cycle was repeated until no Si-H absorbance was
observed in the IR spectrum. The catalyst was removed from the reaction mixture by
refluxing with activated charcoal for 3 h at 80 °C. After filtration, the volatiles were
removed under reduced pressure to isolate the final product. In this way, TES-ODMS;3-
PEO;-SB (1.9 g, 54% yield) was obtained. *H-NMR (8, ppm): 0.04-0.09 (m, 92H,
SiCHs—CH,CH,CH,), 0.48-0.55 (m, 3H, SiCH,CH,), 1.07-1.10 (d, 1H, SiCH,CH,),
1.18-1.25 (m, 9H, SiOCH,CHj3), 1.55-1.65 (m, 2H, SiCH;—CH,CH,CHy), 2.23-2.31 (m,
2H, CH,CH,CH,S05), 2.88-2.94 (t, 2H, CH,CH,CH,S03), 3.23 (s, 6H, N*—CH3CHj),
3.38-3.43 (t, 2H, SiCH3—CH,CH,CH), 3.57-3.66 (m, 48H, CH,CH,0—OCH,CH,N"),

3.71-3.73 (m, 2H, CH,CH,CH,S05), 3.78-3.84 (m, 6H, SIOCH,CHs).

5.3.4.5 Synthesis of PEOg-Silane Amphiphile Control (TES-ODMS;3-PEQs)

Triethoxysilylethyl-oligodimethylsiloxane;s-block-poly(ethylene oxide)s (TES-
ODMS13-PEQOg) was prepared as previously reported [99] by the hydrosilylation of
equimolar  amounts of A-PEOg-M  with  a-triethoxysilylethyl-o-silane-
oligodimethylsiloxane;s (TES-ODMS;3). A-PEOg-M (3.42 g, 8.0 mmol) and TES-
ODMS;3 (10.37 g, 8.0 mmol) were combined with 50 puL of Karstedt’s catalyst and 50
mL of toluene and heated to 80 °C under an atmosphere of N, and allowed to stir for 16
h. The progress of the reaction was monitored with IR spectroscopy by the
disappearance of the Si-H peak (~2125 cm™). In the case of an incomplete reaction,
additional Karstedt’s catalyst (15 pL) was added and the reaction continued for another
~6 h. This cycle was repeated until no Si-H absorbance was observed in the IR spectrum.

111



The catalyst was removed from the reaction mixture by refluxing with activated charcoal
for 3 h at 80 °C. After filtration, the volatiles were removed under reduced pressure to
isolate the final product. In this way, TES-ODMS;3-PEOg (12.1 g, 88% yield) was
obtained. 'H-NMR (8, ppm): -0.002-0.05 (m, 90H, SiCHz), 0.09 (m, 2H,
SiCH,CH,CHy), 0.51 (m, 3H, SiCH,CHy), 1.05 (m, 1H, SiCH,CH,), 1.18 (m, 9H,
SIOCH,CH3), 155 (m, 2H, SiCH,CH,CH,), 3.34 (s, 3H, OCHgs), 3.52 (m, 2H,

SiCH,CH,CH}), 3.60 (m, 32H, OCH,CH)), 3.78 (m, 6H, SIOCH,CHj).

5.3.4.6 Synthesis of PEO-Zwitterion Control (TES-PEO;;-SB)

Triethoxysilylpropyl-poly(ethylene oxide)i;-sulfobetaine (TES-PEO;;-SB) was
prepared by the hydrosilylation of A-PEO;;-SB with triethoxysilane. A-PEO;;-SB (0.7
g, 0.9 mmol) and triethoxysilane (0.17 g, 1.0 mmol) were combined with 15 uL of
Karstedt’s catalyst and 20 mL of THF in a pressure tube equipped with a Teflon bushing
as a pressure seal. The tube was quickly purged with N,, sealed, and heated to 80 °C.
After 6 h, the reaction was cooled to RT, and the catalyst was removed by refluxing the
reaction mixture with activated charcoal at 80 °C for 3 h. After filtration, the volatiles
were removed under reduced pressure to isolate the final product. In this way, the TES-
PEO;-SB (0.8 g, 92% yield) was obtained. *H-NMR (8, ppm): 1.18-1.25 (m, 9H,
OCH,CHs), 1.78-1.86 (m, 2H, OCH,CH,CH,), 2.20-2.32 (m, 2H, CH,CH,CH,S03),
2.88-2.93 (m, 2H, CH,CH,CH,S03), 3.22-3.26 (m, 6H, N*—CHsCHj), 3.38-3.43 (m,
2H, OCH,CH,CH,), 3.58-3.72 (m, 48H, CH,CH,0—OCH,CH,N"), 3.93-3.98 (m, 2H,
CH,CH,CH,S03), 4.01-4.03 (dt, 6H, OCH,CHj).
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5.3.4.7 Synthesis of PEO-Silane Control (TES-PEQsg)

Triethoxysilylpropyl-poly(ethylene oxide)s (TES-PEOg) was prepared by the
hydrosilylation of A-PEOg-M with excess triethoxysilane similar to procedures
previously reported [99]. A-PEOg-M (4.73 g, 11.2 mmol) and triethoxysilane (2.01 g,
12.3 mmol) were combined with 25 uL of Karstedt’s catalyst and 40 mL of THF in a
pressure tube equipped with a Teflon bushing as a pressure seal. The tube was quickly
purged with Ny, sealed, and heated to 80 °C. After 6 h, the reaction was cooled to RT,
and the catalyst was removed by refluxing the reaction mixture with activated charcoal
at 80 °C for 3 h. After filtration, the volatiles were removed under reduced pressure to
isolate the final product. In this way, TES-PEQOg (4.8 g, 71% vyield) was obtained. *H
NMR (8, ppm): 0.59 (m, 2H, SiCH,CH,CH,), 1.18 (m, 9H, SiOCH,CHs), 1.61 (m, 2H,
SiCH,CH,CH,), 3.34 (m, 3H, OCHs), 3.40 (m, 2H, SiCH,CH,CH,), 3.61 (m, 32H,

OCH,CHb,), 3.78 (m, 6H, SIOCH,CHs).

5.3.4.8 Synthesis of Siloxane Control (TES-ODMS;3)
Triethoxysilylethyl-oligodimethylsiloxane;s (TES-ODMS;3) was prepared by the
regioselective hydrosilylation of ODMS;3 with VTEOS according to procedures
previously reported [99]. ODMS;3 (20.1 g, 20.0 mmol) and VTEOS (3.5 g, 20.0 mmol)
were combined with Wilkinson’s catalyst (10 mg) and 50 mL of toluene and heated to
80 °C under an atmosphere of N, and allowed to stir for 16 h. 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. In this way, TES-
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ODMS13 (23.2 g, 90% yield) was obtained. *H NMR (3, ppm): 0.001-0.17 (m, 78H,
SiCHj3), 0.53 (m, 3H, SiCH,CHy>), 1.05 (m, 1H, SiCH,CH,), 1.19 (m, 9H, SiOCH,CHj3),

3.78 (m, 6H, SIOCH,CHy), 4.68 (m, 1H, SiH).

5.3.4.9 Proposed Synthesis of Zwitterion Control (TMS-SB)
Trimethoxysilylpropyl-sulfobetaine (TMS-SB) may be prepared by the ring-

opening addition of propane sultone by aminoalkylsiloxane as previously reported [107].

5.4 Results and Discussion

5.4.1 Synthesis of TsO-PEQO;;-A Intermediate
Tosylation of HO-PEO4;-A produced TsO-PEO;;-A in good yields (~61%). *H-

NMR spectra confirmed the presence of tosyl peaks at ~7.3-7.9 ppm.

5.4.2 Synthesis of DMEA-PEO1;-A Intermediate
TsO-PEO;;-A was reacted with DMEA to produce DMEA-PEQO;;-A with ~44%
yield. The relatively low yield is attributed to product loss during filtration. *H-NMR

spectra confirmed the presence of a dimethylamine peak at ~2.2 ppm.

5.4.3 Synthesis of A-PEO1;-SB Intermediate
DMEA-PEO;;-A was reacted with propane sultone to produce A-PEO1;-SB in
good yields (~97%). *H-NMR spectra confirmed the presence of CH,CH,CH,SO5™ peaks

at ~4.0, ~2.2-2.3, and ~2.9 ppm, respectively.
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5.4.4 Synthesis of TES-ODMS13-PEO;:-SB
A-PEO;;-SB was reacted with TES-ODMS;3 to produce TES-ODMS;3-PEO;;-
SB in good yields (~54%). Using IR analysis, reaction completion was confirmed by the
absence of an absorbance peak at ~2125 cm™ which signifies the disappearance of Si—H
bonds. *H-NMR spectra further confirmed the absence of an Si—H peak (~4.7 ppm) as
well as the lack of vinyl peaks (~5.1-5.3 and ~5.8-6.0 ppm) from unreacted TES-

ODMS;; and A-PEO;;-SB, respectively.

5.4.5 Synthesis of PEOg-Silane Amphiphile Control (TES-ODMS;3-PEOQs)

A-PEOg-M was reacted with TES-ODMS;3 to produce TES-ODMS;3-PEQg in
good vyields (~88%). Using IR analysis, reaction completion was confirmed by the
absence of an absorbance peak at ~2125 cm™ which signifies the disappearance of Si—H
bonds. *H-NMR spectra further confirmed the absence of an Si—H peak (~4.7 ppm) as
well as the lack of vinyl peaks (~5.1-5.3 and ~5.8-6.0 ppm) from unreacted TES-

ODMS;; and A-PEOg-M, respectively.

5.4.6 Synthesis of PEO-Zwitterion Control (TES-PEO;;-SB)
A-PEO;;-SB was reacted with triethoxysilane to produce the TES-PEO1;-SB
control in good yields (~92%). Using IR analysis, reaction completion was confirmed by
the absence of an absorbance peak at ~2125 cm™ which signifies the disappearance of

Si—H bonds. *H-NMR spectra further confirmed the absence of an Si—H peak (~4.7
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ppm) as well as the lack of vinyl peaks (~5.1-5.3 and ~5.8-6.0 ppm) from unreacted

triethoxysilane and A-PEO;-SB, respectively.

5.4.7 Synthesis of PEO-Silane Control (TES-PEOQOsg)

A-PEOg-M was reacted with triethoxysilane to produce the TES-PEQOg control
in good yields (~71%). Using IR analysis, reaction completion was confirmed by the
absence of an absorbance peak at ~2125 cm™ which signifies the disappearance of Si—H
bonds. *H-NMR spectra further confirmed the absence of an Si—H peak (~4.7 ppm) as
well as the lack of vinyl peaks (~5.1-5.3 and ~5.8-6.0 ppm) from unreacted

triethoxysilane and A-PEOg-M, respectively.

5.4.8 Synthesis of Siloxane Control (TES-ODMS;3)
ODMS;3 was reacted with VTEOS to produce TES-ODMS;3 in good yields
(~90%). *H-NMR spectra confirm a reduction in the Si—H peak integration value by

one-half compared to the starting material.

5.4.8 Proposed Synthesis of Zwitterion Control (TMS-SB)
Propane sultone may be reacted with DMA-TMS to produce TMS-SB. This
zwitterion control would be a useful addition to the series so as to compare the new
zwitterionic PEO-silane amphiphile (TES-ODMS;3-PEO;;-SB) to a conventional

Zwitterion.
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5.5 Conclusions

Towards the goal of achieving enhanced PEO hydration, a PEO-silane
amphiphile was modified with a zwitterionic sulfobetaine end group (TES-ODMS;3-
PEO1:-SB, Figure 5.1). A series of controls containing one or more features of TES-
ODMS13-PEO;:-SB were also prepared. In future work, this zwitterionic amphiphile
and controls may be used to prepare surface-grafted coatings on a model substrate (e.g.
silicon wafer) to evaluate surface hydrophilicity and protein resistance in the absence of
surface restructuring. In addition, these may also be utilized to prepare bulk-modified
coatings to evaluate water-driven surface-restructuring which may be measured by
temporal contact angle analyses with water droplets. The protein resistance of these
modified silicones could then be related to the specific structure of the PEO and
corresponding ability to migrate to the surface-water interface as well as inherent protein

resistance.
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CHAPTER VI

CONCLUSIONS AND FUTURE DIRECTIONS

6.1 Conclusions

In these studies, a strategy was developed to effectively reduce biofouling onto
silicones for the purpose of enhancing the performance of blood-contacting medical
devices and marine coatings. Ultimately, these strategies could diminish the need for
heparanization of patients as well as permit the replacement of toxic, ablative marine
coatings. Towards this goal, a series of novel PEO-silane amphiphiles [a-(EtO)sSi-
(CHy),-oligodimethylsiloxanen-block-poly(ethylene oxide)s-OCH3] were prepared as
additives for the simple bulk-modification of RTV silicones, both coatings and free-
standing materials. Compositions were prepared with varying siloxane tether length (m)
and optional inclusion of a zwitterionic PEO end group. Studies were designed to assess
the impact of these structural features on the antifouling potential of corresponding bulk-
modified silicones.

Chapter 11 described the preparation of silicones modified with varying amounts
of a single PEO-silane amphiphile composition (m = 13). Films with >5 wt% of the
PEO-silane amphiphile revealed substantial water-driven surface hydrophilicity which
led to enhanced protein resistance versus the unmodified silicone. Thus, a minimal
amount of the amphiphile effectively produced hydrophilic, protein resistant films.

In Chapter 111, PEO-silane amphiphiles of varying siloxane tether lengths (m =0,

4, 13, 17, 24, and 3) were prepared along with a PEOg-silane control. Protein resistance
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in the absence and presence of water-driven surface restructuring was assessed by
surface-grafting of silanes to silicon wafer and by bulk-modifying silicone, respectively.
When surface-grafted, the PEO control exhibited superior and ultra-low protein
adsorption whereas protein adsorption increased with siloxane tether length for the PEO-
silane amphiphiles. In contrast, protein adsorption on a silicone modified with the PEO
control was similarly high versus unmodified silicone. PEO-silane amphiphiles exhibited
an enhanced capacity to migrate to the surface-water interface to increase hydrophilicity
and reduce protein adsorption. It was shown that an intermediate siloxane tether length
(m = 13) was optimal. The distinctively different results of surface-grafted model
substrates highlight their failure to effectively predict antifouling behavior of chains
incorporated into polymer matrices such as silicones.

In Chapter 1V, silicones bulk-modified with PEO-silane amphiphiles (m = 0, 4
and 13), previously evaluated for plasma protein resistance, were tested against marine
bacteria and diatoms in lab assays as well as in a natural ocean environment. Surface
restructuring to the surface-water interface was enhanced with increasing siloxane tether
length. As observed for plasma protein tests, the PEO-silane amphiphile (m = 13)
exhibited the greatest resistance to microfouling by bacteria and diatoms.

In Chapter V, the chemistry of a PEO-silane amphiphile was modified such that
the methoxy PEO end group was replaced with a zwitterionic end group. In this way, the
hydration of the PEO is expected to be enhanced due to the stronger binding of water to
zwitterions, ultimately leading to decreased protein adsorption. This zwitterionic PEO-

silane amphiphile may likewise be incorporated into silicones.
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6.2 Future Directions

In future studies, new silane crosslinking chemistries will be explored (Figure
6.1). While a triethoxy group is useful for modification of acetoxy-cure silicones via
condensation reaction, it will not crosslink with platinum-cure silicones, the other major
type of silicone used for blood-contacting medical devices. This shortcoming limits the
application potential for the PEO-silane amphiphiles. However, PEO-silane amphiphiles
bearing vinyl end groups would effectively crosslink in platinum-cure silicone systems.
In addition, methacrylate end groups would be useful for the modification of UV-curable

silicones and other materials, including hydrogel contact lenses.
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Figure 6.1. Modification of the PEO-silane amphiphile end-group to trivinyl silane and methacrylate
would permit the modification of platinum-cure silicone systems and UV-cure materials,
respectively.

A broader objective for future studies will explore the application of PEO-silane
amphiphile-modified silicone coatings to actual medical devices. Of particular interest to
our group are hemodialysis catheters. In order to screen the efficacy of the modified

silicone coatings, coated catheter segments may be subjected to whole blood under static
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and pulsatile flow (shear stress = 5 dynes/cm? for external surface; shear stress = 60
dynes/cm? for intraluminal surface) conditions with the use of a bioreactor (Figure 6.2).
Thrombogenicity could be measured in terms of adherent platelet count via lactate
dehydrogenase (LDH) assays, as well as surface-coverage, aggregation, and activation of
platelets via scanning electron microscopy (SEM) imaging. The results of catheter
segments coated with PEO-silane amphiphile-modified silicones could be compared to
those of unmodified as well as heparin-coated catheters currently on the market (e.g.

Decathlon Gold®).

catheter
chamber

Figure 6.2. Thrombogenicity testing of catheter sections in a bioreactor under flow.

To advance their potential as marine coatings, studies of PEO-modified silicone
coatings could include efforts to improve their adhesion to common marine structure
materials (e.g. fiberglass, steel, and aluminum). Initial lab assay and ocean tests did not
employ a tie coat for enhanced adhesion and, in only some cases, an epoxy primer was
used to prepare the surface. While delamination was not a major issue, superior adhesion
could be important in some situations. Improved adhesion may be accomplished by the

use of silane coupling agents, different primers, and/or physical treatment of surfaces
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(e.g. sandblasting). Adhesion could be tested with shear or peel testing. Additionally, the
mechanical properties (e.g. tensile strength and abrasion resistance) of the coatings will
be examined and compared to those of commercial marine coatings (e.g. Intersleek®
700 or 900) with the goal of enhancing coating robustness for longer lifetime of use.
Additional lab assays and field tests could confirm the efficacy of these coatings against
a broad spectrum of biofoulers. Ultimately, “commercial-ready” versions of these
coatings will best be prepared by partnering with a coatings company. Preliminary tests
on coated marine structures such as ship hulls and buoys would be essential prior to
commercialization. This endeavor is expected to be successful due to the coatings’
desirable characteristics including non-toxicity, simplicity, low cost, and superior

effectiveness.
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APPENDIX

'H NMR of poly(ethylene oxide)s allyl methyl ether (A-PEOgM) [From Chapters II, 111, IV, and V]

'H NMR of ODMS, (TMDS) [From Chapters 111 and V]
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'H NMR of triethoxysilylethyl-ODMS, (TES-ODMSy,) [From Chapters I1l and 1V]

5 4 3 2 1

'H NMR of triethoxysilylethyl-ODMS,-block-poly(ethylene oxide)s (m=0) [From Chapters 111 and
V]
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'H NMR of ODMS, [From Chapters I11 and 1V]
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'H NMR of triethoxysilylethyl-ODMS, (TES-ODMS,) [From Chapters I11 and 1V]
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'"H NMR of triethoxysilylethyl-ODMS,-block-poly(ethylene oxide)s (m=4) [From Chapters III and
V]

'H NMR of ODMS; [From Chapters II, 111, IV, and V]
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'H NMR of triethoxysilylethyl-ODMS;5 (TES-ODMS;3) [From Chapters 11, 111, IV, and V]
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'H NMR of triethoxysilylethyl-ODMSs-block-poly(ethylene oxide)s (m=13; TES-ODMS;5-PEQs)
[From Chapters 11, 111, IV, and V]
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'H NMR of ODMS,; [From Chapter I11]
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'H NMR of triethoxysilylethyl-ODMS;; (TES-ODMS;-) [From Chapter 111]
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'H NMR of triethoxysilylethyl-ODMS,--block-poly(ethylene oxide)s (m=17) [From Chapter I11]

'H NMR of ODMS,, [From Chapter I11]
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'H NMR of triethoxysilylethyl-ODMS,, (TES-ODMS,4) [From Chapter 111]

" L 1 ala 1 J h

T T
5 4 3 2 1 0 PPM

'H NMR of triethoxysilylethyl-ODMS,4-block-poly(ethylene oxide)s (m=24) [From Chapter I11]
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'H NMR of ODMSg, [From Chapter 111]

'H NMR of triethoxysilylethyl-ODMSz, (TES-ODMSg,) [From Chapter I11]
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'H NMR of triethoxysilylethyl-ODMSs,-block-poly(ethylene oxide)s (m=30) [From Chapter 111]
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'H NMR of triethoxysilylethyl-block-poly(ethylene oxide)s (PEO control; TES-PEOg) [From
Chapters Il and V]
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'H NMR of o-triethoxysilylethyl-o-silane-oligodimethylsiloxaney; (siloxane control; TES-ODMS;3)
[From Chapters 11l and V]
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'H NMR of allyloxy poly(ethylene oxide) (HO-PEO;;-A) [From Chapter V]
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'H NMR of tosylated allyloxy poly(ethylene oxide); (TsO-PEOy;-A) [From Chapter V]

| . L .

8 7 6 5 4 3 2 1 OPPM
'H NMR of dimethylethanolamino allyl poly(ethylene oxide);; (DMEA-PEO,;-A) [From Chapter V]
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'H NMR of allyl-ether-poly(ethylene oxide),;-sulfobetaine (A-PEO,;-SB) [From Chapter V]

'H NMR of triethoxysilylethyl-oligodimethylsiloxaneys-block-poly(ethylene oxide);-sulfobetaine
(TES-ODMS;3-PEO;-SB) [From Chapter V]
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'"H NMR of triethoxysilylpropyl-poly(ethylene oxide)y;-sulfobetaine (TES-PEO;;-SB) [From
Chapter V]
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