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ABSTRACT

This work focused on grafting water-soluble polymers with well-controlled
properties such as tuneable polymer chain length and high graft density to improve the
biocompatibility of polymer surfaces via surface-initiated atom transfer radical
polymerization (s-ATRP); and on gaining improved fundamental understanding of the
mechanisms and factors (e.g., graft chain length and surface density of monomer units) in

protein resistance of the water-soluble grafts.

Protein-resistant polyurethane (PU) surfaces were prepared by grafting water-
soluble polymers including poly(oligo(ethylene glycol) methacrylate) (poly(OEGMA))
and poly(1-methacryloyloxyethyl phosphorylcholine) (poly(MPC)) via s-ATRP. A typical
three-step procedure was used in the ATRP grafting. First, the substrate surface was
treated in an oxygen plasma and reactive sites (-OH and -OOH) were formed upon
exposure to air. Second, the substrate surface was immersed in 2-bromoisobutyryl
bromide (BIBB)-toluene solution to form a layer of ATRP initiator. Finally, target
polymer was grafted from the initiator-immobilized surface by s-ATRP with
Cu(I)Br/2bpy complex as catalyst. The graft chain length was adjusted by varying the
molar ratio of monomer to sacrificial initiator in solution. The modified PU surfaces were
characterized by water contact angle, X-ray photoelectron spectroscopy (XPS), and

atomic force microscopy (AFM).

Protein adsorption experiments were carried out to evaluate the protein-
resistance of the surfaces. Adsorption from single and binary protein solutions as well as

from plasma decreased significantly after poly(OEGMA) grafting, and decreased with

il
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increasing poly(OEGMA) main chain length. Fibrinogen (Fg) adsorption on the most
resistant surfaces (chain length 200 units) was in the range of 3-33 ng/cm?, representing a

reduction of more than 96% compared to the control surfaces.

OEGMA monomers with three different molecular weights (MW 300, 475,
1100 g/mol) were used to achieve different side chain lengths of poly(OEGMA).
Fibrinogen (Fg) and lysozyme (Lys) were used as model proteins in adsorption
experiments. The effects of side chain length as well as main chain length were then
investigated. It was found that adsorption to the poly(OEGMA)-grafted PU (PU/PO)
surfaces was protein size dependent. Resistance was greater for the larger protein. For
grafts of a given side chain length, the adsorption of both proteins decreased with
increasing polymer main chain length. For a given main chain length, the adsorption of
Fg, the larger protein, was independent of side chain length. Surprisingly, however, Lys
(the smaller protein) adsorption increased with increasing side chain length. A reasonable
explanation is that graft main chain density decreased as monomer size and footprint on
the surface increased. Protein size-based discrimination suggests that the chain density
was lower than required to form layers in the “brush” regime in which protein size is

expected to have little effect on protein adsorption.

In order to achieve high surface densities of ethylene oxide (EO) units, we used
a sequential double grafting approach whereby the surface was grafted first with poly(2-
hydroxyethyl methacrylate) (HEMA) by s-ATRP. OEGMA grafts were then grown from
the hydroxyl groups on HEMA chains by a second ATRP. The effect of EO density on
protein-resistant properties was then investigated. Protein adsorption on the sequentially-
grafted poly(HEMA)-poly(OEGMA) surfaces (PU/PH/PO) was not only significantly
lower than on the unmodified PU as expected, but also much lower than on the PU/PO
surfaces with the same poly(OEGMA) chain length. Moreover, protein adsorption
decreased with increasing EO density for these grafts. On the PU/PH/PO surface with a
poly(OEGMA) chain length of 100, the adsorption of Lys and Fg were reduced by ~98%

iv
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and >99%, respectively, compared to the unmodified PU. Binary protein adsorption
experiments showed that suppression of protein adsorption on the PU/PH/PO surfaces
was essentially independent of protein size. The double-grafted OEG layers resisted both

proteins equally.

The general applicability of this approach which combines oxygen plasma
treatment and ATRP grafting was also studied. Various kinds of polymers such as PU,
silicone hydrogel, and polydimethylsiloxane (PDMS) were chosen as substrates.
Poly(MPC) grafts with different chain lengths were achieved by the three-step ATRP-
grafting procedure. It was found that protein adsorption levels on the poly(MPC) grafts
were significantly lower than on the respective unmodified surfaces. Protein adsorption
decreased with increasing poly(MPC) chain length. Among the surfaces investigated,
PU/MPC showed the highest protein resistance for a given chain length.
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CHAPTER 1 Introduction and Literature Review

Biomaterials are widely used in medical devices such as contact lenses,
orthopaedic implants, blood pumps, pacemakers, vascular grafts and catheters.!'! For
these applications, biocompatibility is a crucial requirement. It is generally accepted that
protein adsorption is the initiating event in tissue-material interactions and is strongly
detrimental to biocompatibility.!*! Adsorbed proteins may induce many adverse effects
such as coagulation, thrombosis, bacterial infection, and the foreign body reaction,
leading to the failure of the device.”” Therefore, an important strategy to improve

biocompatibility is to reduce or eliminate non-specific protein adsorption.

Surface physical and chemical properties play very important roles in mediating
protein adsorption'® and the hydrophobic effect is generally believed to be a particularly
important driving force for protein-surface interactions.”? Some hydrophilic or water
soluble polymers such as PEO have relatively low interfacial free energy!'”! and can

reduce protein and cell interactions at the tissue-material interface.!''"?!

Several approaches have been developed to incorporate protein resistant
polymers into biomaterial surfaces, including physisorption, chemical grafting, blending
etc.**! Among these approaches, surface-initiated atom transfer radical polymerization
(s-ATRP) has attracted much attention due to numerous advantages such as tolerance of
impurities, versatility of monomer type, and mild reaction conditions.!"® Most importantly
of all, uniform and tuneable graft chain length and relatively high graft density are
achievable using s-ATRP.!'"'"! The ability to vary grafting density, chain length and
functional groups is of great importance for the optimization of protein-resistant

properties.[2*!]
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In recent years, well-defined polymer grafts have been successfully achieved
using s-ATRP on model surfaces such as gold, silicon and titanium.****! However,
surface-initiated ATRP grafting of water-soluble polymers with well-controlled grafting
density and chain length on polymeric biomaterials such as polyurethane remains
challenging. The aim of the research described in this thesis was to develop protein
resistant polymeric biomaterials using s-ATRP grafting, and to improve our

understanding of the effects of protein and polymer graft properties on protein resistance.
1.1 Polyurethanes as Biomaterials

Polyurethanes (PUs) have been widely used in biomedical applications such as
blood bags, vascular catheters, intra-aortic balloon pumps, and pacemaker lead
insulation.”*! The benefits of PUs come from their outstanding physical and mechanical
properties, which include flexibility, durability, fatigue resistance, shape retention,
elasticity, and tensile strength. The versatility in PU physical properties is also a key
attribute and arises from the variability of their physical structures and chemical

composition. Although PUs have relatively good biocompatibility,[25’26]

they are by no
means problem free when used as biomaterials. In particular, as for other polymeric

materials, they provoke coagulation and thrombosis in contact with blood.

Polyurethanes are block copolymers typically formed by the addition reactions
between a diisocyanate such as 4,4’-diphenylmethane diisocyanate (MDI), a polyester,
polyether or polycarbonate polyol, and a chain extender.”””) The diisocyanate and chain
extender form relatively stiff and hard chain segments while polyols form amorphous or
semi-crystalline soft segments. In the solid state the hard and soft segments tend to
separate into respective domains or microphases. The segment chemical composition
determines the nature of the domains, such as hydrophilic/hydrophobic, amorphous, semi-
crystalline or crystalline. The variable nature of the domains and the extent of phase

separation give polyurethanes a broad range of physical and mechanical properties.**!
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Although “inert” PUs have relatively good biocompatibility, they are by no
means ideal as already indicated. Properties required for an ideal biomaterial include
biodurability, biostability, blood compatibility (including thromboresistance), and
infection resistance among others. Modification of PUs, especially surface modification,

for improved biocompatibility has been extensively studied. For example, polyurethane

was blended with phospholipid-containing polymers for improved blood compatibility.[*")

[30] [31]

Biologically active species such as anticoagulants, and

[32]

recombinant peptides
collagen'"~' were attached to polyurethane surfaces via chemical coupling to improve
tissue compatibility. Among the numerous modification methods, surface modification is
generally believed to be the method of choice to improve biocompatibility while

maintaining excellent bulk properties such as mechanical strength.
1.2 Protein Adsorption and Biocompatibility

Blood is a biological fluid containing water, salts, minerals, lipids, other
organics, proteins and cells. This complex composition gives a wide range of possible
interactions and competitive processes when blood is in contact with a biomaterial. It is
well accepted that the first event following blood-material contact is the rapid adsorption
of a layer of proteins.”****! The composition and other properties of the adsorbed protein
layer strongly affect subsequent blood interactions including platelet adhesion and
activation, initiation of blood coagulation, complement activation, erythrocyte
interactions and leukocyte interactions.”® These interactions may eventually lead to
thrombosis, the foreign body reaction, and bacterial infection. Therefore, it is very

important to be able to control protein adsorption to minimize these adverse effects.
1.2.1 Protein Structure

Proteins are naturally occurring polypeptides composed of more than 20

different amino acids. There are four levels of protein structure. The primary structure
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refers to the linear sequence of amino acid residues and the location of any disulfide
bridges. The secondary protein structure, such as a-helix and B-sheet, describes the
conformation of the polypeptide chain and is determined mainly by intramolecular and
intermolecular hydrogen bonding. The tertiary structure refers to the complete three-
dimensional structure of the polypeptide, including chain folding, and describes the
spatial relationship of different domains/secondary structures within a protein. For
proteins containing more than one polypeptide chain, the way in which the peptide chains
combine comprises the quaternary structure. The tertiary and quaternary structures of a
protein are maintained by noncovalent interactions including hydrogen bonds,
hydrophobic interactions, disulfide bonds, electrostatic forces and van de Waals forces.
Factors such as pH, ionic strength, temperature and the presence of organic solvents have
an impact on these noncovalent interactions and hence on the three dimensional structures

of proteins.*7**]

1.2.2 Thermodynamics of Protein Adsorption

Protein adsorption is driven by the various interactions among protein, surface,
water and other components in the system. The driving forces include van der Waals
interactions, electrostatic interactions, hydration forces, hydrophobic forces and Brownian

motion.*!

The adsorption of protein occurs only if the Gibbs free energy of the process is

negative. The expression for the Gibbs free energy is:
AG=AH-TAS 1.1

where H, S and T are the enthalpy, entropy and absolute temperature, respectively. A loss
of enthalpy (exothermic) and/or a sufficient gain of entropy favor the occurrence of

protein adsorption. The enthalpy and entropy contributions result from the combination of



Ph.D. Thesis — Z. Jin McMaster University, Chemical Engineering

the various interactions in the system and are applicable to a qualitative discussion of

protein or macromolecule adsorption.!*”!

The enthalpic contribution includes van der Waals interactions, electrostatic
interactions, and hydrophobic forces. The entropic contribution comes from the loss of
ordered structure in the protein such as the release of counterions and bound water
(dehydration),!*” and conformational change.*'** Dehydration is driven by the
hydrophobic interactions between hydrophobic domains of protein and the surface
(hydrophobic effect), resulting in the release of the ordered water layers and an increase
in entropy.'*”! In many cases, the entropy contribution from dehydration provides the
main driving force for protein adsorption.[*] However, protein adsorption can be either
entropically driven or enthalpically driven or a combination of both, depending on the

nature of protein and solid surface, pH, ionic strength, and other factors.[*?!

1.2.3 Kinetics of Protein Adsorption

Protein adsorption at an aqueous/solid interface comprises the following
steps:1*“>1 (1) transport/diffusion of protein from bulk of solution to interface where
interactions between protein and surface become effective, (2) attachment/adsorption of
protein onto surface, (3) rearrangement of protein on surface (spreading, re-orientation,
denaturation), (4) detachment/desorption of protein from surface, (5) transport/diffusion
of protein away from surface to bulk. The protein adsorption rate depends on whether the
process is transport-controlled or reaction-controlled. It is generally agreed that protein
adsorption is transport-controlled when the protein surface coverage is lower than
10%.1%%! Since the transport of protein in a nonflowing system is mainly driven by
diffusion, the rate of adsorption in the transport-controlled regime is simply correlated to
the rate of diffusion (Equation 1.2):®!

dr

D,
£ ¢, 1.2
5 -6
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where dI'/dt is the rate of adsorption, Cj is the bulk protein concentration, D is the
diffusion coefficient of protein in solution, ¢ is time. The surface protein concentration I"

is then given by Equation 1.3:
r=2c,2h 13
/4

When protein coverage is relatively high, the rate of protein adsorption is
reaction-controlled, i.e. controlled by the intrinsic kinetics of adsorption.l’®*”! The rate of

adsorption is given in general by Equation 1.4:
dr
— = f(C,,0 1.4
—=1(C0,6)

where Cp is the bulk protein concentration and @ is the fractional surface coverage. For

example the Langmuir kinetic model gives the rate of adsorption as:

dr
— =kCy(1-0)-k0 1.5

where k, and k4 are the rate constants of adsorption and desorption, respectively.
1.2.4. Models of Protein Adsorption>*®!

Protein adsorption from solution has been described by various models such as
the Langmuir model, the random sequential adsorption model (RSA), the Freundlich
model and the Temkin model.”” The Langmuir model is generally applicable to describe
single protein adsorption from dilute solution onto a biomaterial surface. It assumes that
adsorption is reversible, that adsorption is limited to a monolayer, that the adsorption of
one molecule does not affect any other molecule and that the solid surface is energetically
uniform.*’) Based on these assumptions, the Langmuir model is then given by Equation

1.5. Solving for fractional coverage 6:
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KC
0= T = £ 1.6
[ 1+KC,

where I is the surface protein concentration; I,y is the surface protein concentration at
the plateau (monolayer adsorption); C, is the solution concentration at equilibrium; K =

kai/kq is the adsorption equilibrium constant.

Langmuir type isotherms have been observed in many studies,*® %% despite
the fact that the assumptions of the model are generally invalid for protein adsorption.
Thus it has been generally found that protein adsorption is irreversible on a reasonable
time scale, that lateral interactions occur between adsorbed proteins and that surfaces in
general are energetically heterogeneous.[**® Other observations not in agreement with
the Langmuir model, include the occurrence protein conformational change and
denaturation, and the involvement of multiple sites in a single adsorption event given the

large size of protein molecules.

The random sequential adsorption (RSA) model, '’ takes into account the
excluded surface effect (the earlier adsorbed molecules preventing later-arriving
molecules from approaching the surface) and irreversible adsorption. The basic
assumptions of the model include:[**®! (1) Particles adsorb at random on a homogeneous
adsorption plane, i.e., every position is statistically equivalent. (2) If the adsorbing
particle overlaps with any preadsorbed particles, it is not adsorbed and a new adsorption
attempt is made. (3) Otherwise the particle adsorbs with unit probability (hard sphere
model) or with the probability calculated from the Boltzman distribution. (4) Once the
particle is adsorbed, its position and orientation are permanently fixed: localized,
irreversible adsorption. (5) The process is continued until no additional particle can be
accommodated, thus the jamming or maximum parking limit is attained characterized by
the fractional surface coverage 6. The RSA kinetics of hard spheroids follow the scaling

law:[7071]
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where 6(f) and 6, are the surface coverages at time ¢ and in the jamming limit,
respectively. The exponent d corresponds to the dimensionality of the substrate (d = 2 for
a plane). However, this model is limited in that it does not allow protein diffusion over
surface which has been shown to occur and to be an important effect in protein

adsorption.!’?!

A number of empirical models have been used to describe single protein

adsorptions with non-Langmuir type isotherms. One is the Freundlich isotherm:(®*!

1

0 =kC; 18

where k and n are empirical constants of the system at a given temperature. & is related to
adsorption capacity and 1/n is related to adsorption energy. This model assumes an
exponentially decaying sorption site energy distribution.”*” The Temkin model assumes

that the binding energy decreases linearly with increasing surface coverage.l’®””)

1.2.4 Multi-Protein Systems: the Vroman Effect

Biological fluids such as blood contain large numbers of proteins, and
adsorption in these multi-protein systems is competitive. The composition of the adsorbed
protein layer is generally a function of adsorption time and the relative concentrations of
the component proteins.’®”®) The properties of the proteins, the surface and the solvent

are also important factors in competitive adsorption.’**]

Adsorption is initially a diffusion-controlled process strongly affected by protein
concentration. In general proteins of high concentration are expected to dominate the

surface in the early stages. These initially adsorbed proteins may later be displaced by
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proteins of lower concentration and higher binding affinity. At longer time, the surface is

expected to be dominated by proteins of high affinity.**3" This dynamic behaviour is

referred to as the “Vroman effect”’®%!]

(82-90]

and has been observed for many surfaces and

proteins.

It has been found that adsorption of fibrinogen and other abundant proteins such
as albumin and IgG exhibit Vroman effects in plasma. These are manifested as maxima in
adsorption as a function of concentration at a given time, or of time at a given
concentration.”®* The Vroman effect implies that exchange and displacement occur in
the competitive adsorption process; for example, fibrinogen initially adsorbed from
plasma is rapidly displaced by other proteins, notably high molecular weight kininogen
(HMWK).B%!) It is well known that the adsorbed fibrinogen promotes platelet adhesion
and aggregation on the surface. The protein dynamics clearly affects the composition and
structure of the adsorbed protein layer and thus is expected to be of significance for blood

contacting devices.
1.3 Water-soluble Polymers as Protein-resistant Materials

Nonspecific protein adsorption is believed to be the initiating event that occurs
when a biomaterial implant comes into contact with the biological environment, and is
strongly detrimental to biomcompatibility.) A general strategy for reducing protein
adsorption is to provide a well-hydrated hydrophilic polymer layer on the biomaterial
surface, which “shields” the surface, makes it hydrophilic, and thus reduces the interfacial
free energy. Hydrophilic or water-soluble polymers that have been used for this purpose
include poly(vinylpyrrolidone) (PVP),P%%4 poly(2-methoxyethylacrylate)
(poly(MEA)),””*! polyacrylic acid (PAA),P** poly(ethylene oxide) (PEO),””! poly(2-
hydroxyethylmethacrylate) (PHEMA),!'*!% polysaccharides,'®!  poly(sulfobetaine
methacrylate), poly(carboxybetaine methacrylate),l'®  poly(2-methacryloyloxyethyl
phosphorylcholine) (poly(MPC)) and its copolymers.'°>'%! Among these water-soluble
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polymers, PEO and phosphorylcholine (PC)-based polymers have been widely used and
verified to be among the most effective ones for the prevention of non-specific protein
adsorption. However, the underlying mechanism is not well understood, and it remains

challenging to achieve practical biomaterial surfaces that are strongly protein-resistant.
1.3.1 Polyethylene Oxide (PEO) as a Protein-resistant Material

Polyethylene oxide (PEO, H-(O-CH,CH;),-OH) is a neutral polyether that is
miscible with water in all proportions at room temperature. PEO chains have considerable
flexibility, mobility and thus a large excluded volume in water.'"”'%! Moreover, PEO
coatings or grafts on a surface cause a reduction in free energy of the interface between
solid surface and water, and thus reduce the thermodynamic driving force for protein
adsorption.!'"'%"'% In addition, PEO is an attractive FDA-approved biomaterial; it is
non-toxic, only weakly immunogenic, compatible with living cells, and does not cause

inactivation or denaturation of proteins.!'"!!!]

Two main mechanisms have been proposed to explain the ability of PEO chains
to resist protein adsorption: (1) steric repulsion, (2) the effect of the tightly bound
hydration layer which creates a “barrier” to protein contact.!'*>'"*] Steric repulsion results
from loss of entropy (chain compression), osmotic pressure and elastic restoring forces
when a protein approaches the PEO chains or other hydrophilic macromolecule.?*!''*!!?)
It is probably important for longer polymer grafts. For shorter chains or oligomers, the
tight water layer is probably the dominant factor.!''''®] This highly ordered hydration
layer is formed via strong hydrogen bonds between PEO and water and provides an
effective energy barrier against protein adsorption requiring displacement of the bound
water.!''*"2!] The hydration force depends on both density of EO moieties and chain

conformation.['??]

10
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Protein adsorption can be influenced not only by the properties of the polymer
grafts such as chain density, chain length, and chain conformation, but also by protein-
protein interactions, protein size, solution properties (pH, ionic strength), and temperature,
thus making the protein adsorption process much more complex than implied by the
models described above. The interrelationships of these factors with protein adsorption

have been widely studied. For example, Gombotz et al.l'?’)

reported that the adsorption of
serum albumin and fibrinogen decreased with increasing chain length of surface-
modifying PEO. Resistance to adsorption increased up to molecular weight 3500 Da; but
further increase gave little extra reduction in protein adsorption. Gélander et al.l'**]
observed qualitatively similar behaviour and found an optimum PEO MW of 1500 Da for
protein resistance. Others!'>>'?®! have reported an optimum value in the range of 2000-
3000 Da. The discrepancies in optimal molecular weight in these studies may be due to
different grafting densities. It was suggested that the phenomenon of a minimum length of
PEO chains required for significant protein resistance is due to the water barrier
associated with EO units, which becomes stronger with increasing density of EO units up

to a certain value.['*!

The effect of PEO graft density on protein adsorption has been found to be of
critical importance.[''*13%1321 McPherson et al.l'**!** showed that protein adsorption
decreased with increasing PEO density, and suggested that the efficiency of PEO grafts in
preventing adsorption is based on effective covering of the surface, thereby blocking

protein binding sites with PEO segments.

Normally, a surface with long grafts and sufficiently high graft density is
expected to have strong resistance to protein adsorption. However, some densely packed
short oligo(ethylene glycol) (OEG) self-assembled monolayers (SAMs), where the chains
have only a few EO units, have also been found to repel proteins.[l19’122’134’13 JIn Prime
and Whitesides’ work,[“9] OEG with a single EO unit was shown to reduce protein

adsorption significantly, given a sufficiently high graft density, suggesting that high

11
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coverage of EO units is important for protein resistance. Despite extensive research on the
protein-resistance of PEO grafts, there is still a debate as to which of chain length and

grafting density is the more important.
1.3.2 Phosphorylcholine (PC)-containing Polymers as Protein-resistant Materials

Phosphorylcholine (PC)-based polymers, which mimic the outer surface of cell
membranes, have been shown to have non-thrombogenic properties and generally good
biocompatibility.““’l36] Ishihara et al.*®1%1B7 observed that PC-polymer modified
surfaces were strongly resistant to protein adsorption, and adhesion of cells including
platelets, bacteria and other cells. Although the exact mechanism of resistance to fouling
of these materials is not well understood, it is believed that the tightly bound hydration
layer associated with the PC groups plays a critical role.!'**! PC-based surfaces have high
free water content associated with the PC groups, which is believed to allow proteins to
contact the surface reversibly without conformational change.!'**"**'*"! In addition, the
flexibility and mobility of PC-based polymers was suggested as responsible for their

protein resistance.['%!41142]

1.4 Surface Modification for Improved Biocompatibility

A variety of approaches have been used to incorporate modifiers such as PEO or

PC-based molecules into biomaterial surfaces. Methods include physical adsorption,'**

[116,132,155-161]

147) surface coating,!"**'*% blending!">'"'** and chemical graftin , providing
g g gralting p

modified surfaces with a variety of structures and properties. These methods and their

advantages and disadvantages are briefly reviewed here.
1.4.1 Physical Adsorption

Physical adsorption of a block copolymer or surfactant which contains

biocompatible segments onto a substrate is a simple and rapid method of surface

12
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modification. For example, Bohner et al.'*! modified polystyrene (PS) latex particles by
physical-adsorption of the PEO-PPO-PEOQ triblock polymer Pluronic F108 (PEO129-
PPO56-PEO129). It was observed that fibrinogen adsorption decreased exponentially
with the copolymer surface concentration. As well, the particle size was found to have a

significant effect on the fibrinogen uptake, with larger particles showing greater uptake.

Another important modification method based on adsorption was developed by
Elbert et al.l'®!* 146162 Comb copolymers with a poly(L-lysine) backbone (PLL) and
PEO grafts were adsorbed to metal oxide surfaces including TiO,, Sig4Tig 60, and Nb,Os.
The positively charged PLL component adsorbed to the metal oxides electrostatically
leaving the PEO grafts “free” to interact with the bio-environment. The resulting surfaces
were highly effective in inhibiting non-specific protein adsorption, and the higher the

PEG surface density, the greater the inhibition.!"*9]

Adsorption methods are limited in that they cannot provide surfaces that are stable
over long periods. It is to be expected that the adsorbed molecules will be displaced by

other molecules of greater affinity.'®*!

1.4.2 Surface Coating

PEO- and PC-containing copolymers and others can also be coated (e.g. from
solution) onto various substrates for improved biocompatibility. The surface coating
method has advantages such as simplicity, rapidity, and capability to prepare multi-

functional surfaces.

In recent work, Lee and Oh synthesized random copolymers of methyl
methacrylate (MMA), methoxy PEO monomethacrylate (MPEOMA, PEO Mw 1000) and
vinyl sulfonic acid sodium salt (VSA) and coated them onto polyurethane and poly(MMA)
films by spin coating.[”g’”g] The hydrophobic MMA segments and long carbon backbone
of the copolymers provided strong interactions with the hydrophobic substrates. The

13
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coated MMA/ MPEOMA/VSA surface with a monomer molar ratio 8:1:1 was found to be
particularly effective in preventing both protein adsorption and platelet adhesion, which
was suggested to be due to the combined effects of the hydrophilic PEO and the
negatively charged VSA side chains. In other work, a tri-block copolymer PEQ99-
PPO65-PE0O99 (Pluronic F-127) was applied to silicone rubber by solution coating.!'®*!
Studies of the kinetics of bacterial growth showed that the PEO-containing coating

reduced initial adhesion of bacteria (staphylococci) and delayed biofilm growth.

MPC-based copolymers such as MPC-co-MMA, MPC-co-n-butyl methacrylate
(BMA), or MPC-co-n-dodecyl methacrylate (DMA) have been widely used as coating
materials on a variety of substrates.[!°>!96165167] Eqp example, Fujii and Ishihara et

o] [167.168]

applied poly(MPC-co-BMA) coatings to stainless steel and to polymers such as
poly(ethylene telephthalate) (PET) and polyurethane. It was observed that the coated
surfaces reduced fibronectin adsorption and cell adhesion, and that adsorption and
adhesion decreased with increasing MPC content in the copolymers.““] Moreover,
bacterial adhesion and biofilm formation were inhibited on the poly(MPC)-containing

surfaces.'¢’]

Although surface coating has been widely used, it does have disadvantages
including difficulty of application to devices/substrates with complex shapes, poor
stability and loss of coating over time. Some crosslinkable copolymers have been

developed to improve the stability and physical properties of coatings,[!0%106-166]

1.4.3 Blending

Blending is a simple and convenient process, in which components of high
surface activity such as amphiphilic PEO- or PC-containing copolymers are mixed with a
base material or matrix. The surface active component is expected to migrate to the

surface. Tan et al.!'®! prepared PEO-rich surfaces by blending triblock copolymers PEO-

14
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PU-PEO with a segmented polyurethane. The protein resistance of the blend surfaces was
found to increase with increasing copolymer content up to 20 wt%, and reductions in
adsorption greater than 95% were observed on the blend surfaces with 20% copolymer
content. Another example of blending is the work of Ishihara and Iwasaki in which MPC
copolymers were blended with a segmented polyurethane.!'**! These surfaces were shown
to reduce the adsorption of plasma proteins and to suppress platelet adhesion and

activation. Santerre et al.l'’%'7]

synthesized fluorinated surface-modifying
macromolecules (SMMs) containing poly(tetramethylene oxide) or poly(propylene oxide)
polyol segments and oligomeric fluorocarbon (CF,) segments, and blended the SMMs
with polyurethanes. The fluorinated SMM blend materials showed reduced hydrolysis by

[173,174]

enzymes, and also exhibited significant reductions in non-specific protein

adsorption, platelet adhesion and activation' "),

The blending approach also has disadvantages: (1) While it is generally believed
that the blended polymeric additives are stabilized by chain entanglements with the
matrix, they can be lost over time; (2) For a bioactive component, its biological activity
can be compromised or lost in the blending process. (3) The mechanical properties of the

material can be altered with increased loading of the blended component.
1.4.4 Surface Grafting

As discussed above, a major disadvantage of physical adsorption, surface
coating and blending approaches is the instability of the surface modifier or additive. In
this respect, chemical grafting is superior since the surface active component is covalently
bonded to the surface, thus improving stability. Another advantage of this method is that
the bulk properties remain unchanged since grafting occurs exclusively on the surface.

Surface grafting of polymers can be achieved either by ‘grafting to’ or ‘grafting from’.

15
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1.4.4.1 ‘Grafting to’ Approach

The ‘grafting to’ approach has been widely employed to tether pre-formed chain
end-functionalized polymers to an appropriate substrate to form polymer brushes.!'’!7]
For example, Sofia et al.l'"*? coupled hydroxy-terminated linear and star PEO molecules
to aminosilane-treated silicon wafers. Murthy et al.l'*? grafted amphiphilic PEO-silanes
onto silicon wafers to form PEO brushes. Chain-end-thiolated PEO has been widely used
to form self-assembled monolayers on gold and silver surfaces.[''*">"!*#!8] Unsworth et
al. prepared PEO layers of various MW on gold by chemisorption (effectively “grafting
t0”). For PEO brushes of MW 750 and 2000, fibrinogen adsorption was found to decrease
with increasing chain density up to ~0.5 chains/nm’, and to increase again as the density
increased beyond 0.5 chains/nm®. It was suggested that the PEO chains become
dehydrated at very high chain density giving a surfacé that is hydrophobic and no longer
protein resistant. The PEO surfaces with the optimal chain density were shown to reduce
fibrinogen adsorption by 80% compared to a control.l"*”) Experiments on protein
adsorption from plasma on OH- and CH;O-terminated PEO brushes suggested a chain
end group effect: the hydroxyl terminated PEO layers inhibited fibrinogen adsorption
and/or facilitated protein displacement more effectively.l'*”) Further studies showed that
the adsorption of both fibrinogen and lysozyme from buffer to the hydroxy-terminated
PEO surfaces levelled off at a critical chain density, but showed increasing adsorption
beyond the critical value on the methoxy terminated surfaces, indicating a role of chain
end chemistry at chain densities greater than the critical value.'”® In other work,
Archambault et al.l'"®"] grafted amine-terminated PEO chains to a polyurethane substrate
using methylene di-p-phenyl diisocyanate MDI as a coupling agent giving a modified

surface that reduced protein adsorption significantly.

Although the ‘grafting to’ approach is an effective way to create a permanent,

stable polymer-grafted surface, the surface density of grafts is limited by the hindrance of

16



Ph.D. Thesis — Z. Jin McMaster University, Chemical Engineering

initially immobilized chains to the attachment of additional chains. This is a significant

disadvantage.
1.4.4.2 ‘Grafting from’ Approach

The ‘grafting from’ approach, also referred to as surface-initiated
polymerization, is a very promising method for the preparation of grafted surfaces of high
graft density. The general procedure includes immobilization of an initiator layer on the
substrate surface followed by polymerization from the initiator sites.!'*?! Polymerization
(100,183-189] .o e
[193,194]

methods include conventional free radical polymerization,

[190] [191,192]

polymerization, cationic polymerization, ring-opening polymerization,

and controlled radical polymerization (CRP).!'”!7%!1%]

Conventional free radical polymerization is the most widely used method to
produce high molecular weight polymers. Various techniques have been used to initiate
conventional free radical polymerization on surfaces, including photo-induced
polymerization, plasma post-polymerization, and ammonium persulfate- or ceric
ammonium nitrate-initiated polymerization. For example, Chen et al.l'"® prepared
poly(OEGMA) surfaces on emeraldine base films via UV-induced graft polymerization.
The graft density increased with increasing polymerization time and monomer
concentration. Kim et al.!'®”'% grafted acrylated phospholipids from a methacryloyl-
terminated substrate by in situ polymerization with the water-soluble initiator, 2,2'-
azobis(2-methylpropionamidine) dihydrochloride. The grafted surfaces greatly reduced
the adsorption of proteins such as albumin, fibrinogen and IgG, in vitro, and the adhesion
of macrophages and formation of foreign body giant cells, in vivo. Korematsu et a] ['%8]
grafted poly(MPC) from PU surfaces via ceric ammonium nitrate-initiated conventional
free radical polymerization. The poly(MPC) grafted surfaces showed reduced platelet

adhesion and activation compared to the unmodified PU.
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Although conventional free radical polymerization has been used extensively to
prepare PEO- and PC-grafted surfaces, its use is limited by poor control of graft density,
chain length and polydispersity, and the difficulty of forming block copolymers and other
defined chain architectures. In order to overcome these limitations, surface-initiated living
polymerization methods have been developed, including anionic, cationic, ring-opening
polymerization and CRP techniques.!'” For anionic, cationic, and ring-opening
polymerization, restrictive experimental conditions and/or the requirement for
sophisticated catalysts which are often sensitive to moisture and impurities, limit their use
for surface modification. In recent years, controlled/living radical polymerization (CRP)
has attracted much interest not only because of its effectiveness in producing polymer
graft surfaces of well-defined composition, architecture, functionality, and high density,
but also its less stringent experimental requirements. The CRP techniques include

nitroxide mediated radical polymerization (NMRP),'”]

[198,199]

reversible addition-fragmentation
chain transfer (RAFT) polymerization, and metal-catalyzed living radical
polymerizations.['’”?°?* Of the CRP methods, atom transfer radical polymerization
(ATRP) has proved to be one of the most successful for preparing well-defined and
narrowly dispersed polymer brushes.!'’”” It is much easier to prepare ATRP initiator
layers on target substrates using commercially available initiators such as a-haloesters or
benzyl halides than to synthesize functional alkoxyamine initiators for NMRP and
dithioesters (chain transfer agents) for RAFT polymerization. In addition, ATRP is
feasible for a wide range of monomers and solvents, and can be carried out at room
temperature, which renders it compatible with a variety of substrate materials. In the
following section, recent developments in biocompatible, antifouling surfaces prepared

by ATRP are reviewed.
1.5 Bioactive and Biocompatible Surfaces via ATRP

The surface properties of biomaterials govern their interactions with blood,

tissue and other biological environments.”*>?%! Therefore, surface modification to
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control these interactions is a valid approach for the improvement of biocompatibility.[***-

2111 Examples of such control are to minimize undesirable interactions (non-fouling
surface), or to modify the surface such that it promotes beneficial interactions (bioactive
surface). Surface initiated ATRP has been used extensively for the preparation of
bioactive and biocompatible surfaces. As a chemical process its attributes include
tolerance of impurities, versatility with respect to monomer type and solvent, and ability
to proceed under mild reaction conditions.l"?"! s-ATRP is a controlled, ‘living’
polymerization method and allows preparation of polymer-grafted surfaces having well-
controlled graft density and grafts of predetermined, uniform length.!'”**! Graft density
and length are the two key parameters governing protein resistance,!'*?'?! so ATRP is of

great interest in this connection.

k
R-X + Cul-Y/Ligand === R. + X-Cu'-Y/Ligand
deact k Tea -
X, Y: BrorCh k RN
monomer t ~A

termination

Scheme 1.1 General mechanism of atom transfer radical polymerization.

The essential mechanism of ATRP is shown in Scheme 1.1.1'2%] The catalyst
complex, comprising a transition metal halide and a suitable nitrogen-based ligand,
establishes a dynamic equilibrium between dormant species and growing radicals. This
reversible activation-deactivation with rate constants ks and kgeact is controlled by a redox
reaction of the transition metal salt. Polymer chains grow by the addition of monomers to
the intermediate radicals with rate constant k,. Termination reactions (k;) also occur in
ATRP, mainly through radical coupling and disproportionation; however, by keeping the
concentration of propagating radicals sufficiently low in comparison to the dormant
species, termination can be suppressed with no more than a few percent (generally <5%)

of terminated chains throughout the polymerization process.!'®'*?
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The main requirements for a well-controlled ATRP include: (1) initiation should
be fast to provide a constant concentration of growing polymer chains; (2) the majority of
the dormant polymer chains should retain the ability to grow; (3) reversible deactivation
should be fast to keep the concentration of propagating radicals sufficiently low. Uniform
growth of all the chains can be achieved in a successful ATRP, due to fast initiation, rapid
reversible deactivation and suppressed termination. Due to the reversibility of the
initiator-catalyst reaction, dormant polymer chains retain the ability to grow, allowing the
synthesis of block copolymers and polymers with generally well-controlled architecture.
Moreover, ATRP can be readily initiated from various surfaces, such as planar surfaces,

particles, polymer chains and networks.!!7719%202:213-215]

In the process of preparing functional polymer brushes via surface-initiated
ATRP, the first step, i.e., immobilization of the ATRP initiator on the substrate surface, is
of crucial importance. Versatile initiator immobilization methods have been developed
for various surfaces.['**?'6] Most of this work is focused on hard inorganic or metallic
[19,193,209,212,217-223] [224226) g1 [1323210227-232] ¢35y [233-235]

Fe;042%%*%] and stainless steel.”****’] For example, on a hydride (Si-H) silicon surface,

surfaces such as silicon, silica,
Xu et al?'”! used a simple two-step method to immobilize ATRP initiator, i.e UV-
induced coupling of 4-vinylaniline followed by reaction of the amino group with 2-
bromoisobutyryl bromide (BIBB). Poly(OEGMA) and poly(N-isopropylacrylamide
(NIPAAm)) polymers and copolymers were grafted from the initiator layer by ATRP.
The poly(NIPAAm) and poly(NIPA Am)-co-poly(OEGMA) brushes were shown to act as
stimuli-responsive modifiers of cell adhesion: above the lower critical solution
temperature (LCST) of the grafts, cells adhered, mainly on the NIPAAm segments; below
the LCST, the cells detached spontaneously. Stadler et al.**? reacted silicon wafers with
2-bromo-2-methyl-N-propyltriethoxysilyl isobutyramide as initiator and prepared various
graft copolymer films of OEGMA and MMA via ATRP. Well defined hydrophobic

domains were observed on copolymer films containing 10-40 mol% OEGMA. However,
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loss of protein-resistant properties was observed only for surfaces having 15 mol%
OEGMA or lower. Feng et al.">?'? prepared poly(MPC) brushes with graft density 0.06-
0.39 chains/nm’ and chain length 5-200 monomer units on silicon wafer surfaces by
combining  self-assembly of initiator (10-(2-bromo-2-methyl) propionyloxy
decyltrichlorosilane) and surface-initiated ATRP. The graft chain length was varied via
the ratio of monomer to sacrificial initiator in solution. The graft density of the poly(MPC)
brushes was controlled via the surface initiator density using different combinations of
initiator and decyltrichlorosilane as “diluting agent”. The graft densities of poly(MPC)
brushes and initiator were calculated from the thickness values determined by
ellipsometry. Protein adsorption decreased with increasing graft density and chain length.
Grafts of chain length 200 and density 0.39 chains/nm?” gave adsorption levels of 7 and 2
ng/cmz, respectively, for fibrinogen and lysozyme at 1 mg/mL protein concentration,

corresponding to reductions of >98% compared to the unmodified silicon.

(233.234] a5 immobilized on

[235]

In other work, bromomethyl-terminated catechol
on oxidized
titanium (TiOH) as ATRP initiators. Three types of poly(OEGMA) brushes (side chain
lengths of 4, 9 and 23 EG units) with thickness of about 100 nm were grafted from the

titanium and stainless steel surfaces, and chloromethyl-terminated silanes

initiator layers.”*>*?**! Cell adhesion experiments showed the complete inhibition of cell
attachment on all these surfaces with little dependence on EG side chain length.
Resistance to fouling was maintained up to three weeks, beyond which it decreased; the
decrease was more rapid with decreasing EG side chain length. Ignatova et al.***!]
electrografted poly(2-(2-chloropropionate)ethyl acrylate (cPEA)) on stainless steel to
form an ATRP initiator layer. Subsequent ATRP of 2-(t-butylamino)ethyl methacrylate
(TBAEMA) or copolymerization of TBAEMA with either OEGMA or acrylic acid or

styrene gave surfaces with protein resistant and antibacterial properties.

ATRP initiators such as bromomethyl-terminated thiols have been immobilized

directly on gold surfaces by gold-thiol reaction.***”?*] The chain length and surface
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density of polymers grafted from these initiators were independently controlled by
adjustment of polymerization time and initiator density on the gold surface.’?’! Protein
adsorption on poly(OEGMA) surfaces prepared by these methods was below the
detection limit of the surface plasmon resonance (SPR) method used. In addition, cell

adhesion was inhibited for up to a month under typical cell culture conditions.?*")

Although ATRP has been used extensively to modify “hard” inorganic and
metallic surfaces, much less work has been done on “soft” organic or polymer surfaces.
For hydroxyl-containing polymeric surfaces (e.g. poly(HEMA-co-MMA), some
hydrogels, cellulose), ATRP initiator can be attached by the esterification reaction
between hydroxyl groups and 2-bromopropionyl bromide.*'"**?*”] However, for inert
polymeric substrates with no functional groups, it is difficult to prepare an ATRP initiator
layer, especially one of high surface density. Huang et al have shown that
poly(DMAEMA) and poly(OEGMA) can be grafted on polypropylene (PP)**® from a
layer of the ATRP initiator benzophenonyl bromoisobutyrate deposited by spin-coating
followed by UV irradiation to covalently attach the initiator to the PP surface. Yao et
al.**) used ozone-induced coupling to attach the ATRP initiator 2-bromoisobutyrate to
PP hollow fiber membranes. Nylon membranes have been ATRP-grafted using a two-step
method for initiator attachment involving activation of the surface amide groups with
formaldehyde and reaction of the resulting hydroxyl groups of the nylon-OH membrane

with 2-bromoisobutyryl bromide.!'*>**%

In addition to the difficulties of ATRP grafting from soft materials, surface
characterization is also problematic. In particular the determination of graft density and

chain length remain challenging.
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CHAPTER 2  Objectives and Contributions to Articles
2.1 Objectives

Although surface-initiated ATRP has been widely used to graft polymer chains of
well-controlled structure and functionality onto some special model surfaces such as gold,
titanium, silica and silicon wafer, on which it is easy to form ATRP initiator layers with
high surface density, and to characterize/quantify polymer grafts, not much work has been
done on ATRP grafting of well-controlled polymer brushes on more practical polymeric
biomaterial substrates for improved biocompatibility. The main hindrances lie in
immobilization of ATRP initiator and characterization of grafted chains on soft polymeric
substrates. These substrates are not as well defined and do not have as strong contrast to

grafted chains as the previously studied inorganic/metallic substrates.

The objectives of this research are two fold, (1) from a technological standpoint,
we aim to prepare highly protein-resistant biomaterials by ATRP grafting of water soluble
polymers such as poly(OEGMA) and poly(MPC), and to evaluate these biomaterials for
blood-contacting applications; (2) from a scientific perspective, we aim to provide
fundamental understanding of the molecular processes involved in functionalization and
polymerization on polymeric biomaterial surfaces; and to investigate the relative roles of
the functional groups, the surface density/coverage, and the chain length of polymer

brushes in the protein adsorption process.
2.2 Contributions to Articles

The following describes my contribution to the articles constituting Chapters 3-6.
Professors Shiping Zhu, John L. Brash and Dr. Wei Feng provided guidance with the

initial research focus and idea development. I designed and performed all phases of the
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project, from literature search, experiments through to data analysis. I generated the first
drafts of the papers and the initial responses to the comments of the journal reviewers. I

worked with my supervisors on subsequent drafts until accepted.
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CHAPTER 3  Protein-resistant Polyurethane via Surface-initiated ATRP of
Oligo(ethylene glycol) Methacrylate

This chapter is a reproduction of the following published article in Journal of Biomedical

Materials Research A.
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1189-1201.
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Working Hypothesis:

After modification by water-soluble polymers, PU surfaces, which contain the same graft
density (number of polymer chain per unit area), but longer polymer chain length, are

more efficient in preventing protein adsorption.
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Protein-resistant Polyurethane via Surface-initiated Atom Transfer Radical

Polymerization of Oligo(ethylene glycol) Methacrylate

Abstract: Protein-resistant polyurethane (PU) surfaces were prepared by surface-initiated
simultaneous normal and reverse atom transfer radical polymerization (s-ATRP) of
poly(oligo(ethylene glycol) methacrylate) (poly(OEGMA)). Oxygen plasma treatment
was employed for initial activation of the PU surface. The grafted polymer chain length
was adjusted by varying the molar ratio of monomer to sacrificial initiator in solution
from 5:1 to 200:1. The modified PU surfaces were characterized by water contact angle,
X-ray photoelectron spectroscopy (XPS), and atom force microscopy (AFM). Protein
adsorption experiments from tris-buffered saline (TBS) and plasma were carried out to
evaluate the protein-resistance of the surfaces. Adsorption from single and binary protein
solutions as well as from plasma was significantly reduced after modification. Adsorption
decreased with increasing poly(OEGMA) chain length. Fibrinogen (Fg) adsorption on the
200:1 monomer:initiator surface was in the range of 3-33 ng/cm’ representing 96-99%
reduction compared to the unmodified PU. Fibrinogen adsorption from 0.01-10% plasma
was as low as 1-5 ng/cm’. Moreover, binary protein adsorption experiments using
fibrinogen and lysozyme (Lys) showed that protein size is a factor in the protein

resistance of these surfaces.

Keywords: polyurethane; surface modification; atom transfer radical polymerization

(ATRP); protein resistant surface; poly(ethylene glycol).
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3.1 Introduction

Biocompatibility is an essential requirement for materials used in medical
devices.!'*! It is axiomatic that when a biomaterial surface comes into contact with blood
and other biological systems, protein adsorption is the first significant event.[**! In blood
contact situations, adverse sequelae include initiation of coagulation, platelet adhesion
and platelet activation leading to thrombosis.’®”! The prevention of nonspecific protein
adsorption is thus believed to be an effective strategy to improve the biocompatibility of
biomaterials. Considerable efforts have been made to develop protein resistant surfaces,
including incorporation of hydrophilic polymers,’®®) phospholipids and phospholipid-like
moieties.!'*"’!]

Polyethylene oxide (PEO) and oligo(ethylene glycol) (OEG)-containing
polymers (e.g. poly(OEGMA)) have been shown to be particularly effective agents for the
prevention of protein adsorption due to their low interfacial free energy, large excluded
volume, and highly flexible chains.!'*'®) Considerable efforts have been made to elucidate
the nature and mechanism of the protein resistance of PEO- (or OEG-) containing
surfaces.l'”?!) It has been shown that both PEO graft density and chain length have a

strong effect on protein resistance,*>**!

and that resistance generally increases with
increasing PEO graft density and chain length. These effects are believed to be due to the
compressibility of the PEO chains leading to steric exclusion, and to the tightly bound

water layer associated with the PEO chains (water barrier).

The preparation of biomaterials grafted with polymers of well-controlled chain
length and graft density remains a challenge. In the ‘grafting to’ method, preformed
polymer chains are introduced into the surface by reaction of functional chain ends with
co-reactive moieties on the surface: low graft densities are usually obtained because of
steric hindrance imposed by initially grafted chains. In the ‘grafting from’ method,

polymerization is initiated on the surface, usually by free radical methods. Conventional
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free radical polymerization generally results in low graft density: again initially-grafted
chains inhibit the initiation of additional chains. Moreover, the polymer chain length is

uncontrolled and broadly distributed due to the random process of radical termination.

Compared to the above methods, surface-initiated atom transfer radical
polymerization (s-ATRP) has clear advantages for grafting polymer chains having well-
controlled, uniform chain length and high graft density, due to the absence of termination
and chain transfer reactions, and rapid initiation. There are several reports on s-ATRP
grafting from model substrates such as gold, silicon and glass.[***”) However, there have
been few reports on the s-ATRP grafting of hydrophilic polymers from polymeric
biomaterials of practical importance such as polyurethanes (PU) and
polydimethylsiloxane (PDMS).

Plasma treatment of polymer surfaces has been shown to be an effective way to
introduce high concentrations of free radicals that can be used to initiate free radical

polymerizaﬁon’[&“] [32,33]

plasma polymerization, and various plasma deposition processes.
In the work reported here, we developed a method for the surface modification of PU
materials by grafting polymers with high graft density and controlled molecular weight.
Oxygen plasma treatment was followed by s-ATRP. The process consists of three steps as
shown in Scheme 3.1. First, high concentrations of hydro-peroxide, peroxide and
hydroxyl groups were generated on the PU surface after oxygen plasma treatment and
exposure to air. These active sites were then converted to initiators for normal and reverse
ATRP in one simple step. Normal ATRP refers to initiation by Br atoms, while reverse
ATREP refers to initiation by OOR peroxide groups. The graft polymerization of OEGMA
monomer from the surfaces was then carried out by the s-ATRP method. It should be
pointed out that reverse ATRP?***% and simultaneous normal- and reverse- ATRPP*®
have been widely investigated in bulk, solution, and emulsion environments and that the

livingness and good control of these processes have been demonstrated. The novelty of

the present work is to take advantage of all types of active species generated on the
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surface by the oxygen plasma treatment and to use them for initiation of graft

polymerization to produce layers of high graft density and controlled molecular weight. A

set of poly(OEGMA)-grafted PU surfaces of varying structure were prepared and their

protein-resistant properties were assessed by studies of adsorption from buffer and plasma.

The effects of protein size and charge on protein resistance were examined.

o
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Scheme 3.1 Three-step process of PU surface modification.

55



Ph.D. Thesis — Z. Jin McMaster University, Chemical Engineering

3.2 Experimental
3.2.1 Materials

The polyurethane Tecothane (TT-1095A) was obtained from Thermedics and
dried overnight at 65°C. OEGMA (98% purity, Mn = 300 gmol™; Aldrich) was distilled
over CaH, under vacuum and stored at -15°C. 2-Bromoisobutyryl bromide (BIBB) (98%),
ethyl 2-bromoisobutyrate (EBIB) (98%), 2,2’-bipyridyl (bpy) (99%), and Cu(I)Br
(99.999%) were purchased from Aldrich and used as received. Pyridine (99.9%, Fisher
Scientific) and N,N-dimethylformamide (DMF) (99.8%, EMD Chemicals Inc.) were also
used as received. Toluene and methanol (HPLC grade) were obtained from Caledon
Laboratories Ltd. Toluene was double-distilled over CaH,. Human fibrinogen (Fg) was
obtained from Enzyme Research Laboratories. Egg white lysozyme (Lys) was purchased
from Sigma. Deionized water used in this study had a resistivity of 18.2 MQ-cm and
nitrogen gas was ultrahigh-purity (UHP) grade.

3.2.2 Preparation of PU Films

PU 7% w/v in DMF solution was prepared at 65°C, cast in Petri dishes and dried
at 65°C for 4 days. The PU films of 0.5 mm thickness were further dried in a vacuum
oven for 1 day at 65°C. PU disks of diameter 6 mm were then cut from the films,
extracted in boiling toluene for 24 h to remove impurities, additives and some small

molecules. After extraction, the PU disks were dried under vacuum at 65°C for 2 days.
3.2.3 Surface Treatment of PU with Oxygen Plasma

Both sides of the PU disk were treated in oxygen plasma using glow discharge
technique (Biorad PT7150, East Grinstead, UK) at constant power of 100 W and pressure
200 mTorr for 30 min. The PU surfaces were then exposed to air for 5 min and stored in

toluene for further modification with initiator.
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3.2.4 Formation of Initiator Monolayer on PU Surfaces

The PU disks (30 pieces, 6 mm diameter and 0.5 mm thickness) freshly treated
by oxygen plasma were immersed in 100 ml dry toluene. The mixture was deaerated by
nitrogen for 30 min under stirring at -15°C in a NaCl- ice bath. Pyridine (52 mmol, 4.2 ml)
was then added to the mixture followed by BIBB (44 mmol, 5.44 ml) added dropwise
over a period of 1 h. The reaction mixture was stirred overnight at -15°C and then kept at
room temperature (22°C) for 3 h. After the reaction, the PU disks functionalized with the
two initiator species (see Scheme 3.1), referred to as PUlinitiator, were cleaned
ultrasonically for 5 min in dry toluene, and rinsed several times in toluene and methanol

for 2 h. Finally the PU/initiator disks were dried in a vacuum oven at 40°C for 1 day.
3.2.5 s-ATRP of OEGMA on PU/initiator Surfaces

PU/poly(OEGMA) disks with different graft chain lengths were prepared by
simultaneous normal and reverse s-ATRP. The chain lengths were controlled by varying
the molar ratio of OEGMA to sacrificial EBIB (5:1, 10:1, 50:1, 100:1, 200:1). The
monomer concentration was fixed at 38% w/v and the molar ratio of EBIB:Cu(I)Br:bpy at
1:1:2. For example, in an experiment with 100:1 OEGMA:EBIB ratio, Cu(I)Br (0.1 mmol,
14.3 mg) and bpy (0.2 mmol, 31.8 mg) were mixed in a dry, clean flask containing a
magnetic stir bar. The solid mixture in the flask was deoxygenated by three nitrogen
purge/vacuum cycles over about 30 min. OEGMA (10 mmol, 3 g) and methanol (5 ml),
deaerated by nitrogen purge for 1 h, were added to the flask. The dark brown liquid
mixture was transferred to a glovebox after an additional 30 min nitrogen purge. The
deaerated EBIB initiator (0.1 mmol, 14.7 pL) was then added to the mixture under
nitrogen protection in the glovebox. The reaction mixture was stirred intensively for 1
min, and immediately transferred to vials containing the PU/initiator disks. s-ATRP was
performed on the PU/initiator disks at room temperature in the glovebox for 36 h to

assure complete monomer conversion. The PU/poly(OEGMA) disks were then removed
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from the glovebox, ultrasonicated, rinsed with methanol, and dried in a vacuum oven at
65°C for 2 days.

3.2.6 Characterization

OEGMA conversion in the s-ATRP reactions was measured by proton NMR
spectroscopy (Bruker AC-P200 spectrometer, CDCl; solvent). The molecular weight and
polydispersity index (PDI) were determined by gel permeation chromatography (GPC,

Waters 2690 separations module with refractive index detector).

Water contact angle measurements were performed with a Rame-Hart NRL
goniometer (Mountain Lakes, NJ) at room temperature, using the sessile drop method to
obtain advancing and receding contact angles of the PU surfaces before and after each

step of modification.

XPS was carried out to determine the surface chemical compositions of the PU
disks (Leybold Max 200, aluminum anode non-monochromatic source). Low-resolution
scans were performed to provide surface elemental analysis; high-resolution C;s scans
were recorded to determine the contribution of different functional groups containing

carbon atoms. These scans were measured at takeoff angles of 90° and 20°.

A nanoscope IITA multimode AFM (Digital Instruments, Inc.) was operated in
tapping mode with a scan rate of 1.0 Hz to evaluate the topology of the PU surfaces

before and after modification.
3.2.7 Protein Adsorption

The protein adsorption experiments were carried out at room temperature (22°C).
Proteins were radioiodinated by the iodine monochloride (IC1) method using either Bl or
1251 as described previously.!'”*?) Residual unbound radioactivity was <1% for fibrinogen

(') and < 3% for lysozyme (‘*’I) as determined by trichloroacetic acid precipitation.“ol
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Fibrinogen solutions containing 10% labeled protein at five concentrations ranging from
0.005 to 1.0 mg/ml were prepared in TBS, pH 7.4. For the binary protein solutions, Fg
and Lys were labeled with 'I and '*°I, respectively, and solutions of total protein
concentration 0.05 mg/ml and 1.0 mg/ml were used at both 1:1 and 10:1 Lys:Fg molar

ratios. For experiments in plasma, %’

-labelled fibrinogen was added to pooled normal
citrated human plasma as a tracer at 10% of total fibrinogen.['>*!! The plasma was diluted

with TBS to obtain a series of plasmas of varying “strength”.

PU disks were equilibrated in TBS overnight to achieve complete hydration, and
were then incubated with the protein solutions for 2 h under static conditions. They were
then washed with TBS buffer three times (5 min each time). The quantities of protein
adsorbed were calculated from the radioactivity of the samples as determined by a Wizard
3" 1480 Automatic Gamma Counter (Perkin-Elmer Life Sciences). Four replicate
samples were measured for each concentration in a given experiment. Experiments were

done at least twice.
3.3 Results and Discussion
3.3.1 Preparation of Poly(OEGMA)-grafted PU Surfaces

The PU/poly(OEGMA) surfaces were prepared by a three-step modification
process that included oxygen plasma treatment, initiator immobilization, and s-ATRP
(Scheme 3.1). In the first step, various reactive species were introduced into the PU
surfaces by the oxygen plasma treatment. The treated PU surfaces were then exposed to
air. The active sites, such as carbon radicals, oxygen radicals and peroxy radicals, reacted
with oxygen and moisture in the air forming hydroxyl and hydro-peroxide groups.!''****
1 In the second step, these hydroxyl and hydro-peroxide groups reacted with BIBB to
form the initiator for normal ATRP (hydroxyl) and reverse ATRP (peroxides)

respectively. In the final step, poly(OEGMA) grafts were formed by s-ATRP with
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Cu(I)Br/2bpy complex as catalyst and methanol as solvent. The mechanism of s-ATRP is
shown in Scheme 3.2. In order to control polymer chain length, a known amount of
free/sacrificial initiator (EBIB) was added to the reaction so that ATRP of OEGMA
occurred in solution as well as on the surface. The molar ratio of OEGMA to total
initiator (solution EBIB, surface bromoisobutyrate groups, and surface peroxides; the
latter two types being in very small amounts compared to the former) was varied. It is
assumed that the poly(OEGMA) chains formed on the PU surface have the same chain
length and distribution as those formed in the solution and that both are determined by the
molar ratio OEGMA:EBIB.[*

~0-0-R

Cu (1) - Cu(Il)

~0°
+ M

y
act )

~P-Br + Cu(DBr/Ligand ——= ~P° + Cu()Br,/Ligand
~ represents the PU surface

kdeat:t ~.
() o
Ky =
B is the abbr. of polymer

~P-Br acts as the nonnal ATRP mitiator on PU surface
~0-0-R acts as the reverse ATRP miator on PU surface

Scheme 3.2 Mechanism of s-ATRP.
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The kinetics of solution ATRP of OEGMA in methanol have been studied in our
previous work.!*”) It was shown that the polymer molecular weight increased linearly with
monomer conversion and the polydispersity was very low (in the range of 1.1-1.3). The s-
ATRP of OEGMA on silicon wafer was also studied in our 1ab.***") The graft densities of
poly(OEGMA) were controlled through the initiator density on the silicon surface. It was
found that the ellipsometric thickness of the grafts increased linearly with monomer
conversion in solution. At a certain initiator density, the ellipsometric thickness also
increased linearly with monomer:sacrificial initiator ratio, indicating constant graft
density independent of this ratio in well-controlled ATRP grafting. In the present work, s-
ATRP was performed on the PU/initiator surface with OEGMA:EBIB ratios of 5:1, 10:1,
50:1, 100:1 and 200:1, using the same ATRP grafting recipe (same EBIB/Cu(I)Br/bpy
molar ratio and monomer concentration) as in previous work!>>*’). The conversion and
molecular weight of polymers in solution are shown in Table 3.1. At complete monomer
conversion, the polydispersities were in the range of 1.15 to 1.35, similar to those found
for the s-ATRP of OEGMA on silicon."*”) The grafts of varying chain length are expected
to have equal graft density (number of chains per area) due to the constant initiator
density and similar chain growing environment, such as constant monomer concentration
and EBIB:Cu(I)Br:bpy molar ratio. It is important to note that the presence of sacrificial
initiator not only facilitated the control of polymer chain length by adjusting the
OEGMA :sacrificial initiator ratio, but also favored the formation of sufficient deactivator

(Cu(ID)Br,/2bpy complex) at the beginning of polymerization.!***"!
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Table 3.1 Conversion and molecular weight in s-ATRP of OEGMA from PU/initiator

surface with sacrificial initiator in solution.

Surface Molar Ratio of Conversion Theoretical Mnby GPC® Mw/Mn
OEGMA:EBIB (%) Mn (g/mol) (g/mol)
PU/poly(OEGMA)5 5 >99° 1500 1900 1.16
PU/poly(OEGMA)10 10 > 99* 3000 2540 1.27
PU/poly(OEGMA)50 50 > 99° 15000 14700 1.13
PU/poly(OEGMA)100 100 > 99° 30000 28600 1.14
PU/poly(OEGMA)200 200 >99° 60000 56900 1.31

® No residual monomer signal detected in 'H NMR spectrum.

®PEO calibration standards were used.
3.3.2 Characterization of Poly(OEGMA)-grafted PU Surfaces

The advancing (6a4y) and receding (Grec) Water contact angles of the PU surfaces
before and after modification give an indication of relative hydrophilicity. As shown in
Figure 3.1, there was a large difference (>20°) between the advancing and receding angles
of the original PU surface, as well as the PU/poly(OEGMA) surfaces. The original PU
surface showed high water contact angles (both Gaq4, and 6g.. >65°) and was the most
hydrophobic of the surfaces examined. After oxygen plasma treatment, faq4y and Orec
decreased to ~25° and 9°, respectively, attributed to the hydrophilic groups (hydroxyl,
peroxyl) introduced into the surface. For the PU/initiator surface containing bromine, Ga4y
and fg.. were ~68° and 39°, respectively, i.e. much higher than for the oxygen plasma
treated surface, but lower than for the original PU surface. After ATRP grafting of
OEGMA, the water contact angles decreased with increasing poly(OEGMA) chain length,
presumably due to increasing coverage of the hydrophilic OEG moieties at higher chain
length. The relatively low a4y values for PU/poly(OEGMA)100 and 200 are presumably

62



Ph.D. Thesis — Z. Jin McMaster University, Chemical Engineering

due to high coverage of poly(OEGMA) and more effective masking of bromine by the

grafted chains.
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Figure 3.1 Advancing and receding water contact angles of the PU surfaces before and

after modification. Error bars represent one standard deviation, n = 6.

Table 3.2 Surface roughness and surface area of the PU surfaces before and after

modification obtained from AFM images.

Samples
Unmodified PU after PU/Poly PU/Poly
PU (O Plasma PU/nitiator (QOEGMA)50  (OEGMA)200
rms roughness (nm) 2.2 11.5 9.7 39 32
Surface area (m?) 1.0 1.1 1.1 1.0 10

The rms and surface area values were calculated from the AFM images of nominal area
1.0 pm?.
Data are based on a single determination.
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(a) Unmodified PU surface

1.¢

(b) PU surface after O, plasma treatment (c) PU/initiator surface

N
v

(d) PU/poly(OEGMA)50 (¢) PU/poly(OEGMA)200

Figure 3.2 AFM images of the PU surfaces before and after modification.
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Figure 3.2 shows the morphologies of the dry PU surfaces before and after
modification as measured by tapping mode AFM. The surface roughness and surface area
data obtained from these images are summarized in Table 3.2. The unmodified PU
surface was relatively smooth with root-mean-square (rms) roughness of 2.2 nm. The
value for the oxygen plasma-treated PU surface was significantly higher at 11.5 nm,
presumably due to bond-breaking and etching of the polymer surface by the plasma.®'!
The formation of an initiator monolayer resulted in a smoother surface, possibly due to
the fact that the polymer chains of low molecular weight formed on the PU surface upon
oxygen plasma treatment were removed (toluene soluble) in the initiator immobilization
step. The grafted initiator layer could also mask surface roughness. This effect was more
significant for the OEGMA-grafted surfaces; for example the rms values for
PU/poly(OEGMA)S50 and PU/poly(OEGMA)200 were 3.9 and 3.2 nm, respectively, i.e.
much lower than those for the plasma-treated PU surface. The surface area, calculated

from the AFM images, showed the same trend as the surface roughness.

XPS data for the PU surfaces before and after modification are summarized in
Tables 3.3 and 3.4. The PU consists of soft -[(CH,)s-O],- segments and hard urethane
segments as shown in Figure 3.3. In the figure, the parameter x is the molar ratio of soft to
hard segments. Based on the nitrogen content (2.9 atom percent) of the unmodified PU
surface determined at 90° takeoff angle, the nx value should be about 10. However, the
oxygen content was found to be close to that of the polyol moieties (20 atom%) possibly
because the polyols are more hydrophobic than the urethanes and tend to dominate the

air/polymer interface, especially under the vacuum condition of XPS operation.>**!
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Table 3.3 Low-resolution XPS data for the PU surfaces before and after modification.

McMaster University, Chemical Engineering

Takeoff angle 90° Takeoff angle 20°
Surface Elemental chemical composition Elemental chemical composition
(atom%) (atom%)

C N 0] Br C N O Br
PU 76.5 29 20.6 0.0 77.7 22 20.2 0.0
PU/initiator 72.5 24 24.8 0.3 75.4 1.9 22.2 0.4
PU/poly(OEGMA)5 75.1 3.0 214 0.3 78.2 2.2 19.3 0.3
PU/poly(OEGMA)50 75.3 1.9 22.6 0.2 78.3 0.9 20.8 0.1
PU/poly(OEGMA)100 74.5 1.6 23.8 0.1 76.0 1.4 22.5 0.1
PU/poly(OEGMA)200 73.4 1.0 25.5 0.1 75.1 0.6 24.2 0.0
poly(OEGMA)* 68.3 0.0 31.7 0.0 68.3 0.0 31.7 0.0

* Theoretical composition.

Data precision ~ 5% of the atom % values of each major peak.

Table 3.4 High-resolution C;s XPS data for the PU surfaces before and after modification.

Takeoff angle 90° Takeoff angle 20°

Binding energy: 285.0eV  286.5eV  288.9-289.5eV  285.0eV  286.5¢V  288.9-289.5eV
C in functional groups C-C/C-H C-0 0-C=0 C-C/C-H C-O 0-C=0

(atom%) (atom%) (atom%) (atom%) (atom%) (atom%)
PU 58.2 36.1 5.7 59.5 35.1 53
PU-initiator 573 359 6.9 57.4 35.0 7.6
PU/poly(OEGMA)5 49.8 459 43 52.3 44.7 3.0
PU/poly(OEGMA)50 40.9 53.1 6.1 47.2 473 5.5
PU/poly(OEGMA)100  34.9 59.4 5.7 37.6 57.3 52
PU/poly(OEGMA)200  29.2 64.6 6.2 41.8 53.5 4.7
poly(OEGMA)* 21.4 71.4 7.2 214 71.4 7.2

* Theoretical composition.

Data precision ~ +1%.
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fremop b Oyeni O hgor

Figure 3.3 The structural unit of the PU studied in this work (Tecothane, TT-1095A). x is

the molar ratio of soft to hard segments.

The Br contents of the PU/initiator and PU/poly(OEGMA) surfaces indicated,
respectively, successful immobilization of the initiator moieties on the plasma-treated PU
surface and the effectiveness of the initiator in s-ATRP. For the PU/poly(OEGMA)
surfaces, the oxygen content increased with increasing poly(OEGMA) chain length; the
nitrogen content was lower than that of the unmodified PU surface. These trends confirm

the effectiveness of the grafting reactions.

As expected, the ether carbon (C—O) contents of the grafted surfaces (Table 3.4)
were higher than that of the unmodified PU surface and increased with increasing
poly(OEGMA) chain length. At a take off angle of 20° the total carbon and aliphatic
carbon (C—C) contents were higher, while the C-O and O—C=0 contents as well as
oxygen and bromine were lower than at 90°. These effects may be due to enrichment of
the hydrophobic methacrylate groups and depletion of the hydrophilic groups in the

outermost layer.
3.3.3 Protein Adsorption

Protein adsorption experiments were conducted to investigate the protein
resistant properties of the PU/poly(OEGMA) surfaces. Fibrinogen a plasma protein which

[5455) was used as a

plays a key role in clot formation and platelet adhesion in thrombosis,
model protein. Adsorption experiments were conducted in both TBS and plasma. To
investigate the effects of protein size and charge on adsorption behavior, experiments

using binary solutions of fibrinogen and lysozyme were also carried out. Fibrinogen is a
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large protein (340 kDa, 450x90x90 A).*”) Its isoelectric point is 5.5 and thus it is
negatively charged at physiologic pH. In contrast, Lys is a small protein (14.3 kDa,
45x30x30 A) with an isoelectric point of 11.0,**) and is positively charged at physiologic
pH.

Fibrinogen adsorption from TBS

Figure 3.4 shows fibrinogen adsorption on the PU surfaces before and after
modification. In Figure 3.4a, it is seen that the adsorbed amounts on the PU and
PU/initiator surfaces increased rapidly with increasing fibrinogen concentration from
0.005 to 0.25 mg/ml and leveled off at higher concentrations. Adsorption on the
PU/initiator surface was lower than on the unmodified PU surface, but the plateaus (~0.75
and 1.0 pg/cm?, respectively) were in the range expected for close-packed monolayers.**
>8] The PU/poly(OEGMA) surfaces exemplified by PU/poly(OEGMA)5 in Figure 3.4a,
adsorbed much less than the unmodified PU and PU/initiator surfaces and thus showed

significant protein resistance.

Figure 3.4b shows the effects of graft chain length on fibrinogen adsorption. The
adsorbed amounts decreased as the chain length increased at all protein concentrations.
The decrease was not linear with chain length but was rapid over the shorter chain length
range from 5 to 50 and slower over the longer chain length range. The lowest adsorbed
amounts were seen on the PU/poly(OEGMA)200 surface. These amounts ranged from 3
ng/cm’ at the lowest protein concentration to 33 ng/cm” at the highest (1.0 mg/ml), and
are comparable to those seen on model silicon surfaces similarly modified by ATRP.[*>*")
For example, Feng et al. reported very low fibrinogen adsorption levels of ~7 and 8
ng/cm’ from a 1.0 mg/ml fibrinogen solution on silicon surfaces modified with poly(MPC)
and poly(OEGMA) via s-ATRP.** It may be assumed given that the chain lengths are the
same in both studies, that the chain densities are somewhat lower on the polyurethane

surfaces than on the silicon.
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Figure 3.4 Fibrinogen adsorption from TBS, pH 7.4. Adsorption time 2h. Error bars

represent one standard deviation, n = 6.
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The clear effect of graft chain length on resistance to protein adsorption suggests
that steric repulsion mechanisms may be involved. Steric repulsion is generally attributed
to chain compression resulting in a repulsive interaction which increases with polymer
chain length.[***”) However, the main chains of the poly(OEGMA) grafts consist of C-C
linkages, which, due to restricted rotation, give chains that are much less flexible and less
compressible than the C-C-O chains of PEO. Thus steric repulsion mechanisms seem less
likely for poly(OEGMA). Also the PEO side chains are all of the same length irrespective
of the main chain length. It seems more likely that the water barrier mechanism{*>>>61-¢2
is in play. The effect of chain length may then be due to the increasing surface density of

ethylene oxide residues resulting in increasing bound water content as chain length

increases at constant chain density.
Fibrinogen adsorption from plasma

To assess the protein resistance of the surfaces under conditions more
representative of a “real world” application, fibrinogen adsorption experiments from
human plasma were also carried out (Figure 3.5). It is clear that the adsorbed amounts
(highest value of 0.12 pg/cm® on the unmodified PU) are considerably lower than in
buffer, presumably due to competition from the proteins and other components in plasma.
It is also clear that the poly(OEGMA)-grafted surfaces adsorbed much less protein than
the unmodified PU. Moreover, adsorption decreased with increasing graft chain length, as
was observed for adsorption from buffer. In particular, adsorption to the
PU/poly(OEGMA)200 surface was in the 1 to 5 ng/cm’ range, i.e. below the value of 5
ng/cm’® proposed by Horbett et al as the threshold for significant platelet adhesion and

activation.[®*]
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Figure 3.5 Fg adsorption from plasma on the PU surfaces before and after modification.
The curves are shown only as a visual aid. Error bars represent one standard deviation,

n==6.

These plasma adsorption data show maxima at low plasma concentration, i.e.
they exhibit a Vroman effect, indicating displacement of initially adsorbed fibrinogen by
other proteins of higher binding affinity.!***®) The Vroman peak was most pronounced for
the unmodified PU; it was less evident for the grafted surfaces and diminished in intensity
as the graft length increased. No Vroman effect was seen on the PU/poly(OEGMA)200
surface which had the longest grafts. This behavior is an additional manifestation of the
protein resistance of the grafted surfaces and suggests that even at short blood contact
times, where other surfaces may transiently adsorb high amounts of fibrinogen due to the

Vroman Effect, these surfaces may be fibrinogen-free.
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Adsorption from binary protein systems

It was of interest to investigate the protein resistance of these poly(OEGMA)
grafted surfaces with respect to protein properties such as size and charge. To this end we
studied adsorption from binary solutions of Lys and Fg. Solutions having Lys:Fg mol
ratio 1:1 and 10:1 and total protein concentration (Ciotar) 0.05 and 1 mg/ml were used in
these experiments. The composition of the adsorbed protein layers and the amount of
each protein adsorbed are shown in Table 3.5 and Figure 3.6. Adsorption in the binary
systems was similar to that in the single protein systems: the adsorbed amounts on the
poly(OEGMA)-grafted surfaces at a given protein concentration were much lower than
on the unmodified PU surface, and adsorption decreased with increasing graft chain

length, particularly in the range of 5-50 monomer units.

Table 3.5 Adsorbed protein amounts (ng/cm2) from binary protein solutions with Lys:Fg

molar ratios of 10:1 and 1:1.

Binary Protein Adsorption Binary Protein Adsorption Single Protein
Lys/Fg of 10:1 Molar Ratio in Solution ~ Lys/Fg of 1:1 Molar Ratio in Solution Adsorption
0.05 mg/mL 1.0 mg/mL 0.05 mg/mL 1.0 mg/mL Fg from TBS buffer
0.05 1.0
Lys 134 Lys Fg Lys Fg Lys Fg mg/mL  mg/mL
PU 93+£9 724241 206217 104027 2622 8017 515 1204 = 54 701 = 22 1105 * 71
PU/initiator 116 £43 468 =66 168 216 600 262 27 x3 53 £38 53:3 887563 5M 8 7863

PU/poly(OEGMA)5 166 40222 10610 11922 25215 329 104 124429 50217 184
PU/poly(OEGMA)I0 14 x4 27x7 54213 6638 22203 31x6 91 813 Hx14 5772
PU/poly(OEGMA)50 8%3 18z4 48:=8 73R 0902 13x4 71 8021 Nx12 46718
PU/paly(OEGMA)I00 72 10z7 #=x16 6432 0801 M1 7x1 7919 2510 46=7
PU/poly(OEGMA)200 6 = 2 9+1 39=x15 63=35 12210 9*5 6+1 6419 W07 RN=*2

Data are mean = SD, n = 6.
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concentration. Error bars represent one standard deviation, n = 6.
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In the binary protein experiments, as shown in Table 3.5, fibrinogen adsorption
on the PU and PU/initiator surfaces was again in the range of close-packed monolayers
(0.2 to 1.6 pg/cm®) and comparable to that in the single protein experiments. By this
measure the presence of Lys in the solution seemed to have no effect on Fg adsorption.
Lys adsorption increased with increasing Lys concentration at a given molar ratio of the
proteins. The highest Lys adsorption of 0.206 pg/cm® was seen on the unmodified PU
surface at the higher Lys:Fg ratio and the higher Ci,); this also is in the range of a close-
packed Lys monolayer. The high adsorbed amounts of both Fg and Lys on the PU and
PU/initiator surfaces suggests that mutilayers or compressed monolayers are formed on

these hydrophobic surfaces.

For the PU and PU/initiator surfaces the molar ratios in the adsorbed protein
layer were about 5:1 Lys:Fg at a 10:1 solution ratio (both total concentrations), reflecting
enrichment of Fg on the surface and suggesting a higher affinity of fibrinogen for these
hydrophobic surfaces. At a 1:1 molar ratio in solution the surface molar ratio was also in
the vicinity of 1:1 (Figure 3.6b), indicating no preference for either protein under these

conditions.

Adsorption on the poly(OEGMA)-grafted surfaces was significantly lower than
on the PU and PU/initiator surfaces (Table 3.5). Similar to the latter surfaces, the absolute
levels of fibrinogen adsorption on the grafted surfaces from the binary protein solutions
were comparable to those from the single protein solutions at the same fibrinogen
concentrations. The presence of lysozyme in solution did not have a great effect on

fibrinogen adsorption to these surfaces.

For the PU/poly(OEGMA) surfaces at a 1:1 Lys:Fg ratio in solution, the ratio on

the surface was generally greater than 1:1, suggesting that lysozyme was preferentially
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adsorbed. The fact that lysozyme is smaller than fibrinogen thus indicates that the grafted
surfaces are capable of discriminating among proteins based on size and that they resist
bigger proteins more effectively than smaller ones. Since these PU surfaces have no
permanent charge, it is reasonable to assume that the protein charge has little effect on
protein adsorption; therefore the size effect seen here is consistent with the idea that steric
exclusion mechanisms are at least partly responsible for the protein resistance of these
surfaces. At a 10:1 Lys:Fg ratio in solution, the ratios on the grafted surfaces were higher
than those on the PU and PU/initiator surfaces, again indicating preferential adsorption of
Lys on these surfaces. For the PU/poly(OEGMA)10 and 50 surfaces, the ratios on the
surface were ~20:1, i.e twice the solution ratio. This trend was also seen in the 1:1
solution (Figure 3.6b), where again the Lys:Fg ratios on the grafted surfaces were about
twice that in the solution. The surface ratios decreased slightly with increasing graft
length, but were always greater than in the solution. It appears that fibrinogen interactions
with the underlying PU surface were inhibited by the poly(OEGMA) layer and that the
PU/poly(OEGMA) surfaces, while they were strongly resistant to both proteins, were less

resistant to the smaller protein.

Graft density may be an important factor for size-based preferential adsorption.
In previous work with silicon/poly(OEGMA) grafted surfaces!”, surfaces of high graft
density were found to resist both proteins (Fg and Lys) equally. For surfaces of low graft
density, fibrinogen adsorbed preferentially to lysozyme, a result which was attributed to
the higher affinity of fibrinogen for the substrate, not to size discrimination. In the present
work, the preferential adsorption of Lys over Fg suggests that the grafted poly(OEGMA)
layer at this particular graft density (the value of which is unknown) is discriminating on
the basis of protein size. It seems likely that there is a graft density range where such
preferentiality occurs and that at densities outside this range (both higher and lower

values) there may be no differentiation between the proteins. Further work, including
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variation and determination of the graft densities, would be required to establish this

mechanism.
3.4 Conclusions

Polyurethanes were surface-modified by grafting poly(OEGMA) via s-ATRP.
The ATRP initiator molecules were immobilized on the PU surfaces after oxygen plasma
treatment. Two modes of initiation were involved: the normal mode through —-OH groups
and the reverse mode through —OOH groups on the PU surface. The molecular weight of
the grafted polymer chains was regulated by adding free/sacrificial initiator to the reaction.
The PU surfaces before and after each step of modification were characterized by water
contact angle, AFM, and XPS measurements. These data indicated that high grafting

densities and a range of graft lengths were achieved.

The surface-modified PU materials were evaluated for protein resistance in
single and binary protein systems using Lys and Fg as model proteins. Fibrinogen
adsorption from plasma was also studied. Fibrinogen adsorption on the poly(OEGMA)-
grafted surfaces was significantly lower than on the unmodified PU surface, and adsorbed
amounts decreased with increasing poly(OEGMA) graft length. In the plasma
experiments the Vroman effect on the grafted surfaces was much less evident than on the
unmodified PU surface and became weaker with increasing graft length. Adsorption

levels on the most resistant surfaces were in the very low range of 1 to 5 ng/cm’.

In experiments with mixed solutions of lysozyme and fibrinogen, the Lys:Fg
ratios in the layers adsorbed to the PU/poly(OEGMA) surfaces were found to be higher
than those in the solution, indicating that resistance to adsorption of the larger protein was
greater than to the smaller one. Thus it appears that the mechanism of protein resistance

of these surfaces is at least in part sterically based.
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CHAPTER 4  Protein-resistant Polyurethane via Surface-initiated ATRP: Effects
of Main Chain and Side Chain Lengths of Grafts

This chapter is a reproduction of the following published article in Colloids and Surfaces
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Protein-resistant Polyurethane via Surface-initiated ATRP: Effects of Main Chain
and Side Chain Lengths of Grafts

Abstract: Water-soluble poly(oligo(ethylene glycol) methacrylate) (poly(OEGMA)) with
various main chain and side chain lengths were grafted to polyurethane (PU) surface by
surface-initiated atom transfer radical graft polymerization (s-ATRgP). The polymer main
chain length was varied by varying the molar ratio of monomer to free initiator in solution
(typically 5:1, 50:1, 100:1). Three different side chain lengths were obtained using
different OEGMA monomers (MW 300, 475, 1100 g/mol). Water contact angle and x-ray
photoelectron spectroscopy (XPS) were used to characterize the modified PU surfaces.
The respective effects of poly(OEGMA) main chain and side chain lengths on fibrinogen
(Fg) and lysozyme (Lys) adsorption were investigated in single protein systems at room
temperature in TBS, pH 7.4. The poly(OEGMA)-grafted PU surfaces were found to be
highly protein-resistant, with reductions of Fg and Lys adsorption in the range of 84-98%
and 67-91%, respectively, compared to the unmodified PU surface. The adsorption of
both proteins decreased with increasing poly(OEGMA) main chain length for a given side
chain length (number of EO units). For a given main chain length, the Fg adsorption level
did not change significantly with increasing side chain length. However, Lys adsorption
increased with increasing side chain length, possibly due to decreasing graft density as
monomer size and footprint on the surface increase. Adsorption resistance was generally

greater for the bigger protein.

Keywords: polyurethane; surface modification; atom transfer radical polymerization

(ATRP); protein adsorption; poly(ethylene glycol).
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4.1 Introduction

Protein adsorption to biomaterial surfaces is problematic in many applications
such as implants and biosensors.'" It is generally believed that the ensuing adverse
effects initiated by adsorbed proteins, such as general biofouling, blood coagulation, and
the immune response, are responsible for most implant failures. Polyurethanes are widely
used as biomaterials due to their superior physical and mechanical properties..”) However
their use in blood contacting applications is limited by their relatively poor blood

compatibility resulting from protein adsorption on the hydrophobic PU surface.

Modification with various water-soluble small molecules or polymers has been
proposed as a means of increasing surface hydrophilicity and thus, it is believed,
inhibiting protein adsorption.®'®! Poly(ethylene oxide) (PEO) and PEO-containing
polymers have attracted much attention and have been shown to be among the most
effective polymers in this regard.!"'"*! The protein resistance of PEO is believed to be due
to its general chemical inertness, lack of charge, water solubility, chain flexibility and
large excluded volume.!'*'® A tightly bound water layer is believed to form a “barrier”
around the PEO chains thus preventing the close approach of protein molecules: this
constitutes the so-called “water barrier” hypothesis.['”) Steric repulsion®” has also been
invoked to explain the protein resistance of PEO: according to this theory, compression of
the flexible PEO chains (configurational entropy loss) generates a repulsive interaction
with an approaching protein. The “water barrier” and “steric repulsion” associated with

polymer chains are expected to vary with their physical and chemical structure.*"!

Graft density (number of chains per unit area) and chain length are important
factors for the protein resistance of PEO-grafted surfaces. The average distance between
grafting sites (L) along with the Flory radius (Rr) of the polymer determines the
conformation of the grafted polymer chains. It is generally accepted that the so-called

mushroom regime, in which the grafts are present as unperturbed random coils, occurs
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when L/2Ry >1. By increasing graft density to reduce L and/or by increasing chain length
to increase Rp, the chain conformation may go through the sequence mushroom to
extended mushroom (slightly perturbed coils) to partially stretched to fully stretched
(L/2Rg<1, brush regime). However, details of the effects of conformation, graft density
and chain length on protein resistance are still a matter of debate. The lack of techniques
for control and accurate measurement of these properties is a significant barrier to their
elucidation in relation to protein resistance.

Several approaches have been developed for the preparation of PEO-modified

surfaces, including surface coating,*”

physical adsorption of PEO-containing block
copolymers,”*! blending of PEO-containing block copolymers into the bulk material,”**!
surface tethering (“grafting to” method)® and graft polymerization (“grafting from”
method)'”. Among these approaches, surface-initiated atom transfer radical
polymerization (s-ATRP) has many advantages including versatility of monomer type,
tolerance of impurities, and mild reaction conditions. In addition, uniform and tuneable
graft chain length and relatively high graft density are achievable using s-ATRP.***”) The
conformation of polymer chains grafted via s~ATRP can be fine-tuned by adjusting the
graft density and chain length of the grafts, resulting in variation of the protein-resistant
properties of modified surfaces. Recently, s~ATRP of PEO-containing molecules (such as
oligo(ethylene glycol) methacrylate (OEGMA)) has been performed on model substrates

such as silicon, gold, and other metals.?*?°! However, there is very little work on PEO-

modified polymeric biomaterial surfaces prepared via s-ATRP.

In previous work®® we developed a three-step method (oxygen plasma
treatment; ATRP-initiator immobilization; s-ATRP) to graft poly(OEGMA) from PU
surfaces. A set of poly(OEGMA)-grafted PU surfaces (referred to as PU/poly(OEGMA))
of varying main chain length were prepared and their protein-resistance investigated. In
the present work, we investigated the effect of oligoethylene oxide side chain length using
three OEGMA monomers of MW 300, 475, 1100 g/mol (~ 5, 9 and 23 ethylene oxide
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residues respectively). Protein adsorption was measured in single protein experiments
with two proteins (fibrinogen (Fg) and lysozyme (Lys)) differing significantly in size and

charge characteristics.
4.2 Experimental
4.2.1 Materials

2-Bromoisobutyryl bromide (BIBB) (98%), ethyl 2-bromoisobutyrate (EBIB)
(98%), 2,2’-bipyridyl (bpy) (99%), and Cu(I)Br (99.999%) were purchased from Sigma-
Aldrich and wused as received. Pyridine (99.9%, Fisher Scientific), N,N-
dimethylformamide (DMF) (99.8%, EMD Chemicals) and methanol (HPLC grade,
Caledon Laboratories) were also used as received. Toluene (reagent grade, Caledon
Laboratories) was double-distilled over CaH, before use. OEGMA with molecular
weights (MW) of 300, 475 and 1100, were purchased from Sigma-Aldrich and passed
over a basic alumina column to remove inhibitor. Basic alumina (Brockman Activity 1,
mesh 60-325) was purchased from Fisher Scientific and used as received. Polyurethane
(PU) (Tecothane TT-1095A) was obtained from Thermedics and purified by Soxhlet
extraction with toluene for 24 h. The freshly extracted PU was dried under vacuum at

65°C. Nitrogen gas used in this study was of ultrahigh-purity (UHP) grade.

Fibrinogen (Fg) (340 kDa, from plasminogen depleted human plasma) was
purchased from Enzyme Research Laboratories and dialyzed against isotonic Tris buffer
(pH 7.4), aliquoted, and stored at -70°C. Lysozyme (Lys) (14.3 kDa, from chicken egg
white) was purchased from Sigma-Aldrich and used as received. Deionized water with a

resistivity of 18.2 MQ-cm was prepared using a Millipore water purification system.
4.2.2 Preparation of PU Surface

PU/DMF solution, concentration 7% (w/v), was prepared at 65°C, cast on a
glass Petri dish and dried in an oven at 55°C for 4 days. The PU film was peeled from the
Petri dish and further dried in a vacuum oven at 80°C for 1 day. PU disks of ~0.5 mm
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thickness and 6 mm diameter were then cut from the dried PU film and extracted by
Soxhlet extraction in toluene for 24 h. The freshly extracted PU disks were dried under

vacuum at 65°C for 2 days and stored under vacuum.
4.2.3 Preparation of Poly(OEGMA)-grafted PU

The poly(OEGMA)-grafted PU surfaces of variable polymer main chain and

PEO side chain lengths were prepared via ATRP in three steps.””

Step 1. Surface treatment of PU with oxygen plasma: Extracted and dried PU
disks were treated in an oxygen plasma to introduce reactive sites (O’ and -OQ") into the
surface (Micro-RIE Series 800, Technics, USA).?" Constant glow-discharge power of
100 W at a pressure of 200 mTorr was applied for a chosen time period. The PU surface

was then exposed to air for 5 min giving a surface containing —OH and/or -OOH groups.

Step 2. Formation of initiator monolayer on PU surface: The freshly oxygen-
plasma-treated PU disks (~40) were immersed in dry toluene (80 ml) in a round-bottomed
flask. The PU-toluene mixture was stirred and de-aerated in a stream of nitrogen for 30
min and cooled to -15°C with a NaCl-ice bath. Pyridine (52 mmol, 4.2 ml) was first added
via a nitrogen-purged syringe. 2-Bromoisobutyryl bromide (BIBB, 44 mmol, 5.44 ml)
dissolved in 20 ml of toluene was added dropwise to the well-stirred mixture over a
period of 1 h. The reaction was stirred at 0°C overnight and then at room temperature
(23°C) for 3 h. The entire process of initiator immobilization was conducted under
nitrogen. After the reaction, the ATRP initiator-immobilized PU disks (referred to as
PU/initiator) were removed from the reaction mixture, cleaned ultrasonically for 5 min
toluene, and rinsed several times with toluene and methanol. Finally the PU/initiator disks

were dried in vacuum at 40°C for 1 day.

Step 3. s-ATRP of OEGMA on PU/initiator surfaces: In a typical ATRP grafting
experiment, Cu(I)Br (0.1 mmol, 14.3 mg) and 2,2’-bipyridyl (bpy, 0.2 mmol, 31.8 mg)
were placed in a pear-shaped flask and closed with a septum-inlet adapter (with stopcock).
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The flask was de-aerated by three evacuation-backfilling cycles with nitrogen. A
predetermined amount of OEGMA was dissolved in methanol, de-aerated with nitrogen
for 30 min, and added to the pear-shaped flask via syringe. De-aerated methanol (bubbled
with nitrogen for 30 min) was added to maintain the OEGMA concentration, which was
fixed at 38% (w/v) for OEGMA of MW300 and 20% (w/v) for OEGMA of MW 475 and
1100 in separate experiments. The dark brown liquid mixture was degassed for another 10
min and transferred to a nitrogen-filled glove box. De-aerated ethyl 2-bromoisobutyrate
(EBIB) initiator (0.1 mmol, 14.7 pl) was then added and the mixture was stirred
vigorously for 1 min; it was then transferred to vials containing the PU/initiator disks.
The graft polymerization was carried out at room temperature in the glove box for 36 h to
assure complete monomer conversion. After reaction, the poly(OEGMA)-grafted PU
disks were removed from the glove box, rinsed with methanol, ultrasonically cleaned in
methanol for 2 min to remove physically adsorbed poly(OEGMA). The disks were then
extracted (Soxhlet) with ethanol for 24 h to remove potential impurities such as catalyst
complex, pyridine or BIBB. The freshly extracted PU/poly(OEGMA) disks were dried in

vacuum at 65°C for 2 days.

Three different molar ratios of OEGMA:EBIB, 5:1, 50:1 and 100:1, were used
to prepare PU/poly(OEGMA) of different main chain lengths. The PEG side chain length
was varied by varying the OEGMA monomer MW. For OEGMA of MW 300, 475 and
1100, the corresponding PEG side chain has MW 200, 375 and 1000, respectively; the
ratio of the side chain lengths (EO units) is approximately 1:2:5.

4.2.4 Graft and Surface Characterization

The OEGMA conversion in solution was determined from proton NMR spectra
(Bruker AC-P200 spectrometer, DO solvent). The MW and polydispersity (PDI) of
poly(OEGMA) produced by EBIB in solution were determined by aqueous gel
permeation chromatography (GPC, Waters 2690 separations module with a Waters 2410

refractive index detector, PEO calibration standards). Static water contact angles of
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unmodified and modified PU surfaces were determined using a Rame-Hart NRL
goniometer (Mountain Lakes, NJ) at room temperature (sessile drop method). The surface
composition of the PU disks was investigated using a Leybold Max 200 XPS with an
aluminum anode non-monochromatic source. Survey spectra combined with low-
resolution spectra recorded at a takeoff angle of 90° provided concentrations of the

elements in the uppermost surface to a depth of ~10 nm.
4.2.5 Protein Adsorption

The adsorption of fibrinogen and lysozyme was studied by the radiolabeling
method as described previously.*) Proteins were dissolved in isotonic Tris buffered
saline (TBS) (pH 7.4) and labeled with '*°I using the iodine monochloride (ICI)
method.** The unbound radioiodide was removed by ion exchange chromatography on
AG-1-X4 resin (Bio-Rad Laboratories) and was typically less than 1.0% for Fg, 3.0% for
Lys as determined by trichloroacetic acid precipitation.**** Single protein solutions for
adsorption measurements were prepared by mixing radiolabeled and unlabeled protein in
a 1:9 ratio. Five protein concentrations ranging from 0.005 to 1.0 mg/ml were used; these

were determined by spectrophotometry at 280 nm.

Unmodified and modified PU disks were first immersed in TBS at room
temperature (22°C) overnight to achieve complete hydration and then transferred to the
protein solution. Adsorption was allowed to proceed under static conditions at room
temperature for 2h. The disks were then immersed in fresh protein-free TBS for 5 min
(three cycles) to remove solution and loosely adsorbed protein. The final samples were
placed in counting vials and their radioactivity was determined (Wizard 3” 1480
automatic gamma counter, Perkin-Elmer Life Sciences). Four replicate samples were
measured for each concentration in a given experiment. Experiments were done at least

twice.
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4.3 Results
4.3.1 Preparation of PU/poly(OEGMA) Surfaces

In the first step of the PU surface modification process, oxygen plasma
treatment was carried out to introduce oxygen functional groups into the surface, resulting
in a reactive and hydrophilic surface. Since the high power and long duration of plasma

treatment may cause surface etching and increasing surface roughness,"!

optimal plasma
exposure time and plasma power are required to maintain a smooth surface with a high

concentration of reactive functional groups.

In this study, exposure time to the oxygen plasma was varied from a few
seconds to several minutes at 100 W power and 200 mTorr pressure. The water contact
angles of the surfaces were determined after plasma treatment (Figure 4.1). The
unmodified PU surface showed an advancing angle of ~90°. After exposure to the oxygen
plasma for 5 sec, the angle decreased to ~44° Additional smaller decreases were seen with
increasing plasma treatment time from 5 sec to 5 min; an increasing concentration of
oxygen-containing functional groups is presumably responsible for these decreases. For a
plasma treatment time of 10 min the water contact angle was slightly higher than at 5 min,
possibly due to increased roughness. It was observed in our previous work that the
roughness of the PU surface increased significantly with increasing plasma treatment
time.’”) Similar variations in water contact angle and roughness with plasma treatment
time have been observed by others.** For PU surfaces under the plasma conditions used
here, the lowest water contact angle of ~7° was achieved for a plasma treatment time of 5
min, indicating that these conditions give the maximum concentration of oxygen-
containing functional groups in the polymer surface. Therefore in all subsequent work the

oxygen plasma treatment time was fixed at 5 min.
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Figure 4.1 Water contact angles (advancing) of PU surfaces with various plasma

treatment times. Error bars represent standard deviation, n = 6.

Table 4.1 Conversion and molecular weight in s-ATRP of OEGMA from PU/EBIB

surfaces with sacrificial initiator in solution.

Surface OEGMA MW  Molar Ratio of Conversion Theoretical Mnby GPC Mw/Mn
OEGMA EBIB (%) Mn (g/mol) (g/mol)
PU-300-5" 300 5 >99° 1700 1900 1.16
PU-300-50° 300 50 > 99? 15200 14700 1.13
PU-300-100° 300 100 > 99? 30200 28600 1.14
PU-475-5 475 5 > 99? 2600 2800 1.18
PU-475-50 475 50 > 99° 23900 19400 1.27
PU-475-100 475 100 > 99* 47700 45300 1.20
PU-1100-5 1100 5 >99° 5700 5300 1.17
PU-1100-50 1100 50 > 99? 55200 49900 1.20
PU-1100-100 1100 100 87 95900 79600 1.28

® No residual monomer signal detected in 'H NMR spectrum.
® See Ref. [30].

93



Ph.D. Thesis — Z. Jin McMaster University, Chemical Engineering

After oxygen plasma treatment and immobilization of ATRP initiator on the PU
surface, ATRP grafting of OEGMA was carried out; ATRP in solution occurred
simultaneously due to the presence of free (“sacrificial”) initiator. For a well-controlled
ATRP process, the polymer chains formed by the free initiator in solution may be
assumed to have the same properties (average molecular weight and polydispersity) as the
chains grafted on the surface.*) The polymer main chain length was varied by varying
the molar ratio of monomer (OEGMA) to free initiator (EBIB). Three OEGMA:EBIB
ratios, 5:1, 50:1 and 100:1, were used to prepare PU/poly(OEGMA) surfaces with
different main chain length (assumed to be 5, 50 and 100 monomer units, respectively, for
complete conversion). Table 4.1 shows the polymerization data, including monomer
conversion as determined by 'H NMR spectrometry, molecular weight and polydispersity
of polymer formed in solution as determined by GPC.*¥ The polymers are named by the
monomer MW (first number) and the degree of polymerization (DP) or polymer main
chain length (second number): thus for PU-300-5, the monomer MW is 300 and the main
chain length is 5. Complete conversion was achieved after 36 h for all surfaces except
PU-1100-100 where the conversion was limited to 87%. Polydisperisities were in the
range of 1.10 to 1.30, indicating good control of the ATRP process. In the initial stages of
polymerization, EBIB reacts with Cu(I) complex (ATRP activator) to provide sufficient
Cu(II)-based deactivator for well-controlled ATRP. The residual peroxide groups on the
surface introduced during oxygen plasma treatment may play a similar role as initiator,
reacting with Cu(I) complex to form Cu(II) complex and radicals. The difference between
the activation rate of peroxides and ATRP-initiator on the surface may increase the
polydispersity slightly. However, compared to the initiator, the peroxide concentration
was probably very small and thus would be expected to have little effect on the targeted
main chain length. The deviation of Mn as measured by GPC from the targeted Mn may
be attributed partly to the different conformations and coil sizes of the experimental
polymers and the PEO standards.’”! For PU-1100-100, based on the OEGMA monomer
of highest MW and largest target DP of 100, the effects of electron transfer reactions and
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steric hindrance (large PEG side chains) on the functionality of bromine chain ends may
become significant at high conversion (low monomer concentration). The lost initiator

functionality may be the major reason for the incomplete conversion (87%).1**!

4.3.2 Characterization of PU/poly(OEGMA) Surfaces
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OMoncmer Mw 1100
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Figure 4.2 Water contact angles (advancing) of PU surfaces before and after surface

modification. Error bars represent standard deviation, n = 6.

Figure 4.2 shows advancing water contact angles (faqy) for the various
experimental surfaces that were used for protein adsorption experiments. The contact
angles decreased significantly after polyf(OEGMA) grafting. A Oaqy of ~60° was observed
for the shortest graft main chain (5 monomer units) and ~30° for the longest (100
monomer units). The observation of increasing hydrophilicity with increasing graft length

(at constant chain density) is presumably due to increasing coverage of hydrophilic
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ethylene oxide residues. For a given main chain length, the water contact angles were
independent of PEO side chain length, suggesting similar surface coverage of ethylene
oxide residues (perhaps saturation coverage) despite varying side chain length. The
receding water contact angles (Ogec, not shown) were found to be 12 to 20° lower than the
corresponding advancing angles. These differences suggest significant chemical

heterogeneity and/or roughness in these surfaces.

Table 4.2 Elemental composition of the unmodified and modified PU surfaces from XPS
at 90° takeoff angle.

Elemental Composition (atom%)

Surfaces C N 0 Br
PU 73.9 3.1 23.0 0.0
PU/initiator 73.9 3.1 225 0.5
PU-300-5" 75.1 3.0 21.4 0.3
PU-300-50° 75.3 1.9 22.6 0.2
PU-300-100° 74.5 1.6 23.8 0.1
PU-475-5 71.9 3.1 24.5 0.5
PU-475-50 71.1 2.3 26.2 0.4
PU-475-100 72.7 0.0 27.2 0.1
PU-1100-5 73.7 25 23.3 0.4
PU-1100-50 74.0 1.7 24.0 0.3
PU-1100-100 73.8 1.3 24.6 0.2
poly(OEGMA)300° 68.3 0 31.7 0

poly(OEGMA)475° 67.7 0 32.3 0

poly(OEGMA)1100°  67.1 0 32.9 0

® Theoretical composition.
® See Ref. [30].
Data precision £5%.

The elemental composition of the unmodified and modified PU surfaces was

determined by XPS (Table 4.2). Whereas no bromine was detected in the unmodified PU
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surface, a clear bromine signal, corresponding to an atomic concentration of 0.5%, was
detected in the PU/initiator surface. For a given side chain length, the bromine content, as
well as that of nitrogen (originating only from the PU), decreased slightly with increasing
poly(OEGMA) main chain length. The higher coverage of the longer poly(OEGMA) may
effectively “hide” the nitrogen and bromine The oxygen concentration increased with
increasing main chain length for a given side chain length, suggesting increasing

coverage of ethylene oxide residues.

For a given main chain length, the oxygen concentration increased in the
sequence PU-300 < PU-1100 < PU-475. The oxygen content for the longest side chain
length (1100) was thus lower than that for the side chain of medium length (475), even
though the oxygen content for a polymer of given main chain length increases with
increasing side chain length. This observation suggests that the graft density may be
lower for the 1100 than for the 475 monomer, possibly due to steric hindrance. It should
be noted that the graft density of the PU systems in this work is unknown due to the lack

of suitable methods for its determination.
4.3.3 Protein Adsorption

Protein adsorption experiments were performed to investigate the protein
resistance of the poly(OEGMA)-grafted surfaces. The poly(OEGMA) grafts with
different main chain length and side chain length are expected to suppress protein
adsorption to different extents, depending on protein size. According to Halperin’s model
for grafted surfaces in the brush regime,***°! small proteins should be able to access the
underlying surface through the “gaps” between graft chains, while large proteins would
be unable to penetrate to the substrate and would adsorb, if at all, at the outer surface of
the polymer brush. To compare the adsorption behavior of proteins of different size, Fg
and Lys were used in single protein adsorption experiments. The large protein fibrinogen
(340 kDa, 450 x 90 x 90 A)?*!! is abundant in plasma (~3 mg/ml) and plays a crucial role
in blood coagulation. The small protein lysozyme (14.3 kDa, 45 x 30 x30 A)*" is found
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primarily in tear fluid (normal level, 0.6 to 2.6 mg/m1)*"**!and its adsorption is one of the
major problems encountered in the use of contact lenses. It is also of interest that these
two proteins have opposite net charge at physiologic pH (isoelectric points 5.5 (Fg) and
11.4 (Lys)). Although the effects of protein size and charge on the interaction of proteins
with PEO-grafted surfaces have been investigated previously,!'****! the present work is

unique in that it is focused on PU surfaces having well-defined poly(OEGMA) grafts.

Representative protein adsorption data for the unmodified PU, PU/initiator and
PU-475-5 surfaces are shown in Figure 4.3. Fg and Lys adsorption to the various surfaces
increased rapidly with solution concentration in the low concentration range (0.005-0.25
mg/ml). Adsorption reached a quasi-plateau at about 0.5 mg/ml. Similar overall trends
were observed on the other poly(OEGMA)-grafted PU surfaces, as have been found by

(461 and

other researchers on surfaces such as silicon,” gold,[46] PEO-modified surfaces
various polymeric surfaces!*’). The highest plateau surface concentrations were obtained
on the unmodified PU, i.e., 1.05 ug/cm’ for Fg and 0.66 pg/cm?’ for Lys. The PU/initiator
surface adsorbed significantly less protein than the unmodified surface, i.e., 0.77 pg/cm’
Fg and 0.45 pg/cm’ Lys. This decreased adsorption may be due to the increased
hydrophilicity of this surface, as indicated by the decrease of water contact angle. The
plateau adsorptions on the PU and PU/initiator surfaces are slightly higher than expected
for close-packed monolayers with the protein molecules assumed to be rigid and non-
deformable (fibrinogen 0.14 to 0.7 pg/em?, lysozyme 0.2 to 0.3 pg/cm?)*¢) The high
values observed could be due to compaction due to deformability. It is generally believed
that for hydrophobic surfaces, interactions between protein and surface are likely to result
in changes in secondary structure allowing higher adsorbed quantities.[**) This is
supported by the Fg and Lys plateau values of 0.4 and 0.12 pg/cm’, respectively,

311

observed on silicon/SiO; under similar conditions ’, i.e. much lower than on the

unmodified PU surface in the present work.
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Figure 4.3 Protein adsorption on unmodified PU, PU/initiator, and poly(OEGMA )-grafted
PU (PU-475-5 as example) surfaces from TBS. (a) Fg. (b) Lys. Data are mean+ S.D.,n=

6. The curves are shown as a visual aid.

As shown in Figure 4.3a and 4.3b, the PU-475-5 surface with the shortest main
chain length (5 monomer residues) adsorbed much less Fg and Lys than the unmodified
PU and PU/initiator surfaces. The reduction in Fg and Lys adsorption was in the range of
85 to 91% and 75 to 80%, respectively, across the concentration range. Low protein
adsorption was also observed on the other grafted surfaces. In addition, adsorption
decreased with increasing main chain length for given side chain length as described in

more detail below.

The effects of graft main chain length on protein resistance for surfaces having
OEG side chain length 5 (EO residues), are shown in Figure 4.4. These data were
obtained at a solution concentration of 0.5 mg/ml, generally on the plateau of the isotherm.
(The same trends were observed at all concentrations.) Fg adsorption decreased sharply
with increasing main chain length at shorter chain length and more gradually in the longer

chain length range. No significant differences were observed among the surfaces with
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chain length of 50 or above, suggesting that coverage was ‘complete’ for these surfaces

under these conditions.
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PU-475-5 PU-475-10 PU-475-50 PU-475-100 PU-475-200
Figure 4.4 Fg adsorption from TBS on PU/poly(OEGMA) surfaces with various
poly(OEGMA) main chain lengths: 5, 10, 50, 100 and 200. The OEGMA MW is 475
g/mol. Fg concentration in TBS is 0.5 mg/ml. Data are mean = S.D., n = 6.

o
-
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The OEG side chain length was varied using OEGMA of MW 300, 475 and
1100, and the effects of side chain length on protein resistance were investigated. Figure
4.5 shows “normalized” (relative to unmodified PU) protein adsorption on
PU/poly(OEGMA) surfaces with various side chain and main chain lengths. For a given
side chain length, both Fg and Lys adsorption decreased with increasing main chain
length. For a given main chain length, Fg adsorption was relatively unaffected by side
chain length, while Lys adsorption increased with increasing side chain length. The
decrease in adsorption for the PU/poly(OEGMA) surfaces was in the range of 84 to 98%
for Fg and 67 to 91% for Lys compared to the unmodified PU surface. For a given surface,
resistance to Fg was greater than to Lys. As a smaller protein, Lys may be better able to

access any gaps that may exist in the graft coverage or even the space between individual
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graft points. The increase of Lys adsorption with increasing side chain length is

unexpected but may indicate an increase in the effective space between chains.
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Figure 4.5 Protein adsorption on PU/poly(OEGMA) surfaces relative to unmodified PU.
m Lys; @ Fg. Single protein concentration is 0.5 mg/ml. Data are mean + S.D., n = 6. The

curves are shown as a visual aid.

4.4 Discussion

In our previous work on s-ATRgP of OEGMA on silicon surfaces?”*"] the graft
density was kept constant and was independent of polymer main chain length (equivalent
to the molar ratio of monomer:sacrificial initiator). Monomer size was not varied in that
work. However Ejaz et al.*’) showed that a higher graft density of poly(methyl
methacrylate) (PMMA) compared to poly(3-O-methacryoyl-1,2:5,6-di-O-isopropylidene-
p-glucofuranose) (PMAIpGlc) found on silicon substrate could be attributed to the size
difference of the two monomers. Larger monomers, once adsorbed, may occupy more

surface area (larger footprint) and exert greater steric hindrance to the access of catalyst
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complex and monomer to nearby initiation sites. The reduced initiation efficiency would
result in lower graft density. In the present work, the OEGMA monomer size increased
with monomer MW varying from 300, 475 to 1100. Hence, the average distance between
grafting sites would be expected to increase in this order. The number graft density as
determined by the monomer footprint should decrease as monomer size increases; at the
same time the number of ethylene oxide residues per polymer chain increases as
monomer size increases. These are opposing effects for protein resistance, and since
resistance decreases with monomer size (ie side chain length) it appears that the graft

density change is the more important of the two.

By varying the main chain and side chain length of grafted poly(OEGMA),
surfaces capable of discriminating between proteins of different size with respect to
adsorption were produced. For example, as shown in Figure 4.5, superior resistance to
both Fg and Lys adsorption was shown on surfaces with long main chain and short side
chain length. For the PU-300-100 surface, adsorption was reduced by ~97% for Fg and
~91% for Lys adsorption compared to unmodified PU surface at a protein concentration
of 0.5 mg/ml. For PU-475-100 with longer side chain length, Fg adsorption was the same
as for PU-300-100, but Lys adsorption was clearly higher (97% and 85% reductions,
respectively, compared to unmodified PU). For the larger protein, Fg, the poly(OEGMA)
grafts appear to act as a “brush”®, such that protein adsorption decreases with increasing
main chain length of the grafted layer, but not with OEG side chain length. For the
smaller protein, Lys, the poly(OEGMA) grafts appear to act more as would be expected
for a layer in the mushroom regime: i.e. adsorption is sensitive to side chain
length/number graft density. The relatively high adsorption of Lys is presumably due to
penetration of the grafted layer to the underlying surface.

The effect of number graft density on protein adsorption has been studied by
others’®*>?], However no general conclusions have been made. In particular, little is

known about how surface graft density affects adsorption for proteins of different size;
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this is partly due to the fact that the preparation of well-defined surfaces of known graft
density is still a challenge. It was found previously that poly(MPC) grafted surfaces of
high graft density, presumably in the brush regime, inhibited the adsorption of Fg and Lys
to about the same extent.*" It was also observed on PEO- and oligo(ethylene oxide)
(OEO)-modified gold surfaces that an increase in graft density beyond an optimum value
resulted in an increase in protein adsorption. This loss of protein resistance at higher graft
density was independent of protein size and was believed to be due to a decrease in chain
mobility and hydration beyond a critical chain density.l****] On the surfaces of very low
graft density, there was also no clear effect of protein size on protein resistance. In this
connection it has been suggested that surfaces formed using the ‘grafting to’ method may
be in the mushroom regime with gaps in coverage accessible to all proteins, regardless of
size.l' In the present work, the s-ATRP of OEGMA with adjustable main chain length
and side chain length seems to provide a facile way to “tune” the surface properties such

that selective adsorption based on protein size is observable.

The property of size-sensitive protein adsorption could provide functions such
as protein purification and separation from multi-protein mixtures. Biomaterials with such
surfaces could also be useful in microfluidic devices for rapid biosensing and analysis.>*!
Surprisingly there appears to be very little work on the concept/development of protein
size-selective surfaces based on grafting. Recently, Albertorio et al.l>! developed a size-
selective lipid bilayer by mixing a poly(ethylene glycol) (PEG)-conjugated lipid with a
ligand-modified lipid. The solid-supported bilayer measures the target ligand-binding
protein while filtering out other proteins larger than a certain size. The PEG moieties at a

surface concentration of 1.5 mol% acted as a size-exclusion filter which rejected the

bigger proteins in the mixture.

In the present work, the poly(OEGMA) grafts could in principle be tuned to
adsorb small proteins preferentially, thus providing a size-selective “filter”. Further work

on this concept may contribute to the development of biomaterials that allow the selective
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binding of target proteins in contact with blood and other biofluids. A key requirement in
reaching this goal is the availability of methods to quantify polymer graft density
precisely on these soft materials, especially for systems in which the properties of the
substrate and the grafts are similar. Knowledge of graft density should also contribute
greatly to improving our understanding of the mechanism of protein resistance of PEO

and other polymer grafted surfaces.
4.5 Conclusions

Protein-resistant polyurethane surfaces were prepared by ATRP grafting of
poly(OEGMA). The grafted poly(OEGMA) had different main chain and side chain
lengths. The surface having the longest main chain and shortest side chain showed the
highest resistance to protein adsorption. Compared to unmodified polyurethane, the
adsorption of lysozyme was reduced by 91% and that of fibrinogen by 97%. Adsorption
to these surfaces was also protein size dependent. The larger protein, Fg, experienced
higher resistance than the small protein, Lys,. Protein discrimination based on protein size

was observed for side chains of different length.
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Working Hypothesis:

The higher the surface density of EO units, the greater the protein resistance.
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Protein-resistant Polyurethane by Sequential Grafting of Poly(HEMA) and
Poly(OEGMA) via Surface-initiated ATRP

Abstract: Protein-resistant polyurethane (PU) surfaces were prepared by sequentially
grafting poly(2-hydroxyethyl methacrylate) (poly(HEMA)) and poly(oligo(ethylene
glycol) methacrylate) (poly(OEGMA)) via surface-initiated atom transfer radical
polymerization (s-ATRP). The chain lengths of poly(HEMA) and poly(OEGMA) were
regulated via the ratio of monomer to sacrificial initiator in solution. The surfaces were
characterized by water contact angle and X-ray photoelectron spectroscopy (XPS). The
protein resistant properties of the surfaces were assessed by single and binary adsorption
experiments with fibrinogen (Fg), lysozyme (Lys) and lactalbumin (Lac). The adsorption
of all three proteins on the sequentially-grafted poly(HEMA)-poly(OEGMA) surfaces
(PU/PH/PO) was greatly reduced compared to the unmodified PU. Adsorption decreased
with increasing poly(OEGMA) chain length. On the PU/PH/PO surface with longest
poly(OEGMA) chain length (~100), the decrease in Lys adsorption was in the range of 95
to 98% and the decrease in Fg and Lac adsorption was >99% compared to the unmodified
PU. Adsorption from binary protein solutions showed that the PU/PH/PO surfaces

resisted these proteins more or less equally, i.e., independent of protein size.

Keywords: polyurethane; surface modification; sequential grafting; atom transfer radical
polymerization (ATRP); protein resistant surface; poly(ethylene glycol).
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5.1 Introduction

Nonspecific protein adsorption is believed to be the initiating event in tissue-

[1,2]

material interactions' *~, and is a significant limitation on the development of biomedical

devices such as contact lenses, catheters, blood contacting devices and implants[3’4].
Polyethylene oxide (PEO) (or polyethylene glycol (PEG)) and PEO analogues are known
for their ability to reduce protein adsorption. These attributes are due mainly to low
interfacial energy, chain flexibility, large excluded volume, and generally strong
interactions with water.”'% Thus, the preparation of PEO-based surfaces and their

nonfouling behaviour have been widely investigated.

PEO-modified surfaces have been achieved by many methods such as

tethering[ll,IZ] [14]

, coating!"), conventional free radical graft polymerization!'*) physical
adsorption, and blending of PEO-containing block copolymers with a matrix
material'>'*'%), These methods offer limited control over graft density and chain length,
which are believed to be the key properties for protein resistance. Recently, surface-
initiated atom transfer radical polymerization (s-ATRP), has been used to generate
uniform PEO-based grafted surfaces with relatively high graft density and well-defined
chain length.""”'® The conformation of grafted polymer chains can be fine-tuned by
adjusting the graft density and chain length via s-ATRP. Moreover, investigations using
well-defined PEO-based grafted surfaces can potentially provide further insight into the

mechanism of PEO-mediated protein resistance.

PEO-containing grafts such as poly(oligo(ethylene glycol) methacrylate)
(poly(OEGMA)) have been prepared on model substrates such as silicon, gold and other
metals via s~ATRP.!'"181t was found!'® that protein adsorption decreased with increasing

density and chain length of the grafts. Reductions in fibrinogen adsorption on a
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poly(OEGMA)-grafted silicon surface were observed to be in the range of 20-99%,
depending on the graft density and chain length. Compared to such model substrates it is
more difficult to achieve well defined, high density grafts on polymeric surfaces via s-
ATRP, partially due to the difficulty of forming high densities of ATRP-initiator. In
previous work,!'®! we developed a three-step method (oxygen plasma treatment; ATRP-
initiator immobilization; s-ATRP) to graft poly(OEGMA) from a polyurethane (PU)
surface. Active sites at high density were generated by oxygen plasma treatment and were
then derivatized with initiators. Subsequent s-ATRP gave layers of high graft density and
controlled molecular weight. These poly(OEGMA)-grafted PU surfaces (PU/PO) were
shown to be highly protein resistant. For example, fibrinogen adsorption from plasma to
the most resistant surface was as low as 1-5 ng/cm®. We also prepared PU/PO surfaces
with various main chain and PEO side chain lengths.”®! It was found that adsorption to
these surfaces was protein size dependent. Fibrinogen (Fg), a large protein, experienced
higher resistance than lysozyme (Lys), a small protein. The surfaces with the longest
main chain and shortest side chain grafts showed the highest resistance to both proteins: a
reduction of 91% for lysozyme and 98% for fibrinogen relative to the unmodified PU.
Such protein size-based discrimination suggests that the chain density in these systems
may have been less than needed to form polymer “brushes”, where suppression of

adsorption is expected to be independent of protein size.!*!!

In this study, we investigated the surface density of ethylene oxide (EO) units as
a property that may be determining for protein resistance. To achieve a range of EO
density up to high values, we used a double, or sequential grafting approach whereby the
surface was grafted first with poly(2-hydroxyethyl methacrylate) (HEMA) by s-ATRP.
Secondary OEGMA grafts were then grown from the HEMA chains by a second ATRP.
The protein resistance of the surfaces was evaluated in single and binary protein systems

using fibrinogen (Fg), lysozyme (Lys) and lactalbumin (Lac) as model proteins.
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5.2 Experimental
5.2.1 Materials

Tecothane polyurethane (TT-1095A) was obtained from Thermedics and
purified by Soxhlet extraction with toluene and ethanol sequentially. The freshly
extracted PU was dried under vacuum at 65°C. OEGMA (98% purity, Mn = 300 gmol™;
Sigma-Aldrich) and 2-hydroxyethyl methacrylate (HEMA) (299% purity, Mn = 130.14
gmol™'; Sigma-Aldrich) were passed over basic alumina columns to remove inhibitor and
stored at -15°C before use. Basic alumina (Brockman Activity 1, mesh 60-325) was
purchased from Fisher Scientific and used as received. 2,2’-Bipyridyl (bpy) (99%),
Cu(D)Br (99.999%), 2-bromoisobutyryl bromide (BIBB) (98%), and ethyl 2-
bromoisobutyrate (EBIB) (98%) were purchased from Sigma-Aldrich and used as
received. Pyridine (99.9%, Fisher Scientific), N,N-dimethylformamide (DMF) (99.8%,
EMD Chemicals) and methanol (HPLC grade, Caledon Laboratories) were also used as
received. Toluene (reagent grade, Caledon Laboratories) was double-distilled over CaH,
before use. Nitrogen gas was of ultrahigh-purity (UHP) grade. Poly(OEGMA)-grafted PU

(11 and used for

surfaces (referred to as PU/PO) were prepared according to the literature
comparison purposes. All other reagents were commercially available and used as

received.

Fibrinogen (Fg) (340 kDa, plasminogen-free) was purchased from Enzyme
Research Laboratories and dialyzed against isotonic Tris buffer (pH 7.4), aliquoted, and
stored at -70°C. Lysozyme (Lys) (14.3 kDa, from chicken egg white) and a-lactalbumin
(Lac) (14.2 kDa, from bovine milk) were from Sigma-Aldrich and used as received.
Deionized water with a resistivity of 18.2 MQ-cm was prepared using a Millipore water

purification system.
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5.2.2 Preparation of PU Substrate Surface

PU films were prepared by solution casting as described in previous work!'".
PU/DMF (7% w/v) solution was added to a glass Petri dish and dried at 65°C for 5 days.
PU disks of ~0.5 mm thickness and 6 mm diameter were then cut from the PU film and
extracted in ethanol for 24 h. The freshly extracted PU disks were dried under vacuum at

65°C for 2 days and stored under vacuum.
5.2.3 Sequential Grafting of Poly(HEMA) and Poly(OEGMA) from PU Surfaces

PU surfaces with sequentially-grafted poly(HEMA) and poly(OEGMA)
(referred to as PU/PH/PO) were prepared in five steps.

(1) Polyurethane disks were treated in an oxygen plasma produced by glow discharge
(Micro-RIE Series 800, Technics, USA) at constant power of 100 W and pressure 200
mTorr for 5 min.['>*?! The surfaces were then exposed to air for 5 min and stored in

toluene for further modification with initiator.

(2) The freshly oxygen-plasma-treated PU disks (referred to as PU/OH) were immersed in
2-bromoisobutyryl bromide (BIBB)/pyridine/toluene solution (volume ratio 1.3:1:25) to
form a layer of ATRP initiator, as described in previous work.['»% After 16 h reaction,
the ATRP-initiator-immobilized PU disks (referred to as PU/initiator) were rinsed several

times with ethanol for 2 h and stored in ethanol.

(3) s-ATRP of HEMA was carried out from PU/initiator surfaces with EBIB as sacrificial
initiator in solution. The molar ratio HEMA:EBIB:Cu(I)Br:bpy was fixed at 50:1:1:2. In
the s-ATRP grafting procedure, a mixture of solid Cu(I)Br (0.1 mmol, 14.3 mg) and bpy
(0.2 mmol, 31.8 mg) was deoxygenated with three nitrogen purge/vacuum cycles over
about 30 min. HEMA (5 mmol, 650.7 mg) and ethanol (2.5 ml), de-aerated by nitrogen
purge for 1h, were added to the flask. The dark brown liquid mixture was transferred to a
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5.2.4 Characterization

The monomer conversion in solution was determined from proton NMR spectra
(Bruker AC-P200 spectrometer). D,O was used as solvent for OEGMA and THF-d8 for
HEMA. The molecular weights of poly(OEGMA) produced by EBIB in solution were
determined by gel permeation chromatography (GPC, Waters 2690 separations module,
Waters 2410 refractive index detector, PEO calibration standards) using aqueous 0.2 M
NaNO; and 0.1% Na;N solution as mobile phase. The molecular weights of poly(HEMA)
formed in solution were determined by GPC using three linear columns in series (Waters
Styragel HR SE, 2 Shodex KF-804L), and a Waters 410 RI detector. DMF with 0.2%
(w/v) LiBr was used as solvent and narrow polystyrene standards were used to generate

the calibration curve.

Water contact angle measurements were carried out on a Rame-Hart NRL
goniometer (Mountain Lakes, NJ) at room temperature, using the sessile drop method.
The surface composition of the PU disks was investigated using a ThermoFisher Theta
Probe XPS with monochromatic Al K-alpha source. Survey scans and low-resolution
spectra were recorded in standard mode via a multi-channel detector with 60° angular
acceptance. The elemental compositions to ~9 nm in the uppermost surface were provided.

High-resolution C 1s spectra were also obtained with the C-C peak positioned at 285.0 eV.
5.2.5 Protein Adsorption

Adsorption experiments in single and binary protein solutions (TBS buffer, pH
7.4) were carried out for 2 h at room temperature (23°C). Procedures were as described
previously.[ls'm Solutions contained 10% radio-labeled (**'I- or '*I-) protein and 90%
unlabeled protein. Fibrinogen (Fg), lysozyme (Lys) and a-lactalbumin (Lac) were used in
both single and binary protein experiments. All three binary combinations were studied at

a molar ratio 1:1.
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Surfaces were equilibrated in TBS overnight to achieve complete hydration
prior to exposure to protein solutions. After 2 h protein adsorption under static conditions,
the samples were immediately immersed in fresh TBS for 5 min (three cycles) to remove
solution and loosely adsorbed protein. The samples were then placed in counting vials
and their radioactivity was determined (Wizard 3” 1480 automatic gamma counter,
Perkin-Elmer Life Sciences). The adsorbed protein amounts were calculated from the
radioactivity of the samples. Four replicate samples were measured for each concentration

in a given experiment. Experiments were done at least twice.
5.3 Results and Discussion
5.3.1 Preparation of PU/PH/PO Surfaces

Sequentially-grafted poly(HEMA)-poly(OEGMA) surfaces (referred to as
PU/PH/PO), having the structure shown in Scheme 5.1, were prepared in five steps:
oxygen plasma treatment, initiator immobilization, s-ATRP of HEMA, multi-functional
macro-initiator formation, and s-ATRP of OEGMA. The first two steps were the same as
in previous work.["?%! Thus, initiator density is expected to be the same for all surfaces,
PU/PH/PO and PU/PO, studied in this work. Firstly, oxygen plasma treatment was
performed to introduce oxygen functions into the PU surface, resulting in a reactive and
hydrophilic surface (referred to as PU/OH). Secondly, the PU/OH surface was immersed
in BIBB/toluene solution to form a layer of ATRP initiator. Thirdly, s-ATRP of HEMA
was carried out with Cu(I)Br/2bpy complex as catalyst. EBIB was added to the solution
to initiate formation of free polymer. The molar ratio HEMA:EBIB was fixed at 50:1. The
monomer conversion, molecular weight and polydispersity of the polymers formed in
solution are shown in Table 5.1. HEMA conversion was essentially 100% after 48 h
reaction as determined by 'H NMR. The polydispersity, Mw/Mn, was 1.22, indicating
good control of the ATRP process. The degree of polymerization (DP) or poly(HEMA)

chain length (number ‘n’ in Scheme 5.1) was thus expected to be 50 and was assumed to
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be the same for both the polymer chains formed in solution and those grafted on the
surface. It was also found that the molecular weights (Mn) of poly(HEMA) measured by
GPC using polystyrene standards were significantly higher than the theoretical value
determined by NMR. The overestimation of the Mn of poly(HEMA) was also observed
by Zhu et al.”**! and Matyjaszewski et al.**! and is attributable to the much larger
hydrodynamic volume of poly(HEMA) vs. polystyrene with the same Mn in DMF.
Fourthly, the poly(HEMA)-grafted PU (referred to as PU/PH) was treated with BIBB to
form initiator sites on the hydroxyl groups of the HEMA chains. Finally, OEGMA was
grafted from the PU/PH/initiator surface in a second ATRP. Free (“sacrificial”) initiator
EBIB was added to adjust the poly(OEGMA) chain length formed in solution. Complete
conversion was achieved after 48 h for PU/PH/POS5, and PU/PH/PO50 surfaces and 95%
conversion for PU/PH/PO100 (Table 5.1). Polydispersities were in the range of 1.16 to
1.20, indicating a well-controlled ATRP process. The DPs of OEGMA in solution were
thus assumed to be 5, 50 and 95. Poly(OEGMA) chain lengths (number ‘m’ in Scheme
5.1) in the PH/PO grafts were assumed to be the same as those for chains formed in

solution.

5]

Scheme 5.1 Schematic of PU/PH/PO surfaces produced by sequential grafting of
poly(HEMA) and poly(OEGMA).
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Table 5.1 Conversion, molecular weight and polydispersity in s-ATRP of HEMA from
PU/initiator surface and OEGMA from PU/PH/initiator surface with free initiator in

solution.

Surface Molar Ratio ~ Conversion by  Theoretical Mnby Mw/Mn
Monomer:EBIB NMR Mn GPC

(%) (g/mol) (g/mol)
PU/PH 50 >99° 6507 17,900° 1.22
PU/PH/PO5 5 >99° 1,500 1,340° 1.20
PU/PH/PO50 50 >99° 15,000 12,700° 1.16
PU/PH/PO100 100 95 30,000 23,100° 1.18

® No residual monomer signal detected in IH NMR spectrum.
® Polystyrene calibration standards were used.
¢ PEO calibration standards were used.

5.3.2 Characterization of Unmodified and Modified PU Surfaces

The advancing water contact angles (Oaqv) for the PU surfaces before and after
modification are shown in Figure 5.1. The contact angles are consistent with the nature of
the functional groups. Specifically, the unmodified PU surface showed an angle of ~90°
(Figure 5.1a) and was the most hydrophobic of the surfaces examined. &aq4, for the PU/OH
surface was much lower due to the presence of hydrophilic groups (-OH, -OOH)
introduced via oxygen plasma treatment. The angle increased significantly for the
PU/initiator surface containing bromine. After the ATRP grafting of hydrophilic HEMA,
Oaqv decreased again with a drop of ~15° compared to the PU/initiator surface. &4y for the
PU/PH/initiator surface, containing multi-functional macro-initiators, increased to ~70°.
Following ATRP grafting of OEGMA, the water contact angles decreased, and the
decrease was greater the longer the graft chain length (Figure 5.1b), presumably due to
the increasing density of hydrophilic OEG moieties. Compared to poly(OEGMA) single
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grafted surfaces, the double-grafted PH/PO grafts had lower advancing contact angles
(Figure 5.1b). This suggests high surface densities of the hydrophilic OEG moieties.
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Figure 5.1 Advancing water contact angles of PU surfaces before and after modification.
(a) Unmodified and initiator modified surfaces; (b) Grafted surfaces. Data are mean + SD,
n=6.° See Ref. [19].

The elemental compositions of the surfaces were determined by XPS (Table 5.2).
Bromine was not detected on the unmodified PU surface but was clearly present on the
PU/initiator (0.3%) and PU/PH/initiator (2.4%) surfaces, indicating successful attachment
of the ATRP-initiator and multi-functional macro-initiator, respectively. The bromine
contents of the PU/PH/PO surfaces and PU/PO surfaces were lower than those of the
PU/PH/initiator and PUlinitiator surfaces, presumably due to “masking” by the
poly(HEMA)/poly(OEGMA) chains. Nitrogen, originating from the PU, decreased with
increasing poly(OEGMA) chain length in the PU/PH/PO and PU/PO surfaces. The
oxygen content for the double-grafted PU/PH/PO surfaces was higher than for the single-
grafted PU/PO surfaces, and increased with increasing OEGMA chain length for both
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(a) Unmodified and initiator modified surfaces; (b) Grafted surfaces. Adsorption time 2h.

Data are mean + SD, n = 4.

Lys, Lac and Fg adsorption data from single protein solutions are shown in
Figure 5.3. Lys adsorption on PU, PU/initiator and PU/PH/initiator surfaces was in the
range of 30 to 45 pmol/cm? (Figure 5.3a), again close to or slightly higher than expected
for close-packed monolayers with the protein molecules assumed to be rigid and non-
deformable.!''?**"! These hydrophobic surfaces show Lac adsorption of 230 to 330
pmol/cm’ (Figure 5.3a), clearly higher than Fg and Lys on a molar basis. The Lac level is
much higher than for a close-packed-monolayer (0.2 to 0.4 pg/em’ or 14 to 28
pmol/cm?),**! suggesting the formation of multilayers, possibly due to adsorption-induced

structural rearrangement of Lac, a relatively unstable, ‘soft’ protein compared to Fg and
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Lys.’%*!! The adsorption levels for all three proteins decreased significantly on the

hydrophilic PU/PH/PO surfaces exemplified by PU/PH/POS in Figure 5.3a.
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Figure 5.3 Fg, Lys and Lac adsorption from single protein solutions (1.0 mg/ml).

(a) Unmodified and initiator modified surfaces; (b) Grafted surfaces. Data are mean + SD,
n = 4. (Note the difference in the z-scale for (a) and (b).)

The effects of protein type and poly(OEGMA) chain length on protein resistance
for the grafted surfaces are shown in Figure 5.3b. For both the PU/PO and PU/PH/PO
surfaces, the adsorbed amounts (pmol/cm?) of Fg were significantly lower than those of
Lys and Lac. The adsorption levels of all three proteins were higher on the PU/PO than
on the PU/PH/PO. The PU/PH/PO surfaces showed lower ‘discrimination’ based on
protein size, possibly due to increased surface density of hydrophilic EO residues.

As shown in Figure 5.3b, for both types of surface, the adsorption of all three
proteins decreased with increasing poly(OEGMA) chain length. The highest adsorbed
amounts were seen on the PU/POS surface with the shortest poly(OEGMA) chain length

of 5 monomer units. The lowest adsorbed amounts were seen on the PU/PH/PO100
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surface with the sequentially-grafted branched polymer structure and the longest
poly(OEGMA) chain length. For all three proteins, the adsorbed amounts decreased in the
sequence PU/POS5 > PU/PO50 > PU/PH/PO5S = PU/PO100 > PU/PH/PO50 >
PU/PH/PO100. This increasing protein resistance trend is in accord with the variation of
the O:C ratios (Table 5.2) on these single-grafted and double-grafted OEG layers
compared to the corresponding initiator surfaces. This suggests that the OEG content or
surface density of EO units may be a determining property for the protein resistance of
these PEO-based surfaces. The reduction in Lys adsorption on the PU/PH/PO100 surface
was in the range of 95 to 98%, and the reduction in Fg and Lac adsorption was more than

99% compared to the unmodified PU.
Adsorption from binary protein systems

All three binary systems (Lys:Fg, Lac:Fg, Lac:Lys) were investigated at a molar
ratio of 1:1. Total protein concentrations of 0.05 and 1 mg/ml were used; under these
conditions the protein coverage would be expected to be incomplete and close to
complete, respectively, for a “normally adsorbing” (not adsorption resistant) surface.
Adsorbed quantities for all experiments are shown in Table 5.4. The trends are similar to
those seen for the single protein systems. At a given protein concentration adsorption on
the PU/PH/PO surfaces was much lower than on the unmodified PU, and significantly
lower than on the PU/PO surfaces with the same poly(OEGMA) chain length; adsorption
decreased with increasing poly(OEGMA) chain length for both graft types. The absolute
levels of protein adsorption at a given protein concentration were also comparable to
those for the single protein systems. A clear effect of surface EO density on protein
resistance of the OEG layers was again observed in the binary protein adsorption
experiments. Thus the adsorbed quantities of each protein from all three binary
combinations decreased in the sequence PU/PO5 > PU/PO50 > PU/PH/POS = PU/PO100
> PU/PH/PO50 > PU/PH/PO100.
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Table 5.4 Adsorption from binary protein solutions. Molar ratios in solution, 1:1.

Lys/Fg Lac/Fg Lac/Lys
0.05 mg/ml 1.0 mg/ml 0.05 mg/ml 1.0 mg/ml 0.05 mg/ml 1.0 mg/ml
Surface Lys Fg Lys Fg Lac Fg Lac Fg Lac Lys Lac Lys
PU 6011 999+68 69+17 1301+74 76+4 64830 804+ 108 922+69 1074 + 68 138+ 18 3860 +225 94 £25
PU/PO5 13£6 53+£3 15+3 153+£68 2+3 2510 23£12 135+85 36x15 62+12 54£22 31x18
PU/POS0 S£2 18x4 12+2 54%19 1.8£1 7£3 42 28+9 25+4 368 35+£5 18%3
PU/PO100 3£2 162 9+3 326 06+0.1 4zx2 21 203 162 28+7 28+3 106

PU/PH/PO5 18+1.5 12+£5 32 37+24 05+02 63 32 31£9 943 17x11 3746 113
PU/PH/POS0 0.5+02 9+4 2+1 23x4 02+£02 4+3 14£07 1610 5%2 95 23+3 9+6
PU/PH/PO100 0.1+£0.1 41 11 12+£4 002+001 2+1 03+£04 13+3 3x2 7+4 18+7 8+2

Data are mean + SD, n = 4.

The molar ratios of the proteins in the adsorbed layers are shown in Figure 5.4.
For the unmodified PU surface, the ratios were about 1:1 at both total concentrations for
the Lys:Fg system, suggesting no preference for either protein on this hydrophobic
surface. For the Lac:Fg system the molar ratios were 3:1 and 20:1, respectively, at 0.05
and 1 mg/ml; and for the Lac:Lys system the ratios were 8:1 and 42:1. These are much
greater than the solution molar ratios, indicating surface enrichment of Lac in both
systems and suggesting a higher affinity of Lac than either Fg or Lys for the hydrophobic
PU surface. For both Lac and Fg, the absolute adsorption levels were higher at the higher
total protein concentration (Table 5.4). At this concentration (1 mg/ml), Fg adsorption
was again in the range of a close-packed monolayer; Lac adsorption was much greater

than close-packed-monolayer; and Lys was slightly less (<200 ng/cm®).

129



Ph.D. Thesis — Z. Jin McMaster University, Chemical Engineering

sl 1 (alLysiFg
EEEE 0.05 mg/ml [___]1 mg/mi

Mol ratio Lys:Fg in adsorbed layer

\
—\v

PU PU/PO5  PU/POS0  PU/PO100 PU/PH/POS PU/PH/PO50 PU/PH/PO100
2 (b) Lac: Fg
|_I_| B 0.05 mg/ml 11 mg/m!

Mol ratio Lac:Fg in adsorbed layer

PU PU/IPO5 PU/PO50 PU/PO100 PU/PH/PO5 PU/PH/PO50PU/PH/PO100
60
40.L B 0.05 mg/ml [__] 1 mg/ml

Mol ratio Lac:Lys in adsorbed layer

PU PU/IPO5 PU/PO50  PU/PO100 PU/PH/POS PU/PH/POS0 PU/PH/PO100

Figure 5.4 Protein adsorption from binary solutions of 0.05 and 1.0 mg/ml total
concentration. (a) Lys, Fg; (b) Lac, Fg; (c) Lac, Lys. Molar ratios in solution, 1:1 in all

cases. Data are mean + SD, n = 4.
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For the PU/PO surfaces in the Lys:Fg and Lac:Fg systems, the ratios in the
layers were in the range of 2 to 6.5 (Figures 5.4a and 5.4b) indicating a preference for the
smaller proteins. “Discrimination” among proteins based on size suggests that the graft
structure allowed the smaller proteins to more easily penetrate the layer. For the
PU/PH/PO surfaces in the Lys:Fg and Lac:Fg systems, the surface molar ratios decreased
with increasing poly(OEGMA) chain length and were in the vicinity of 1:1 at both total
concentrations. The adsorbed layer compositions were thus close to those of the solutions,
suggesting that the PU/PH/PO surfaces resist these proteins equally independent of
protein size. The loss of size-sensitivity may be due to the increased density of EO
residues on the PU/PH/PO surfaces compared to the PU/PO surfaces, as suggested by the
XPS data. The absolute adsorption levels for all three proteins on the PU/PH/PO surfaces
were very low and much lower than on the PU/PO surfaces (Table 5.4). In the case of Lys,
adsorption ranged from less than 0.1 to about 20 ng/cm’. Reductions of more than 99%
for each protein in the Lys:Fg and Lac:Fg systems were observed on the PU/PH/PO

surface with the longest chain length.

Adsorption of Lac and Lys (of similar size but opposite charge) from binary
solutions followed the same trends on both the PU/PH/PO and PU/PO surfaces (Figure
5.4c). At the lower total concentration, the Lac:Lys ratio was approximately 1:1,
indicating no preference for either Lac or Lys. At the higher concentration, the Lac:Lys
ratios ranged from 2 to 3.5, indicating a preference for Lac. At the higher total
concentration, the absolute adsorption of Lac (Table 5.4) increased somewhat, but was
still at low levels of less than 50 ng/cm?; the adsorption of Lys, surprisingly, decreased
slightly on a given PU/PO or PU/PH/PO surface at the higher total concentration. The
clear preference for Lac over Lys may be due to the lower conformational stability of the
“soft” Lac compared to the “hard” Lys®?. Conformational changes have been reported
for a-lactalbumin adsorbed on hydrophobic surfaces and were attributed to hydrophobic

interactions.”**®! This “soft”, conformationally fragile protein, negatively charged at
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neutral pH, was also observed to adsorb on negatively charged surfaces and to lose its
structure to some degree.”**” The hydrophobic effect thus appeared to be more important
than the expected repulsive electrostatic interactions. In the present work, both the
unmodified PU and the OEG grafted surfaces are neutral, suggesting that electrostatic
interactions should be minimal. Therefore it is reasonable to assume that the hydrophobic
effect plays a more important role than protein charge in adsorption to these surfaces. The
presence of hydrophilic OEG grafts should reduce hydrophobic interactions and thus also
the potential for protein conformational change associated with the hydrophobic effect.
This may explain the lower “discrimination” of Lac and Lys on the OEG grafts compared
to the unmodified hydrophobic PU surface. The adsorbed quantities of Lac and Lys on
the PU/PH/PO surfaces are again much lower than on the unmodified PU and clearly
lower than on the PU/PO surfaces (Table 5.4), indicating the strongly protein-repellent
properties of the PU/PH/PO surfaces regardless of protein size and charge.

There is no clear effect of protein solution concentration on the surface molar
ratios Lys:Fg and Lac:Fg in the binary adsorption experiments, although the absolute
adsorbed amounts of all proteins were greater at the higher solution concentration. For the
Lac-Lys system, the Lac:Lys ratio on the surfaces increased at the higher solution
concentration; moreover the ratio was <1 at the low concentration and >1 at the high
concentration, suggesting a switch in “preference”. The absolute adsorbed quantities of
Lac increased while Lys decreased, suggesting greater surface activity of Lac compared

to Lys.

5.4 General Discussion

The sequential poly(HEMA)-poly(OEGMA) grafts have branched structures
(Scheme 5.1). The primary carbon backbones were formed via a first ATRP of HEMA.
The hydroxyl end groups of the HEMA chains were then reacted with BIBB to form the
PU/PH/initiator surface with a 3-D ATRP-initiator layer. The 3-D initiator layer
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contained more initiator than the 2-D initiator layer on the PUlinitiator surface, as
indicated by XPS (Table 5.2). The poly(OEGMA) chains were formed via a second
ATRP of OEGMA from the 3-D initiator layer and constitute side chains on the main
chains of the grafts. Most of the poly(OEGMA) chains would be expected to grow in a
direction more-or-less parallel to the substrate surface, thus increasing the zone of
influence or coverage of the poly(OEGMA). At a given primary graft density the surface
coverage of PH/PO grafts is thus expected to be greater than that of analogous single-
grafted poly(OEGMA). The densities of EO moieties on the PU/PH/PO surfaces were
higher than those on PU/PO surfaces with the same poly(OEGMA) chain length, as
indicated by XPS data (Table 5.2).

The protein resistance of PEO-based surfaces is generally believed to arise from
the compression of the flexible PEO chains (steric repulsion) and/or the existence of
water layers tightly associated with EO moieties.*®) Both the primary HEMA grafts and
the secondary OEGMA grafts have carbon backbones which are less flexible than the -C-
C-O- backbone of PEO. In addition, the PEO chains in the OEGMA grafts are short with
an average of 4.5 EO units per chain. Thus steric repulsion resulting from chain
compression is expected to be relatively unimportant for the protein resistance of these
surfaces. It seems more likely that the “water barrier” associated with EO units is
primarily responsible,[3 9441 The water content should increase with increasing EO surface
density, and the effectiveness of the water barrier should thus depend on the surface
density of EO units, regardless of the “architectural” differences in the two types of OEG
grafts (PU/PH/PO and PU/PO). The surface density of EO increased in the sequence
PU/POS, PU/PO50, PU/PH/PO5, PU/PO100, PU/PH/PO50, PU/PH/PO100, and the
amounts of adsorbed protein decreased in the same sequence in every single and binary

adsorption experiment, thus supporting the water barrier mechanism for protein resistance.
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5.5 Conclusion

Highly protein-resistant polyurethane surfaces were prepared by sequential
grafting of poly(HEMA) and poly(OEGMA) via s-ATRP. The surfaces were prepared in
five steps including oxygen plasma treatment, initiator immobilization, s-ATRP of
HEMA, multi-functional macro-initiator formation, and s-ATRP of OEGMA. Before and
after each step the polyurethanes were characterized by advancing water contact angle
and XPS. The data were consistent with successful grafting of poly(HEMA) and
poly(OEGMA) and indicated that high surface densities of EO residues and a range of
poly(OEGMA) chain lengths were achieved.

The protein resistance of the grafted surfaces was evaluated in single and binary
protein systems using Fg, Lys and Lac as model proteins. Adsorption from single protein
systems on PU/PH/PO surfaces showed the same trends as for surfaces on which
OEGMA was grafted directly to PU by ATRP (PU/PO). Adsorption levels on the
modified PU surfaces were significantly lower than on the unmodified surface, and
adsorbed quantities decreased with increasing poly(OEGMA) graft length. The adsorption
levels on the PU/PH/PO surfaces were clearly lower than on the corresponding PU/PO
surfaces. On the PU/PH/PO100 surface with the longest poly(OEGMA) chain length of
100, the reduction of Lys adsorption was in the range of 95 to 98% and the reduction of

Fg and Lac adsorption was more than 99% compared to the unmodified PU.

In binary protein adsorption experiments on the PU/PH/PO surfaces, the Lys:Fg
and Lac:Fg molar ratios in the adsorbed layer decreased with increasing poly(OEGMA)
chain length and were in the vicinity of 1:1 at both total concentrations investigated, i.e.
close to that of the solution, suggesting that the PU/PH/PO surfaces resist these proteins
equally. In the Lac:Lys system the ratio in the adsorbed layers was slightly higher than in

solution at high total concentration, indicating a preference for Lac over Lys on the
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PU/PH/PO surfaces under these conditions. This may be due to the lower conformational

stability of Lac compare to Lys.
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A simple three-step method was used as a general strategy to achieve high-density grafts

on various polymeric substrate surfaces of interest for biomaterials applications
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Protein-resistant Materials via Surface-initiated Atom Transfer Radical

Polymerization of 2-Methacryloyloxyethyl Phosphorylcholine (MPC)

Abstract: Poly(2-methacryloyloxyethyl phosphorylcholine) (poly(MPC)) was grafted
from various polymeric substrates to prepare protein-resistant materials. The poly(MPC)
chain length was adjusted via the ratio of monomer to sacrificial initiator in solution. The
surfaces were characterized by water contact angle and X-ray photoelectron spectroscopy
(XPS). The protein resistant properties of the poly(MPC)-grafted surfaces were evaluated
by single adsorption experiments with fibrinogen and lysozyme. It was shown that the
simple three-step grafting method could be applied to modify various biomaterial surfaces
including polyurethane and silicones. The adsorption of fibrinogen and lysozyme to the
modified surfaces was greatly reduced compared to the unmodified surfaces, and
adsorption decreased with increasing poly(MPC) chain length. On polyurethane film
grafted with poly(MPC) of chain length 100, the reduction in adsorption was ~96% for
lysozyme and ~99% for fibrinogen.

Keywords: surface modification; atom transfer radical polymerization (ATRP); protein

resistant surface; phosphorylcholine; MPC.
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6.1 Introduction

Polymeric materials have been widely used in the biomedical field. For example,
polydimethylsiloxane (PDMS)-based materials have been used in cardiovascular and
ophthalmic applications!"?), and polyurethane (PU)-based materials, well known for their
excellent mechanical properties, have been used extensively in blood contacting
applications.”®! These polymers have desirable physical and mechanical properties and
convenient processability. However, biofouling on these hydrophobic polymeric surfaces
may trigger serious problems including foreign body reactions, bacterial infection and
blood coagulation.!” Thus, there is much current interest in developing methods that

would eliminate or reduce protein adsorption on these materials.

Surfaces modified with water-soluble or hydrophilic polymers such as
poly(ethylene oxide) (PEO) and phosphorylcholine (PC)-based polymers, have shown
excellent resistance to protein adsorption.”'”) The anti-biofouling properties and
biocompatibility of these polymers are generally believed to be attributable to the “water
barriers” associated with the EO and PC groups.'” Surfaces rich in the zwitterionic
phosphorylcholine head groups of lipids, which mimic the natural surface of cell plasma
membranes, have been shown to be resistant to biological interactions such as protein
adsorption, platelet adhesion and cell adhesion generally.l'’! It has also been found that
PC-based polymers have relatively high in vivo stability in long-term biomedical
applications.!'” Indeed long-term in vivo biostability may be one of the major advantages
of PC-based polymers over PEO-based polymers, which are known to undergo oxidation

at the ether groups in the presence of oxygen and transition metal jons.!'>14

There are many methods for modifying polymer surfaces, including coating!'®),

physical adsorption''®), blending with surface active components!'’

, surface tethering
(“grafting to” method)!'®) and graft polymerization (“grafting from” method).!'” Among
these methods, surface-initiated atom transfer radical polymerization (s-ATRP) has

attracted much attention mainly due to characteristics such as tolerance of impurities,
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mild reaction conditions, achievability of high grafting density, and of uniform and
tuneable graft chain lengths.?**!! Despite all these advantages, however, the use of s-
ATRP for modifying polymeric biomaterial surfaces is limited to some degree due to the

challenge of introducing ATRP initiators into these chemically inert surfaces.

In this work, a simple three-step method was used as a general strategy to
achieve high-density grafts on various polymeric substrate surfaces of interest for
biomaterials applications: polyurethane (PU) film, polyurethane catheter, PDMS film, and
a silicone based hydrogel. Oxygen plasma treatment was first carried out to introduce
reactive functional groups into the substrates, followed by ATRP initiator immobilization
and s-ATRP on the initiator surfaces using MPC as monomer. The poly(MPC) chain
length was regulated by varying the molar ratio of monomer to sacrificial initiator in
solution. Protein adsorption experiments with fibrinogen and lysozyme were carried out
to investigate the protein-resistance of the surfaces. The effect of poly(MPC) chain length

on the protein-resistance of the PU surfaces was also investigated.
6.2 Materials and Methods

6.2.1 Materials

MPC was kindly provided by Professor K. Ishihara (School of Engineering,
University of Tokyo, Japan). Fibrinogen (340 kDa, plasminogen-free) was purchased
from Enzyme Research Laboratories and dialyzed against isotonic Tris buffer (pH 7.4),
aliquoted, and stored at -70°C. Lysozyme (14.3 kDa, from chicken egg white) was
purchased from Sigma-Aldrich and used as received. Deionized water with a resistivity of
18.2 MQ-cm was prepared using a Millipore water purification system. Toluene (reagent
grade, Caledon Laboratories) was double-distilled over CaH, before use. Nitrogen gas
was of high-purity grade. 2-Bromoisobutyryl bromide (BIBB) (98%, Sigma-Aldrich),
ethyl 2-bromoisobutyrate (EBIB) (98%, Sigma-Aldrich), 2,2’-bipyridyl (bpy) (99%,
Sigma-Aldrich), Cu(I)Br (99.999%, Sigma-Aldrich), pyridine (99.9%, Fisher Scientific),
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and methanol (HPLC grade, Caledon Laboratories) were used as received. Other reagents

were commercially available and also used as received.

Substrate No. 1 Substrate No. 2

PU (Tecothane, TT-1095A) PU catheter (Tecothane)

e e e

Substrate No. 2 has the same major component, Tecothane, as substrate No. 1;
and contains barium sulfate as a radiopaque additive (20% by weight).

Substrate No. 3 Substrate No. 4

cross-linked PDMS model lens surface (silicone hydrogel)
S
S./
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Figure 6.1 The chemical structures of four polymeric substrates used in surface grafting
of poly(MPC) via s-ATRP.
Four polymeric substrates were used for surface-initiated ATRP grafting:
polyurethane (PU) film (Tecothane TT-1095A, Thermedics), was prepared by solution

casting as described in previous work;??) PU catheter (Tecothane, Arrow International),

was commercially available and used as received; cross-linked polydimethylsiloxane
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(PDMS) film was prepared from Sylgard 184 silicone elastomer kit (Dow Corning,
Midland, MI) according to the manufacturer’s directions;'**! a model silicone hydrogel
film prepared from 3-methacryloxypropyl tris(trimethylsiloxy) silane (TRIS), N,N-
dimethylacrylamide (DMAA), and methacrylamide (MAA). The chemical structures of

these materials are shown in Figure 6.1.
6.2.2 Preparation of Poly(MPC)-grafted Surfaces
Grafting of MPC by ATRP was carried out in three steps.*

(1) Surface treatment with oxygen plasma®?***); Oxygen plasma treatment (Micro-RIE
Series 800, Technics, USA) was carried out on both sides of the substrates for 5 min at
100 W and 200 mTorr pressure. PU catheter segments (di, = 1 mm, dy, = 2 mm, length =
6 mm) were slit lengthwise. The PU film, PDMS film and silicone hydrogel were in the
form of disks of diameter 6 mm. The surfaces were then exposed to air for 5 min after the

oxygen plasma treatment and stored in toluene prior to use.

(2) Formation of initiator monolayer on surfaces:m] The freshly oxygen-plasma-treated
surfaces (~20 samples) were immersed in dry toluene (40 ml) in a round-bottomed flask.
The flask was de-aerated in a steam of nitrogen for 30 min and cooled to -15°C in a NaCl-
ice bath. Pyridine (26 mmol, 2.1 ml) was first added via a nitrogen-purged syringe. 2-
Bromoisobutyryl bromide (BIBB, 22 mmol, 2.72 ml) dissolved in 10 ml of toluene was
added dropwise over a period of 1 h. The reaction was gently stirred at 0°C overnight and
then at room temperature (23°C) for 3 h. After reaction, the ATRP initiator-immobilized
surfaces were removed from the reaction mixture and extracted in methanol overnight.

The surfaces were finally dried in vacuum at 40°C for 1 day.

(3) s-ATRP of MPC: In a typical ATRP grafting experiment with a molar ratio of
MPC:EBIB (ethyl 2-bromoisobutyrate) = 100:1, a flask containing MPC (10.0 mmol, 3.0
g), Cu(I)Br (0.1 mmol, 14.3 mg) and 2,2’-bipyridyl (bpy, 0.2 mmol, 31.8 mg) was first
de-aerated by three evacuation-nitrogen backfilling cycles. De-aerated methanol (5 ml)
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was added to the flask, forming a dark brown liquid mixture. The mixture was degassed
for another 10 min and transferred to a nitrogen-filled glove box. De-aerated EBIB
initiator (0.1 mmol, 14.7 pL) was then added. The reaction mixture was stirred vigorously
for 1 min and immediately transferred to vials containing ATRP-initiator-immobilized
surfaces. s-ATRP grafting was carried out at room temperature in the glove box for 14 h.
The poly(MPC)-grafted surfaces were then removed from the glove box, extracted
(Soxhlet) with boiling ethanol for 24 h and dried in vacuum at 65°C for 2 days.

6.2.3 Graft and Surface Characterization

The MPC conversion and theoretical MW of poly(MPC) (M, nmr) produced by
EBIB in solution was determined from 'H-NMR spectra (Bruker AC-P200 spectrometer,
D,O solvent). Aqueous gel permeation chromatography (GPC, Waters 2690 separations
module with a Waters 2410 refractive index detector, PEO calibration standards) was
used to measure the MW and polydispersity (PDI) of poly(MPC) formed in solution.
Static water contact angles on the surfaces were determined using the sessile drop method
on a Rame-Hart NRL goniometer (Mountain Lakes, NJ). All surfaces were immersed in
ethanol at room temperature for 24 h and dried in a nitrogen stream immediately prior to
measurement. The surface composition of samples was investigated by XPS using a
ThermoFisher Theta Probe spectrometer with monochromatic Al K-alpha source. Survey
spectra and low-resolution spectra were recorded in standard mode via a multi-channel
detector with 60° angular acceptance. The elemental compositions to a depth of ~9 nm in

the uppermost surface were obtained.
6.2.4 Protein Adsorption

The adsorption of fibrinogen and lysozyme was measured in TBS buffer (pH 7.4)
at room temperature (22°C) using radioiodinated proteins. Solutions for adsorption
experiments contained 90% unlabeled protein and 10% '*I-radiolabeled protein.?2?%*")
Two protein concentrations, 0.05 and 1.0 mg/ml, were used. All samples were immersed

in TBS overnight to achieve complete hydration and then transferred to the protein

146



Ph.D. Thesis — Z. Jin McMaster University, Chemical Engineering

solution. Adsorption was allowed to proceed under static conditions for 2h. The samples
were then immersed in fresh TBS for 5 min (three cycles) to remove solution and loosely
adsorbed protein. The final samples were placed in counting vials and the radioactivity
determined (Wizard 3” 1480 automatic gamma counter, Perkin—Elmer Life Sciences).
Four replicate samples were measured for each concentration in a given experiment.

Experiments were performed at least twice.

6.3 Results and Discussion

6.3.1 PU Film Prepared by s-ATRP of MPC

6.3.1.1 Preparation of Poly(MPC)-grafted PU film Surfaces

A three-step process was performed to graft poly(MPC) from various polymeric
substrates, as shown in Scheme 6.1. The process included oxygen plasma treatment,
initiator immobilization, and s-ATRP. In the first step, various reactive species were
introduced onto the surfaces by oxygen plasma treatment; hydroxyl and hydro-peroxide
groups were then formed on the surfaces after a short exposure to air.?*?**} In the
second step, BIBB was added to form an ATRP-initiator layer on the surfaces. As we
discussed in our previous work,!'>?? the hydroxyl and/or carboxyl groups reacted with
BIBB to form ATRP-initiator on the substrate. The residual peroxide groups on the
surface may play a role similar to that of the initiator in the ATRP process, reacting with
Cu(I) complex to form Cu(II) complex and radicals. The polydispersity of the grafts may
increase slightly due to the difference between the activation rate of peroxides and ATRP-
initiator. The initiator density was expected to vary with the surface chemistry of the
substrates, although the values were not determined due to the lack of suitable methods.
In the final step, poly(MPC) grafts were formed by s-ATRP with Cu(I)Br/bpy complex as
catalyst and methanol as solvent. Free/sacrificial initiator (EBIB) was added to the

reaction. The ATRP of MPC thus occurred in solution as well as on the surface.
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o
Step 2 e Br
initiator + Br pyridine 0-0
immobilization BT Tohuene, ~15°C

Scheme 6.1 Surface-initiated ATRP of MPC from polymeric biomaterial surfaces.

Table 6.1 Conversion and molecular weight in s-ATRP of MPC from PU/initiator surface

with sacrificial initiator in solution.

Surface MPC MW Molar Ratio Conversion DP M,nmr

MPC:EBIB (%) (g/mol)
PU/MPC10 300 10 >99° 10 3,000
PU/MPC50 300 100 52 52 15,600
PU/MPC100 300 150 64 96 28,800

? No residual monomer signal detected in 1H NMR spectrum.

The MPC conversion and molecular weight of poly(MPC) formed in solution
are shown in Table 6.1. Monomer conversions of >99%, 52% and 64% were achieved
after 14 h reaction with MPC:EBIB ratios of 10:1, 100:1 and 150:1, respectively. The
corresponding degrees of polymerization (DP) of MPC formed in solution were estimated
as 10, 52 and 96, respectively, based on the MPC:EBIB ratios and conversions. Since the
ATRP of MPC was performed in solution and on the surface at the same time and under

the same conditions, it was assumed that the polymer chains formed in solution were
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representative of the grafts on the surface, and thus that the poly(MPC) chains on the
surface had similar length and length distribution as those in the solution.*'”?) The
poly(MPC)-grafted PU surfaces were thus referred to as PU/MPC10, PU/MPC50 and
PU/MPC100 with 10, 50 and 100 indicating the respective DPs.

6.3.1.2 Properties of PU/poly(MPC) Surfaces

Water contact angles (advancing) for the unmodified and poly(MPC)-grafted PU
film surfaces are shown in Figure 6.2. A high advancing water contact angle of ~92° was
observed on the unmodified surface. The contact angles were significantly lower after
poly(MPC) grafting and decreased with increasing chain length. The surfaces with the
longest chain length of ~100 had angles as low as 33°. The observation of increasing
hydrophilicity with increasing poly(MPC) chain length is presumably due to increasing
coverage of the surface by hydrophilic phosphorylcholine (PC) moieties.

.I“l

PU/MPC10 PU/MPC50 PU/MPC100

D [(e]
o o

Advancing water contact angle (deg.)
w
o

Figure 6.2 Water contact angles (advancing) of poly(MPC)-grafted PU surfaces. Error

bars represent one standard deviation, n = 6.
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Table 6.2 Elemental composition of the poly(MPC)-grafted surfaces determined from
XPS

Elemental Composition (atom%)

Surfaces C N O Br Si P
PU 784 27 189 0 0 0
PU/initiator 779 16 202 03 0 0
PU/MPC10 756 24 210 02 0 0.9
PU/MPC50 741 25 219 03 0 12
PU/MPC100 716 32 227 02 0 2.4
Catheter/MPC50  71.7 37 238 02 0 0.6
PDMS/MPC50 465 09 299 01 218 0.8
Si/MPC50 692 40 255 01 05 0.6
PDMS? 44 0 26 0 30 0
Sil° 724 35 207 0 3.4 0
MPC® 579 53 316 0 0 5.3
Data precision £5%.

* See Ref. [40].

b . .
Theoretical composition.

The elemental composition of the poly(MPC)-grafted surfaces was determined
by XPS (Table 6.2). No bromine was detected in the unmodified PU film surface but
bromine signals were clear in the PUlinitiator and PU/MPC surfaces (atomic
concentration ~0.3%), indicating the presence of ATRP initiator residues. Whereas no
phosphorus was detected in the unmodified PU and PU/initiator surfaces, clear
phosphorus signals were observed in the PU/MPC surfaces. The signal intensity,
proportional to the phosphorus atomic concentration, increased with increasing poly(MPC)
chain length. The nitrogen and oxygen contents were also observed to increase with

increasing chain length of poly(MPC), which is rich in P, N and O atoms compared to the
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PU film substrate. The increase of P, N and O concentration with increasing chain length

suggests increasing coverage of phosphorylcholine moieties.
6.3.1.3 Protein Adsorption on the Modified PU Film Surfaces

Fibrinogen, a key protein in blood coagulation (dimensions 450x90x90 A), and
lysozyme, a small protein found in the front of the eye (dimensions, 45x30x30 A) were
chosen as model proteins to investigate the protein resistant properties of the poly(MPC)-
grafted surfaces. Figure 6.3a shows fibrinogen adsorption on the PU surfaces before and
after modification. The adsorbed quantities on all surfaces were greater at 1.0 than at 0.05
mg/ml. At both concentrations, the unmodified PU surface showed the highest adsorbed
quantities, which were in the range expected for close-packed monolayers.****! The
PU/MPC surfaces adsorbed much less than the unmodified PU surface, and adsorption
decreased as the poly(MPC) chain length increased. A reduction of 99% compared to the
unmodified PU was seen on the PU/MPC100 surface.

The adsorption of lysozyme from single protein solutions to poly(MPC) grafts is
shown in Figure 6.3b. Lysozyme adsorption on these surfaces followed the same trend as
fibrinogen: adsorption was greatest on the unmodified PU film surface and decreased
with increasing chain length of the poly(MPC) grafts. The adsorbed quantity of lysozyme
on the PU/poly(MPC)100 surface at 1.0 mg/ml concentration was about 27 ng/cm’,
representing a 96% reduction from the unmodified PU. The protein (fibrinogen and
lysozyme) adsorption levels on the poly(MPC) grafts were similar to those on
poly(OEGMA) grafts with same chain lengths (for example, fibrinogen and lysozyme
adsorption on the PU/poly(OEGMA)100 surface were 46 + 7 ng/cm”and 34 + 9 ng/cm’

respectively at 1.0 mg/ml concentration),!'*?*]

and were comparable to the values seen on
model silicon surfaces similarly modified by ATRP grafting of MPC."*®! It seems likely
that water associated with the PC and PEO moieties, acting as a “barrier”, is responsible

for the protein resistance of these surfaces. The effect of chain length might then be due
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to the increasing surface density of PC or EO moieties resulting in increasing bound water

content as the chain length increases at a constant chain density.
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Figure 6.3 Protein adsorption from TBS with concentrations of 0.05 and 1.0 mg/ml.

(a) Fg; (b) Lys. Adsorption time 2h. Error bars represent one standard deviation, n = 4.
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6.3.2 s-ATRP of MPC on Various Substrates for Improved Protein-resistance
6.3.2.1 Preparation and Characterization of Poly(MPC)-grafted Surfaces

The simple three-step modification process developed in this work was used to
form poly(MPC) grafts on other polymeric substrates. The four selected substrates
include PU film, a commercially available PU catheter as an example of a vascular
biomaterial, PDMS film, and an experimental silicone hydrogel (referred to as Sil) as an
example of an ophthalmic biomaterial. The ATRP grafting of MPC on these surfaces was
again carried out in the presence of free (EBIB) initiator in solution. Table 6.3 shows the
polymerization data, including monomer conversion, molecular weight and polydispersity
of the polymer formed in solution. Monomer conversion in the range of 40-50% was
achieved after 14 h reaction with an MPC:EBIB ratio of 100:1. The polydispersity was in
the range of 1.10 to 1.20, indicating good control of the ATRP process. The poly(MPC)
chains grafted on the surfaces were thus expected to be relatively uniform with DP ~50.
These poly(MPC)-grafted surfaces are referred to as PU/MPC50, Catheter/MPC50,
PDMS/MPCS50 and Sil/MPC50.

Table 6.3 Conversion and molecular weight in s-ATRP of MPC from various polymeric

substrates with sacrificial initiator in solution.

Surface Molar Ratio Conversion Mpnmr Mngee  Mw/Mn
of MPC:EBIB (%) (g/mol) (g/mol)°
PU/MPC50 100 52 15,600 11,900 1.17
Catheter/MPC50 100 40 12,000 9,400 1.14
PDMS/MPC50 100 43 12,900 11,100 1.20
SiVMPCS50 100 47 14,100 10,600 1.19

2 Conversion calculated from '"H-NMR data.

® Based on PEO calibration standards.
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Figure 6.4 Water contact angles (advancing) of various polymeric substrates before and

after ATRP grafting of MPC. Error bars represent one standard deviation, n = 4.

The water contact angles of the polymeric substrates before and after MPC
grafting are shown in Figure 6.4. The unmodified PU film, PDMS film and Sil surfaces
showed high advancing water contact angles >80°. The angles decreased after poly(MPC)
grafting to values in the range of 45-65 ° depending on the substrate type. The lower angle
of ~45° for PU/MPC50 may indicate higher poly(MPC) surface coverage than for
PDMS/MPCS50 and Sil/MPC50. The contact angles of the catheter surfaces were not

determined due to the difficulty of measuring in tube geometry at small diameter.

The elemental compositions of these substrates before and after ATRP grafting

of MPC are shown in Table 6.2. Bromine and phosphorus were not detected in the
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unmodified surfaces. However, clear bromine and phosphorus signals were observed on
the poly(MPC)-grafted surfaces. The nitrogen and oxygen contents of the grafted surfaces
were higher than those of the unmodified surfaces. The presence of phosphorus and the
increased nitrogen and oxygen contents suggested successful grafting of poly(MPC).

6.3.2.2 Protein Adsorption on the Poly(MPC)-grafted Surfaces

Figure 6.5 shows fibrinogen adsorption data for these substrates before and after
ATRP grafting of MPC. Adsorption on the unmodified surfaces was again in the range of
close-packed monolayers (0.2 to 1.6 pg/cm?). The unmodified PDMS film surface
adsorbed somewhat less (~0.6 pg/cm?) than the unmodified PU film surface (~0.8 to 1.2
pg/em?®), in agreement with previous reports.'”** The quantities adsorbed on the
poly(MPC) grafted surfaces were significantly lower than on the unmodified materials,
with reductions of 97%, 77%, 86% and 90%, respectively, on the grafted PU film,
Catheter, PDMS film and Sil surfaces compared to the corresponding unmodified
surfaces at a fibrinogen concentration of 0.05 mg/ml. The lowest fibrinogen adsorption
and the greatest reduction in adsorption occurred on the PU/MPC50 surface suggesting
the highest surface coverage of poly(MPC) on this surface. High surface coverage could
result from the long chain length (DP of 52) and possibly high graft density on the

carbon-rich PU surface compared to the silicone.

Data on the adsorption of lysozyme are shown in Figure 6.6. On the unmodified
substrates, the adsorbed quantity was relatively high and much greater at 0.5 than at 0.05
mg/ml. At 0.5 mg/ml lysozyme concentration, the adsorbed quantities on all four
unmodified surfaces were greater than 0.4 pg/em?, suggesting formation of multilayer or
tight (compressed) monolayer. The poly(MPC) grafts adsorbed much less lysozyme with
reductions of 92%, 83%, 77% and 80%, respectively, on the PU, Catheter, PDMS and Sil
surfaces. The PU/MPC50 surface again showed higher resistance to lysozyme adsorption
than the other grafted surfaces.
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The unmodified PU catheter and PU film adsorbed similar amounts of protein,
despite the differences in chemical composition of the two materials (Catheter: ~80%
Tecothane and ~20% barium sulphate; PU: 100% Tecothane). However, poly(MPC)
grafts of given chain length on the PU catheter surface adsorbed less protein than the
same grafts on the PU film, possibly due to a lower graft density on the catheter surface.
The catheter surface may have a lower density of functional groups upon oxygen plasma
treatment, and therefore a lower ATRP-initiator density and a lower density of poly(MPC)
grafts.

It was also found that poly(MPC) grafts of given chain length on the silicone
elastomer surfaces (PDMS and Sil) adsorbed slightly greater amounts of protein than the
same grafts on the PU surfaces. These differences may again be due to differences in
poly(MPC) graft density on the different substrates. It was reported®>>”) that oxygen
plasma treatment on silicone produced surfaces with a high density of Si-O bonds and
reduced the hydrogen and carbon contents in the surface region. The oxygen plasma-
treated silicone surfaces showed low C-OH density compared to the relatively carbon-rich
PU surfaces; this is expected to result in relatively low ATRP-initiator density and

therefore low graft density of poly(MPC).

Several methods have been reported to immobilize ATRP initiators on silicone
surfaces. For example, Xiao et al®*! used UV/ozone plasma to oxidize the PDMS surface
and then reacted the resulting silanol groups with a gaseous trichlorosilane (1-
trichlorosilyl-2-(m-p-chloromethylphenyl)ethane). Another method was to simply mix a
vinyl-terminated ATRP-initiator with the reactants used in preparing a PDMS-based
substrate.*! Since the ATRP-initiator was distributed throughout the material, the total
amount of initiator used was much larger than that present on surface. In the present work,
ATRP initiator immobilization was achieved by a facile plasma-based technique, with

many advantages such as ability to operate at room temperature, relatively short treatment
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time, reproducibility and relatively low cost. Furthermore we have shown that this
method is applicable to various practically used biomaterials typified by polyurethanes

and silicones.
6.4 Conclusions

It was demonstrated that surface-initiated ATRP of MPC could be used to
modify various types of polymeric substrates for improved protein resistance. Highly
protein-resistant PU film, PU catheter, PDMS film and silicone hydrogel surfaces were
prepared via a three-step procedure that included oxygen plasma treatment, initiator
immobilization, and s-ATRP of MPC. The surfaces before and after modification were
characterized by advancing water contact angle and XPS. The data confirmed successful
grafting of poly(MPC), and showed that, on the PU surfaces, a range of poly(MPC) chain

lengths were achievable by varying the monomer/initiator molar ratio.

The effect of poly(MPC) chain length on the protein-resistance of the PU
surfaces was investigated in single protein experiments using fibrinogen and lysozyme as
model proteins. It was found that protein adsorption on the poly(MPC) grafts was
significantly lower than on the unmodified PU film surface, and that the adsorbed
amounts decreased with increasing poly(MPC) graft length. Moreover, the poly(MPC)
grafts were of comparable protein resistance to poly(OEGMA) grafts of similar chain
length.

Fibrinogen and lysozyme adsorption experiments on the four modified
substrates showed that ATRP grafting of MPC improved the protein resistance of these
surfaces significantly. Grafts of poly(MPC) of chain length ~50 reduced both fibrinogen
and lysozyme adsorption by 75 to 97%. The modified PU film showed the greatest

reduction.
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CHAPTER 7 Summary and Recommendations for Future Work

7.1 Summary of Thesis Work

A method employing oxygen plasma treatment followed by s-ATRP of
OEGMA was developed to prepare polymer brushes of high graft density and controlled,
uniform molecular weight from PU surfaces. The main chain length of grafted polymers
was adjusted by varying the molar ratio of monomer (OEGMA, MW 300) to sacrificial
initiator in solution from 5:1 to 200:1. The PU surfaces were characterized before and
after each step of modification by water contact angle, AFM, and XPS. Polymer brushes
having high grafting density and well controlled graft length were achieved using this
method.

Protein adsorption experiments from tris-buffered saline (TBS) and plasma were
carried out to evaluate the protein resistance of the surfaces. Adsorption from single and
binary protein solutions as well as from plasma was found to be significantly reduced
after surface modification. Adsorption decreased with increasing poly(OEGMA) main
chain length. On the surface with the highest main chain length of 200, fibrinogen
adsorption from buffer was reduced by 96-99%. From plasma, levels as low as 1-5
ng/cm* were observed. In binary protein adsorption experiments with mixed solutions of
lysozyme and fibrinogen, the Lys:Fg ratios in the layers adsorbed to the
PU/poly(OEGMA) surfaces were found to be higher than those in the solution, indicating

that resistance to adsorption of the larger protein was greater than to the smaller one.

The effect of poly(OEGMA) side chain length on the protein-resistant properties
of polymer brushes was investigated using monomers of MW 300, 475, 1100 g/mol. It

was found that the surface with the longest main chain and shortest side chain grafts had
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the highest resistance to protein adsorption. For a given main chain length, the Fg
adsorption level did not change significantly with increasing side chain length. However,
Lys adsorption increased with increasing side chain length, possibly due to decreasing
graft density as monomer size and chain “footprint” on the surface increased. Adsorption

resistance was generally greater for the bigger protein.

To achieve a wide range of EO densities including high levels that were not
possible with simple grafting, we developed a method for double or sequential grafting.
This involved grafting of poly(HEMA) to the surface followed by grafting of
poly(OEGMA) to the poly(HEMA) grafts. Both steps used s-ATRP. Protein adsorption
on the double grafted surfaces was greatly reduced compared to the unmodified PU, and
was lower than on the corresponding single grafted OEGMA surfaces. On the double
grafted surface with the highest poly(OEGMA) chain length of 100, the reduction of Lys
adsorption was in the range of 95 to 98% and the reduction of Fg and Lac adsorption was
more than 99% compared to the unmodified PU. Adsorption from binary protein
solutions showed that the double grafted surfaces resisted the three proteins equally, i.e.

independent of protein size.

The simple three-step grafting method was used as a general strategy to achieve
high-density grafts on various polymeric substrates including polyurethane and silicone
films and commercially available polyurethane catheters. Poly(MPC) grafts having
various chain lengths were grafted from these substrates and were found to reduce protein
adsorption significantly. On polyurethane surface grafted with poly(MPC) of chain length
100, the reduction in adsorption was ~96% for lysozyme and ~99% for fibrinogen, i.e.
comparable to the reductions seen for poly(OEGMA) grafts of similar chain length.
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7.2 Recommendations for Future Work

Much more work on the biointeractions of these materials should be carried out.
Examples of in vitro studies related to blood compatibility include effects on coagulation,
and platelet interactions. Stability of the grafted layers over time should also be
investigated. Eventually in vivo evaluations to determine tissue and blood responses and

to ascertain long term stability will be required.

Broader extensions of this work should also be considered. The simple three-
step ATRP-grafting procedure with OEGMA could be used as a general strategy to
achieve high-density grafts on various polymeric substrate surfaces. Therefore since
ATRP has the potential to be used with a wide variety of monomers to produce polymers
of controlled architecture including block copolymers,!"*! this simple three-step procedure
could be used more broadly for the preparation of biocompatible and/or bioactive

polymer brushes for biomedical applications.

For example, positively charged quaternized poly (2-(dimethylamino)ethyl
methacrylate) (poly(DMAEMA)) has significant antibacterial properties.[3’4] The three-
step ATRP-grafting of tertiary amine-containing DMAEMA could be performed on
polyurethane or other polymeric substrates. Subsequent quaternization of the amino
groups by an alkyl halide may provide a poly(DMAEMA) surface with antibacterial
properties. Poly(OEGMA)-b-poly(DMAEMA) block-copolymer brushes could also be
formed by the same strategy and may be expected to be not only protein-resistant, but

also antibacterial.

Other types of bioactive surface could also be prepared based on this general
procedure. For example, poly(glycidyl methacrylate) (poly(GMA)) and/or
poly(OEGMA)-b-poly(GMA) brushes could be formed on polymeric biomaterial surfaces.
Pyridyl disulfide moieties could be attached to the polymer brushes by reaction with
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epoxy groups in the GMA units.l”) Thiol-containing biomolecules such as proteins or
antibodies could then be immobilized on these polymer brushes via a thiol-disulfide
interchange reaction.!”) Biomolecule-immobilized surfaces are of great interest for
applications in biosensors and biotechnology,!® and may provide a way to determine the
graft density of polymer chains on polymeric substrates, which remains unknown in this

work due to the lack of techniques for quantification.
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APPENDIX B ATRP Grafting of Oligo(ethylene glycol) Methacrylates from Gold
Surface: Effect of Monomer Size on Grafted Chain and EO Unit Densities

Authors: Z. Jin, J.L. Brash, S. Zhu
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In this thesis work, the effects of poly(OEGMA) main chain length (Chapter 3)
and side chain length (Chapter 4) on the protein-resistant properties of polymer brushes
were investigated. However, the grafted chain density and EO unit density, which are
crucial factors in determining the protein resistance of a grafted surface, remain unknown

due to the lack of techniques for quantification.

In this appendix work, instead of polyurethane (the main target substrate of the
work) or other polymeric substrate, we chose a flat, smooth gold substrate, which allows
characterization of the grafted layer by ellipsometry. The chain density and EO unit
density were calculated from the thickness of the grafts as determined by ellipsometry,
and the effects of monomer MW and initiator density on surface chain density and EO
unit density were investigated. In related work we are examining the impact of surface

EO density on the protein resistance of these surfaces.
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Abstract: Oligo(ethylene glycol) methacrylate (OEGMA) was grafted from Au surface
via surface-initiated atom transfer radical polymerization (s-ATRP). The initiator density
was adjusted by the mole fractions of surface-attachable ATRP initiator and diluting
agent. Three OEGMA monomers of MW 300, 475, 1100 g/mol were used. The Au
surfaces before and after modification were characterized by water contact angle and
ellipsometry. The effect of monomer MW and initiator density on surface chain density
and EO unit density was investigated. It was found that at low initiator density (mole
fraction of initiator of 2-5%), poly(OEGMA) grafts had comparable surface chain density
independent of OEGMA MW. However, at high initiator density (mole fraction of
initiator >10%), poly(OEGMA) 10 had obviously lower chain densities than
poly(OEGMA)300 and poly(OEGMA)475s which could be attributed to the size difference
of the monomers. The low chain length and surface chain density of poly(OEGMA); 100

resulted in its relatively low surface EO unit density.

Keywords: Au surface; poly(ethylene glycol); atom transfer radical polymerization
(ATRP); grafting; surface chain density; surface EO unit density; monomer MW.
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Introduction

Poly(ethylene oxide) (PEO) and oligo(ethylene glycol) (OEG)-containing
polymers (e.g. poly(oligo(ethylene glycol) methacrylate) (OEGMA)) have attracted much
attention as a biomaterial coating due to its high ability to resist non-specific protein
adsorption, biofouling and its high biocompatibility.!"! It has been shown that many
factors including PEO chain length, surface chain density, polymer conformation and
surface EO unit density, have strong effects on the protein-resistant and biocompatible
performance.** However, details of these effects are still a matter of debate. A
significant barrier to elucidate these factors to protein resistance and/or biocompatiblity is

the lack of techniques to control and accurately measure these properties.

Recently, the development of atom transfer radical polymerization (ATRP)
method provides a facile way to achieve uniform and tunable graft chain length on
surface.’® It has also been found that chain density of polymer grafts can be varied by

%19 and the monomer size has an effect on the

adjusting the initiator density on surface,
polymer chain density formed via surface-initiated ATRP (s-ATRP).[''! Recently, the
surface-initiated ATRP of PEO-containing molecules (such as OEGMA) has been

197 which allow

performed on well-defined model substrates such as silicon and gold,
relatively accurate characterization of polymer grafts via ellipsometry and/or AFM
compared to other substrates such as polymeric substrate. However, there is very little
work where surface chain density and surface EO unit density are finely tuned by varying
monomer MW and initiator density, and where the effect of monomer MW and initiator

density was systematically studied.

In this study, oligo(ethylene glycol) methacrylate (OEGMA) was grafted from
Au surface via s-ATRP with various initiator densities and three OEGMA monomers of

MW 300, 475, 1100 g/mol (eq. 5, 9 and 23 ethylene oxide residues, respectively). The
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effect of monomer MW and initiator density on surface chain density and surface EO unit

density was investigated.
Experimental
Materials

Gold-coated silicon wafers (500-um thickness, 100-mm diameter, Au coating
layers of 100-nm thickness on both sides) were purchased from SVM (Silicon Valley
Microelectronics, Inc.) and cut into 5X5 mm pieces using a Micro Ace Series 3 dicer
(Loadpoint Ltd., England). Hydrogen peroxide (30%), ammonia solution (30%) and
methanol (HPLC) were obtained from Caledon Laboratories LTD and used as received.
Bis[2-(2’-bromoisobutyryloxy) ethyl] disulfide (the structure shown in Scheme B.1) was
purchased from ATRP Solutions Inc., and used as received. Butyl disulfide (97%), ethyl
2-bromoisobutyrate (EBIB) (98%), 2,2’-bipyridyl (bpy) (99%), and Cu(I)Br (99.999%)
were purchased from Sigma-Aldrich and used as received. OEGMA with molecular
weights (MW) of 300, 475 and 1100, were purchased from Sigma-Aldrich and passed
over a basic alumina column to remove inhibitor. Basic alumina (Brockman Activity 1,
mesh 60-325) was purchased from Fisher Scientific and used as received. Deionized
water used in this study had a resistivity of 18.2 MQ-cm and nitrogen gas was of
ultrahigh-purity (UHP) grade.

Pretreatment of Au surfaces

Gold-coated silicon chips (5x5 mm) were immersed in a solution having one
part hydrogen peroxide, one part ammonium hydroxide, and five parts water at 80°C for 5
min, sonicated for 1 min, and rinsed in deionized water to remove any carbonaceous
contamination. After cleaning, the gold-coated chips were either used immediately for the
formation of the initiator self-assembled monolayer (SAM) or stored in ethanol at room

temperature.
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Formation of initiator monolayer on Au surfaces

The self-assembled monolayer (SAM) of initiator was formed by soaking the
freshly cleaned gold-coated chips in an ethanol solution (total concentration 1 mM)
containing disulfides for 24h without stirring at room temperature. The mixed disulfide
solution contained bis[2-(2’-bromoisobutyryloxy) ethvl] disulfide (the initiator molecule
1 in Scheme B.1), and butyl disulfide as a diluting agent. The mole fraction of the
initiator varied from 0, 2, 5, 10, 25, 50, 75, and 100%. The surfaces were removed from
the solution, cleaned ultrasonically for 1 min in pure ethanol, and rinsed with THF, and
then dried in a nitrogen stream. The gold surfaces with SAMs (referred to as Au/initiator)

were either used immediately or stored in glass tubes under nitrogen at room temperature.

s-ATRP of OEGMA from initiator-functionalized gold surfaces

Poly(OEGMA)s with various side chain lengths (EO units) or monomer MWs
(300, 475 and 1100 g/mol) were grafted from the Au/initiator surfaces via s-ATRP. The
detailed procedure was described previously.“z’13 EBIB was used as a sacrificial initiator.
The monomer concentration was fixed at 38% w/v and the molar ratio of
OEGMAEBIB:Cu(I)Br:bpy at 100:1:1:2, with methanol as solvent. 10 g OEGMA was
used in an s-ATRP process with 40 pieces of gold-coated chips. The s-ATRP process was
performed under nitrogen at room temperature for 48 h. The surfaces were then cleaned
ultrasonically for 1 min in methanol, rinsed with methanol, and then dried in a nitrogen

stream.
Characterization

Proton NMR spectroscopy (Bruker AC-P200 spectrometer, D,O solvent) was
used to determine OEGMA conversion in the s-ATRP reactions. Gel permeation
chromatography (GPC, Waters 2690 separations module with a Waters 2410 refractive
index detector, PEO calibration standards) was used to determine the molecular weight

and polydispersity index (PDI) of poly(OEGMA) formed in solution. Water contact angle
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measurements were performed on the gold surfaces with a Rame-Hart NRL goniometer

(Mountain Lakes, NJ) at room temperature, using the sessile drop method.

An Exacta 2000 ellipsometer (Waterloo Digital Electronics) was used to
determine the thicknesses of the initiator monolayer and poly(OEGMA) on the gold-
coated substrates with single wavelength (6328 A) and an incident angle of 70°. The gold-
coated wafers were considered as the substrate, with refractive index (ns) and extinction
coefficient (k) of 0.19 + 0.02 and 3.52 + 0.08, respectively. For the initiator-
functionalized and poly(OEGMA)-grafted surfaces, the polarizer (P) and analyzer (4)
angles for the null condition were measured and thickness values were determined using a
three-layer air-grafts-gold model via the Exacta 2000 Variable Theta Simplex Fitting
Program. A refractive index of 1.46 was used for initiator SAMs and poly(OEGMA)

grafts[1+19]
The surface chain densities of polyf(OEGMA) as well as initiator/diluting agent
were calculated based on the following equation:'')
hpN ,
o=—— 1
i 1)

n

where o is the surface chain density, 4 is the layer thickness determined by ellipsometry, p
is the bulk density of the grafted layer (1.0 g/cm® was used for poly(OEGMA) and
initiator SAMs), N, is Avogadro’s number, and M, is the number-average molecular
weight (M, cec was used for poly(OEGMA)). The molecular weight of poly(OEGMA)
formed on surface is assumed to be the same as that of poly(OEGMA) formed in solution,

and the mole fraction of initiator in the SAMs is assumed to be the same as that in the

mixed disulfide solution during initiator-immobilization.
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Results and discussion
Mixed SAMs formed on Au surfaces

Scheme B.1 illustrates the two-step reaction procedure for the synthesis of
poly(OEGMA)-grafted Au surfaces (referred to as Au/poly(OEGMA)). The chain density
of poly(OEGMA) was controlled through the surface initiator density in the SAMs.
Bis[2-(2’-bromoisobutyryloxy) ethyl] disulfide (1) was used as the grafting initiator and
butyl disulfide (2) as an inert “diluting agent” that chemisorbs to gold similarly to the

initiator. The mole fractions of active initiator in the SAMs ranged from 2 to 100%.

(|7H3 (") O CHjy
Bt—C—C—0—CH;—CH;—S$ —8§—CHy—CH)—O0—C—C—Br (1) disurfide initiator
Step 1 + ] |
CHy CHy
CHy— CH;—CHy~—CHy —~$ ~§—CH;— CHy;—CHy— CHj (2) diluting agent
initiator-immobilization The molar fraction of the initi lecule (1) in the mixed solution varied from 0, 2, 5, 10, 25, 50, 75 and 100%.
0 CH;
—S—CHy—CHy—0— C—C—Br
CHy
ethanol, RT, 24h
—S— CHy — CHy— CHy— CH;
g g
—§—CHy— CHy— 0 — C— C —CH,~C I Br
Step2 4+ CH=C R $—CHy— CHy— 0 — C—C—¢CHy =€
’ ¢ ~0—-CHy—CHy~0 35~ CHy ————r—@———-% Clﬂs € ~O—€CHy~CH,—0 9 CHy
s-ATRP of OEGMA 6 MeOH. RT o
1=45,9,23 —S$—CH;—CH,—CHy—CHy

Scheme B.1 Two-step reaction procedure for the synthesis of poly(OEGMA)-grafted Au
surface with varying graft chain density.
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Figure B.1 (a) Ellipsometric thickness of the mixed SAMs of initiator and diluting agent.
(b) Surface density of initiator in the mixed SAMs. Error bars represent one standard

deviation, n = 4.

Figure B.1a shows the ellipsometric thickness of the SAMs having various mole

fractions of initiator; values were in the range <1 nm. The 100% initiator layer was
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significantly thicker than the 100% diluting agent layer, in agreement with the dimensions
of the two molecules. The surface density (molecules/nm?) of the SAMs was calculated
from the thickness data, and the initiator density was estimated from the SAM density and
the mole fraction of initiator. The initiator density (Figure B.1b) was found to increase

linearly with increasing mole fraction of initiator in the mixed disulfide solution.

Poly(OEGMA) grafts via s-ATRP

ATRP grafting of OEGMA was carried out on the Au/initiator surfaces with
Cu(I)Br/2bpy complex as catalyst and free/sacriﬁciai initiator (EBIB) in solution. The
free initiator in solution was in very large amounts compared to the initiator covalently-
attached on surface. For a well-controlled ATRP process, the polymer chains formed by
the free initiator in solution may be assumed to have the same chain length and
distribution as the chains grafted on the surface.!'”’ The monomer conversion, molecular
weight and polydispersity of the polymers formed in solution are shown in Table B.1.
Complete conversion was achieved for the ATRP grafting of OEGMA of MW 300 and
475. However, for OEGMA of MW 1100, the conversion was limited to ~48%.
Polydispersities determined by GPC were in the range of 1.05 to 1.19, indicating good
control of the ATRP process.

Table B.1 Conversion and molecular weight in s-ATRP of OEGMA from Au/initiator
surfaces with sacrificial initiator in solution.

OEGMA Molar ratio Conversion Theoretical M, Mncec  Mw/Mn

MW  OEGMA/EBIB (%) (kg/mol) (kg/mol)°

300 100 >99 30 28.7 1.06
475 100 > 99 475 39.5 1.13
1100 100 48 52.8 49.0 1.05

2 Conversion calculated from 'H-NMR data.
® Based on PEO calibration standards.
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The advancing water contact angles (6a4v) of the Au surfaces before and after
modification are shown in Figure B.2. The contact angle of unmodified Au surface was
about 65° and clearly decreased after poly(OEGMA) grafting. For a given monomer MW,
especially for MW of 300 and 475, 0aqy decreased slightly from ~55° to ~40° with
increasing initiator fraction from 2% to 100%, presumably due to the increased surface
density of the hydrophilic EO units at higher initiator density. For OEGMA of MW 1100,
the contact angle leveled off at initiator fraction > 50%; this is in agreement with the

thickness and density variation of the poly(OEGMA) grafts (Figure B.3).
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Au Au5-300 Au50-300 Au100-300 Au5-475 Au50475 Au100-475 Au5-1100 Au50-1100 Au100-1100

Figure B.2 Water contact angles (advancing) of poly(OEGMA)-grafted Au surfaces. The
surfaces are named by the mole fraction of initiator (%) (first number) and the monomer

MW (second number). Error bars represent one standard deviation, n = 4.

The thickness of poly(OEGMA) grafts was determined by ellipsometry and the
data are shown in Figure B.3a. For a given monomer MW, the thickness of the grafts
increased significantly with increasing initiator fraction or initiator density, and leveled
off above an initiator fraction of 50%, especially for OEGMA of MW 1100. At relatively
low surface initiator density (initiator fraction ~2%), poly(OEGMA), o grafts showed a
slightly higher thickness than poly(OEGMA);gy presumably reflecting higher MW but
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similar chain density. On surfaces with initiator fraction >10%, the poly(OEGMA);1q0
layer was obviously thinner than the poly(OEGMA )30 and poly(OEGMA )47s for a given
initiator density. The low DP (~48) or short backbone length of poly(OEGMA);is one
possible reason for the relatively low thickness of poly(OEGMA); oo layers.

® OEGMA MW300 (@)
6 | OOEGMA MWA475
a OEGMA MW1100

Thickness (nm)
H

2 5 10 25 50 75 100
Molar fraction of initiator (%)

0.16
@ OEGMA MW300 (b)

o2 | 0 OEGMA MW475
5 m OEGMA MW 1100
c
‘©
£ 008 |
2
a
S 004

0 .......

2 5 10 25 50 75 100
Molar fraction of initiator (%)

Figure B.3 (a) Ellipsometric thickness and (b) density (chains/nm?) of the poly(OEGMA)
grafts with various OEGMA MW 300, 475 and 1100. Error bars represent one standard

deviation, n = 4.
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Scheme B.2 Highly stretched poly(OEGMA) brushes with various OEGMA MW.
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Figure B.4 Surface density of EO monomer units on Au surfaces for various OEGMA

MW and initiator density. Error bars represent one standard deviation, n = 4.

The surface densities (chains/nm2) of the poly(OEGMA) grafts calculated from
the ellipsometric thickness data are shown in Figure B.3b. For a given monomer MW, the
poly(OEGMA) density increased significantly with increasing initiator fraction from 2%
to ~50%, and leveled off at higher initiator fractions. At low initiator density (mole

fraction 2-5%), poly(OEGMA) grafts had comparable surface density (chains/nm?)
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independent of OEGMA MW, however at high initiator density (mole fraction > 10%),
significant differences were seen in the densities of poly(OEGMA) grafts for the different
monomer MWs. Poly(OEGMA)3o9 and poly(OEGMA)475 showed higher graft densities
than poly(OEGMA);100, possibly attributable to the size difference of the monomers.
Scheme B.2 shows a schematic of the stretched out structures of poly(OEGMA) brushes
(the expected configuration at relatively high initiator density) and the effect of monomer
MW on surface density of polymer chains. The larger monomer with larger footprint,
once adsorbed, may restrict access of the catalyst complex and monomer to nearby

initiator sites, thus reducing initiation efficiency and graft chain density.

The surface densities of EO repeat unit residues (estimated from monomer MW,
polymer chain length and polymer chain density) are shown in Figure B.4. For a given
monomer MW, the surface EO unit density generally increased with increasing initiator
density in the range (0.03-1.1/nm?) investigated. For a given high initiator density
(initiator fraction >10%), the poly(OEGMA )475 layer had the highest EO unit density. The
poly(OEGMA)309 and poly(OEGMA); 100 layers had similar EO unit density. The low DP
and low surface chain density of poly(OEGMA);igo relative to poly(OEGMA)47s and
poly(OEGMA);¢9 probably account for its relatively low surface EO unit density.
Poly(OEGMA )30 had the similar chain density to poly(OEGMA),7s at the relatively low
initiator density and obviously higher chain density than poly(OEGMA);s at the
relatively high initiator density. However, Poly(OEGMA )30 has much shorter PEO side
chain length, about half of side chain length of Poly(OEGMA )75, which resulted in the
lower EO unit density than Poly(OEGMA ),7s.

Conclusions

Poly(OEGMA) was grafted from Au surface via a two-step procedure including
initiator-chemisorption and surface-initiated ATRP. The initiator density was adjusted by

mixing initiator with an inert surface-attachable diluting agent. Three OEGMA monomers
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of MW 300, 475, 1100 g/mol were used. The Au surfaces were characterized by water
contact angle and ellipsometry before and after modification. The data indicated

successful formation of initiator and poly(OEGMA) layers with a range of surface

densities.

The surface densities of initiator and poly(OEGMA) were calculated from the
ellipsometric thickness of the layers. The initiator density was found to increase linearly
with increasing mole fraction of initiator in the initiator/diluting agent mixture. For a
given monomer MW, the poly(OEGMA) thickness and density increased with increasing
initiator fraction from 2% to ~50%, and leveled off at higher initiator fractions. At low
initiator density (mole fraction of initiator 2-5%), poly(OEGMA) grafts had comparable
surface chain density independent of OEGMA MW, at high initiator density (mole
fraction >10%), poly(OEGMA);100 showed lower graft densities than poly(OEGMA )s¢
and poly(OEGMA)475 which could be attributed to the size difference of the monomers.

Surface EO unit density was estimated from monomer MW, polymer chain
length and polymer chain density and was found generally to increase with increasing
initiator density in the range (0.03-1.1/nm?) for a given monomer MW. For a given high
initiator density (initiator fraction >10%), poly(OEGMA),75 layers showed the highest
EO unit density. Poly(OEGMA)3oy and poly(OEGMA);100 layers showed similar, but

lower, EO unit density.
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