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Abstract

Developing non-fouling and lubricious surface coatings for orthopedic implants
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Chair of the Supervisory Committee:
Professor Buddy Ratner
Departments of Bioengineering and Chemical Engineering

Foreign body response (FBR) remains a persistent challenge limiting the longevity of
medical devices. Upon implantation, non-specific protein adsorption on the implant surface can
trigger FBR and result in fouling. This necessitates frequent replacements and surgical procedures.
Biological host responses are influenced primarily by atomic-scale surface properties like
wettability, roughness and cytotoxicity. This dissertation introduces robust and versatile surface
modification techniques designed to suitably alter these properties to enhance biocompatibility,

applicable to commercially available, industrial-strength materials used in orthopedic implants.

Chemical modification via introduction of zwitterionic molecules is a proven strategy that
greatly alters the thermodynamics of surface protein adsorption through strong interfacial

hydration effects. This reduces non-specific protein adsorption and enhances surface lubricity



through robust hydration layers and fluidity of adhered water. The techniques demonstrated herein
use poly (sulfobetaine methacrylate) (pSBMA) due to its low cost and ease of synthesis relative to
other zwitterionic molecules. In grafting these species on to implant surfaces, we leverage versatile

chemical modification methods based on RFGD plasma and ARGET ATRP.

The first part of this work thus focuses on surface modification protocols that involve
surface activation using RFGD plasma deposition of HEMA, followed by macro-initiator covalent
coupling and grafting pSBMA using ARGET ATRP (method 1). Next, we introduce a solvent free
initiator for ARGET ATRP (method 2). A highly reactive bromoester, M3BP is deposited on the
surface using RFGD plasma and used as initiator for synthesizing pSBMA coatings. Polyurethane

and titanium are used as model substrates to demonstrate the versatility of these techniques.

This dissertation also details the performance evaluation of the fabricated coatings,
including quantification of surface composition, wettability, protein adsorption and lubricity, in
addition to in vitro and in vivo studies. Surfaces prepared using methodology 1 achieve a 93%
reduction in albumin adsorption and 95% reduction in the friction coefficients relative to bare
surfaces. They are chemically robust, non-cytotoxic, and show good in vivo performance in mice
and chicken models. Surfaces prepared using methodology 2 also exhibit comparable results for
both protein adsorption and friction coefficients, while providing an alternative ARGET ATRP
initiator chemistry that does not require harsh solvents and is compatible with various materials
irrespective of surface chemistry or geometry. These results signify the potential of these
techniques for substantially improving biocompatibility and represent a proof-of-concept for
simple and reproducible surface modification techniques with applicability at scale, serving a
critical complementary function in maximizing the longevity and performance of orthopedic

implants.
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Chapter 1. MOTIVATION AND INTRODUCTION

1.1 MOTIVATION

Progress in the development of medical devices and implants is an important aspect of
efforts to improve human life expectancy and quality. The global medical device market is
projected to reach USD 718 billion by 2029, with the share of orthopedic devices expected to
increase to USD 60 billion.1? Medical devices and implants are made from different materials
including polymers, metals, and ceramics.>* These materials are required to perform in the acute
internal environment of the human body. For instance, bones must endure a stress of approximately
4 MPa while the peak stresses on ligaments and tendons can be as high as 80 MPa. The body fluids
in various tissues can exhibit a wide variation in pH with values between 1-9.> These numbers
provide a glimpse into the extreme and dynamic conditions in which the implant materials must
survive and perform, and thus signify the need for medical devices with the optimal combination
of mechanical properties.

In addition to mechanical properties, chemical compatibility is a critical aspect of overall
device biocompatibility. To be considered biocompatible, a material should not induce toxicity or
irritation, must possess adhesive properties only towards specific cells or tissues, and have
biomechanical properties comparable to those of surrounding organs and tissues. Low
biocompatibility can cause infections, non-specific protein adsorption and inflammatory
responses, which are an indication of rejection by the host body. Biological host response depends
primarily on the interfacial interactions of biological systems and material surfaces. Therefore,
compatibility and optimal performance of the material in the body is influenced by surface

properties at atomic scale. Implant surface morphology, interfacial energy, wettability, and



cytotoxicity are some of the material properties that highly influence the amount and quality of
cell adhesion, which in turn can cause surface fouling. Hence, surface modification of the materials
is required to suitably alter one or more of these properties.®

The work in this dissertation is motivated by and focuses on surface modifications for
implants under development by Balasubramanian et.al. at Oregon State University (OSU). These
implants are envisaged as alternatives to conventional suturing surgery for patients suffering from
median ulnar palsy, a condition in which patients can lose flexion in their fingers due to trauma or
injury. Every year, approximately 20,000 tendon transfer hand surgeries are performed in the
United States alone. The cumulative value of these surgeries is nearly USD 200 million. The
current treatment for this condition involves taking a functioning tendon from the donor extensor
carpis radialis longus (ECRL) muscle group and suturing it to all four damaged flexor tendons
from the four fingers. This treatment couples the movements of the muscles and tendons, resulting
in limited musculoskeletal function post-surgery due to uneven distribution of forces from the
muscle across all tendons. Uneven force distribution can affect physical interaction tasks by
preventing the fingers from naturally adapting to the shape of the object, resulting in incomplete
grasp and limited hand function.

To address this problem, the proposed treatment by Balasubramanian et.al. makes use of
an implant system to construct an in situ differential mechanism in the forearm using the implants
and tendons. The implants act as passive engineered mechanisms by introducing a pulley-like
system, which helps in differentially distributing the forces and movement from the donor muscle
to all four tendons. This allows individual motion of the fingers and results in improved hand

functions such as complete grasp (Figure 1.1).” The passive translation and rotation of the implant



around the tendon helps accommodate the difference in movement between the fingers, in contrast

to the coupled finger motion produced by current suture-based procedures (Figure 1.2).
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Figure 1.1. (a) Hand musculature and tendons. b) Current tendon transfer procedure using
sutures. ¢) The proposed procedure using a pulley mechanism. d) Prototype pulley mechanism

implanted in cadaver forearm for the study. Reproduced from Ref. 8 under fair use.
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Figure 1.2. (a) Tendon transfer surgery for median ulnar nerve palsy for current suturing

procedures (incomplete grasp) and the proposed procedure using implants (secure grasp).® b)

proposed implant design.

In past studies by Balasubramanian et al., the implants were fabricated from ultra-high

molecular weight polyethylene (UHMWPE), with the proposed procedure being tested in a



chicken feet model. The chicken foot extensor mechanism is specifically comparable to the human
hand flexor mechanism. The chickens were implanted for 5-8 weeks with untreated UHMWPE
implants. Upon explantation, severe fibrosis was observed around the implants, indicating
substantial foreign body response (FBR) induced by non-specific protein and cell adsorption and
surface friction (Figure 1.3).6 While limitations in implant design and the implantation procedures
are also likely contributing factors, this primarily signifies the need for surface modification of the

implant material to maximize longevity.

Figure 1.3. Cross-sectional view of chicken around the surgical site showing the dense scar tissue
from the tendon transfer surgery performed using (a) current suturing procedure (b) proposed

procedure using implant system.°

This research thus focuses on surface modification of the materials used in these implants.
The main objective for surface modification herein is the favourable alteration of surface properties
to prevent FBR by resisting non-specific protein adsorption. A secondary objective is increasing
surface lubricity to facilitate the smooth rotation of implants around the tendons. To achieve these
aims, we leveraged super hydrophilic zwitterionic poly (sulfobetaine methacrylate) (pSBMA)
coatings, which have been demonstrated to achieve ultralow protein adsorption on substrates such
as gold.'? In addition, SBMA is lower-cost and easier to synthesize and handle relative to other

4



zwitterionic alternatives.'? In fabricating these polymeric coatings, we used versatile surface
modification techniques based on radio frequency glow discharge (RFGD) plasma and Activators
ReGenerated by Electron Transfer atom transfer radical polymerization (ARGET ATRP).1315
These techniques enable the attachment of chemically robust, delamination resistant and
reproducible hydrophilic coatings while also possessing significant advantages over alternative
functionalization techniques, such as a reduced requirement of toxic metallic catalyst and tolerance
to ambient conditions.’>17 The overall strategy is thus integration of these concepts to develop
simple yet effective surface modification methodologies that can help achieve key
biocompatibility aims for a variety of implant materials.

This dissertation discusses our efforts in optimization and application of these surface
modification techniques to two materials commonly used in medical implants and of interest to
Balasubramanian et al.— polyurethanes, and titanium. In addition to descriptions of systematic
protocols based on these techniques, this work also describes the characterization of the modified
surfaces. Relevant variables studied in this work include surface composition, protein adsorption,
lubricity, and in vitro and in vivo performance — critical determinants of implant biocompatibility

and of direct relevance to research objectives.

1.2 FOREIGN BODY RESPONSE

Medical devices implants are used for a variety of clinical applications and their efficient
performance is critical for successful medical procedures and overall patient health. The
implantation of a medical device, i.e., a foreign object inside the human body, activates a cascade
of complex events, which can eventually lead to the formation of a thick fibrous capsule around
the device. This reaction by the immune system of the host body is known as the foreign body
response (FBR).® Micro-vasculature and tissues surrounding the implanted devices usually suffer
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injury during surgical procedures, initiating localized, nonspecific acute and chronic inflammatory
responses. The extent of these injuries in turn affects the degree of the host response.*® In addition,
non-specific protein adsorption from the blood plasma and other biological fluids begins almost
immediately on the surface of the material following implantation. This is a dynamic process that
includes protein adsorption, rearrangement and displacement. The composition and arrangement
of the adsorbed protein can affect subsequent cell and biomolecule adhesion, thus affecting the
inflammatory responses.*®-2! This entire cascade of events can lead to the formation of a thick
collagenous capsule. The insulating encapsulation of the implant can impede further interaction of
the device with the surrounding tissue, thus rendering it futile.

The steps leading to FBR are depicted in Figure 1.4. The tissue and vasculature injuries
from the surgery immediately trigger an inflammatory response. Seconds after device
implantation, the device surface is covered with extravasated blood, which leads to non-specific
adsorption of proteins like albumin and fibrinogen, forming a provisional matrix around the
implant. This provisional matrix of proteins acts as a guiding signal for the cells gathering around
the implant and begins cell adhesion. With time, the smaller proteins get displaced by larger
molecules through a dynamic process of adsorption-desorption. The amount and composition of
the adsorbed proteins can affect the extent of FBR around different implant materials. During the
second ‘acute’ phase of FBR, inflammatory signals at the implant site result in the transport,
adhesion, and activation of neutrophils around the adhered proteins. Neutrophils are known as the
early responders in any kind of tissue injury. They begin to release factors such as reactive oxygen
sites and proteolytic enzymes, which further promote the inflammatory process.

Following protein adsorption, the next stage of FBR is marked by rapid replacement of

neutrophils by relatively abundant and motile monocytes which migrate to the wound site and



transform into macrophages, which form the second line of defense. The macrophages adhere to a
material and try to digest or phagocytose it, to eliminate invading threats and mediate tissue repair.
Upon failure to do so with the implant, macrophages undergo fusion to improve their efficacy and
form multinucleated foreign body giant cells (FBGCs). Macrophages also release factors such as
reactive oxygen sites and degrading enzymes in an attempt to break down the implant, which they
recognize as a foreign body. This can affect implant stability and form cracks on its surface. This
can in turn lead to implant breakdown and leaching of toxins from the bulk of the material. Chronic
inflammatory response follows the acute response. Vascular endothelial growth factor (VEGF) is
released by the macrophages and FBGCs, which triggers the formation of an immature vascular
network. The next steps involve formation of granulation tissue and fibroblasts along with
endothelial cells. The fibroblasts act as collagen synthesizers and form a thick fibrous capsule
around the implant, isolating it from the body tissue and rendering it futile. This process of capsule
formation and foreign body reaction is called fibrosis.*®22 The FBR progresses into fibrosis over a
period of weeks and stays active till the implant disintegrates or is removed.

In addition to patient health, some other factors that control the extent and severity of the
host immune response include the surgical techniques used for implantation, the extent of surgical
injury, and the surgical site. In addition, the implant shape and physicochemical properties of the
implant surface also affect non-specific protein and cell adsorption.'®® The extent of the host
response can thus be controlled by improved surgical techniques and altering the implant surface

chemistry to mitigate non-specific protein adsorption.
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Figure 1.4. Natural innate immune response following implantation of a foreign material.

1.3 NEED FOR SURFACE MODIFICATION

The overall device performance and stability in the host body is highly influenced by the
extent and severity of FBR. It also affects the chemical and structural stability of the implant.
FBGCs can degrade the implant through surface oxidation and enzymatic reactions. Implant
performance is also greatly weakened during the period of formation of the fibrous capsule, which
can be of the order of weeks. The initial stages of FBR are highly controlled by the non-specific
adsorption of proteins and biomolecules, followed by leukocyte adhesion. It is hypothesized that
preventing non-specific protein adsorption or fouling can help mitigate subsequent inflammatory

response and leukocyte activation, thus preventing fibrosis.*®



The need to ensure sustained in vivo implant performance and minimize surgeries
necessitates the development of treatments that can suppress inflammatory responses, primarily
by resisting non-specific protein adsorption. Proteins undergo conformational change when in
contact with a hydrophobic foreign material. They tend to orient their hydrophobic head with the
material surface and the hydrophilic tail towards the biological medium to reduce surface energy.
This reduction thermodynamically favors the adsorption of proteins, since it outweighs the
decrease in entropy caused by the conformation change of the proteins. Hydrophilic functionalized
surfaces generally provide low interfacial free energy resulting in reduced protein adsorption and
increased biocompatibility.?® In addition to hydrophilicity, interfacial interactions between the
implant surface and host body also depend on atomic-scale surface properties such as cytotoxicity,
roughness, morphology and interfacial energy.® Favorable modification of surface properties of
implant material can thus resist non-specific protein adsorption and prevent fibrosis.

Synthetic polymer coatings have seen extensive use to modify the surface properties of
implants with the goal of limiting non-specific protein adsorption (“non-fouling” surfaces).!®
Many hydrophilic surfaces are known to reduce protein adsorption due to the formation of an
interfacial hydration layer on the implant surface, which helps prevent the proteins and
biomolecules from attaching to the surface. Poly (ethylene glycol) (PEG) is one of the main
synthetic materials used for making protein-resistant surface coatings. PEG-modified surfaces
exhibit the combined effect of “steric repulsion” and a hydration layer formed via hydrogen
bonding around the polymer chains. However, it has now been recognized that PEG decomposes
into reactive aldehyde moieties in the presence of oxygen and transition metal ions, species
typically found in biologically relevant solvents.! The discovery of new failure mechanisms for

PEG-based implants signifies the need for alternative hydrophilic polymers.



1.4 ZWITTERIONIC POLYMERS

Recently, zwitterionic polymers have attracted considerable attention as ultra-low fouling
materials, due to their advantages over PEG-based antifouling materials, including improved
specificity, stability and sensitivity to protein detection in complex conditions. Zwitterionic
materials are considered biomimetic due to the abundant presence of phosphorylcholine (PC)
headgroups, found on the external surface of the mammalian cell membrane (Figure 1.5).112425

Zwitterionic surfaces can increase surface wettability and prevent non-specific protein
adsorption by forming a strong hydration layer at the interface, which is bound through the
solvation of the charged terminal groups along with hydrogen bonding.?¢® Polybetaine (PB)
polymers like poly (sulfobetaine methacrylate) (0/SBMA) and poly(carboxybetaine methacrylate)
(pPCBMA) are structurally very similar to that of PC-based polymers, with both cationic and
anionic entities present on the same monomer backbone. This results in the formation of a strong
dipole moment and abundant quantities of charged groups. Although the overall charge on the
zwitterionic molecular chains is neutral, the concurrence of positively and negatively charged

groups results in high polarity and strong hydrophilicity.2:3°
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Figure 1.5. Structure of the lipid bilayer. Phosphatidylcholine (a phospholipid) is composed of
hydrophilic polar “heads” and hydrophobic nonpolar “tails.” Adapted from Ref. 31 under fair
use.
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Zwitterionic polymers based on sulfobetaine (SB) and carboxybetaine (CB) are emerging
as popular alternatives to PC derivatives which are complex to synthesize and result in low yield,
making them expensive. SB monomers have structural similarities to PC molecules, while offering
the advantages of easy synthesis, applicability and stability. These consist of a sulfonate anion and
quarternary ammonium cation on the same side chain, similar to PC molecules. The most studied
sulfobetaine, poly (sulfobetaine methacrylate) consists of a methacrylate main chain and an analog
of the taurine betaine as pendant group. Like sulfobetaine, carboxybetaines also possess positively
charged quarternary ammonium groups, but the negative charge is present as a carboxylate group
instead of a sulfonic acid group (Figure 1.6). In addition to their resulting biomimetic and non-
fouling properties, both classes of polymers possess unique strengths. The strong hydration
abilities resulting from tightly bound and structured water layers around the zwitterionic pendant
in SB-based polymers contribute to substantial biological inertness, low endotoxicity and low
cytotoxicity. The presence of robust hydration layers also reduces the adhesion of biomolecules,
preventing surface fouling.'?3233 On the other hand, CB derivatives such as poly(carboxybetaine)
(PCBMA) are the only zwitterionic polymers with demonstrated ultra-low fouling as well as
biorecognition capabilities. The presence of the carboxylate group, which is easy to convert to
other functional groups, is ideal for biorecognition applications. Additionally, the carboxyl group
in pCBMA can be easily esterified, which can then be hydrolyzed to generate zwitterionic

polymers with the desired combination of properties. 23436
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Figure 1.6. Structure of sulfobetaine and carboxybetaine zwitterionic monomers.

Synthesizing zwitterionic polymer surface coatings is a versatile and popular method of
incorporating these hydrophilic entities on the material surface to enhance biocompatibility.
Zwitterionic polymers can be grafted either using physical methods such as physisorption or
chemical methods such as controlled radical polymerization techniques including surface-initiated
atom transfer radical polymerization (SI-ATRP) or Activators ReGenerated by Electron Transfer
atom transfer radical polymerization (ARGET ATRP). In addition to the design of the implant
materials, the molecular design of the polymer coatings also plays a significant role in determining
the non-fouling and lubricating properties of the surface. With optimal grafting density and chain
length, pPSBMA polymer brushes have been demonstrated to achieve substantially reduced non-
specific protein adsorption and increased surface lubricity, both in diluted and full-strength plasma

solutions.12:24

1.5 POLYMERBRUSHES

Polymer brushes are special macromolecular structures with one end of the polymer chain

anchored to the surface or another polymer chain via stable covalent or non-covalent bonding.’
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The polymer chains can typically exist in three different conformations depending on the grafting
density and the molecular weight of the polymer on the substrate — from the ‘mushroom regime’
at low grafting density to ‘brush regime’ at high grafting density, as shown in Figure 1.7.24% The
mushroom regime is characterized by entangled polymer chains whereas the strong steric repulsion
between dense chains in the brush regime results in vertically stretched out chains. The specific
polymer chain regime depends on the surface-polymer-solvent interactions. In poor solvents, the
polymer chains tend to collapse into the mushroom regime, whereas in a good solvent, the chains
tend to stretch away from the surface into a brush-like regime due to osmotic and steric repulsions.
Geometric indicators of the specific brush conformation are the ratio of distance between the
anchor points (a), and the radius of gyration of polymers (Rgy). When a > 2Ry, there is no
interaction between two single polymer chains and the chains tend to collapse into the mushroom
configuration. Increasing the grafting density first produces mushroom-to brush transition

structures which change to polymer brushes beyond a threshold grafting density.3%.37-39
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Figure 1.7. Schematic of the conformations of tethered polymer chains on the surface as a

function of grafting density: mushroom, mushroom-to-brush transition, brush.
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1.6 PREPARATION OF POLYMER BRUSHES

Polymer chains can be anchored to the substrate surface either via physical or covalent
bonding (Figure 1.8). Physical adsorption involves using methods like dip coating, in which the
polymer films are attached to the surface through noncovalent interactions like electrostatic forces,
hydrophobic interactions and hydrogen bonding. Since the forces tethering polymer chains to the
surfaces are weak forces, these attachment processes are reversible, and the polymer films can
delaminate as an effect of solvation or fluid force shear.384

For covalent attachment of polymer brushes, most fabrication strategies use either
“grafting-to” or “grafting-from” methods. “Grafting-to” methods involve the attachment of pre-
synthesized end-functionalized polymer chains to a functionalized surface. In general, this method
results in loose attachments, limited film thickness and low grafting densities due to steric
repulsion from surrounding polymer chains and an unfavorable reaction direction. “Grafting-
from”, on the other hand, is a bottom-up strategy which involves functionalizing the surface with
an initiator and then growing polymer chains using surface-initiated polymerization (SIP).30:3840.41
These methods can thus be used for tuning the brush thickness, grafting density and chain length
by adjusting the initiator density, making it suitable for various surface modification applications,

e.g. creating non-fouling and lubricated surfaces, allowing reversible cell attachment etc.

Living radical polymerization techniques allow for successful grafting of a variety of
polymers from the surface and precise tailoring of the molecular weight, brush architecture and
composition of polymer chains. Some of the frequently used SIP techniques include surface-
initiated atom transfer radical polymerization (SI-ATRP), reversible addition-fragmentation chain
transfer radical polymerization (RAFT), ring opening metathesis polymerization and nitroxide-

mediated polymerization (NMP).4%41 SI-ATRP is the most widely used living radical
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polymerization technique, owing to the mild reaction conditions, simple experimental setup and

compatibility with both aqueous and organic solvents.
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Figure 1.8. Different methods of grafting polymer chains on the surface.

ATRP involves the use of a redox-active transition metal complex (Mt™), which is typically
a copper catalyst. The general mechanism of the process is based on an equilibrium between
dormant species, i.e. dormant alkyl halide terminated polymer chain ends (Pn-X), and active
radicals (Pn"), as shown in Figure 1.9. During the activation step the activator, which is a transition
metal complex (Mt™/L) (catalyst and ligand complex), reacts with the dormant species (alkyl
halide initiators), generating living radicals (Pn") and thereby stimulating chain propagation (kact).
This step also involves the formation of the higher oxidation state metal complex with a

coordinated halide ligand (X-Mt™/L) which acts as the deactivator. The deactivators formed
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during this process can react with the active radicals in the reverse reaction, reforming the dormant
species and the activator (Kdeact). The radical termination reduces as the reaction progresses, due to
persistent radical effect, increased chain length, conversion, and viscosity. The rate of chain
propagation depends on the propagation and deactivation rate constants, and ratio of
concentrations of transition metal complex in the lower and the higher oxidation states. Overall,
the polymerization process is strongly affected by several factors including the initiator, ligand,

catalyst and solvent.3842-45

Kact

P.—X + Mtm/L P.* + X-Mtm™1/L

kdeact O

Monomer

Figure 1.9. Mechanism of ATRP.

There are several factors associated with the ATRP process that hinder control and raise
concerns about the use of this technique in biomedical applications. ATRP is highly sensitive to
the presence of oxygen since it can lead to the conversion of the transition metal to a higher
oxidation state (Mt™to Mt™*1). Since the rate of polymerization theoretically depends on the ratio
of the concentrations of transition metal in lower oxidation state to that in the higher oxidation
state ([MtM])/[Mt™*1]), even a small amount of oxygen can significantly lower the rate of
polymerization. Deoxygenation of the polymer solution is a tedious step and increases the overall
complexity of the experimental process. In addition, the process requires the use of large amounts
of transition metal catalyst (usually copper-based), which if not carefully removed can prove toxic

for biomedical applications.4246
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These limitations of ATRP can be overcome by using Activators ReGenerated by Electron
Transfer (ARGET) ATRP. This procedure utilizes a reducing agent in the reaction mixture which
helps in in situ regeneration of the activator (Cu (1)) from the deactivator (Cu (11)) (Figure 1.10).
This allows the catalyst concentration to be reduced to parts per million (ppm) levels, thus reducing
the risk of toxicity. The advantages of ARGET ATRP over conventional ATRP make it an
attractive candidate for a “grafted-from” approach for various surface modification applications.
The addition of reducing agent also makes the reaction mixture considerably tolerant towards
oxygen, greatly reducing the need for deoxygenation. This process can also be successfully
conducted in aqueous media, reducing the need for toxic solvent systems. In sum, the more
permissive experimental conditions, low catalyst concentrations, and relatively benign chemical
reagents (solvents and reducing agents) make this polymerization technique suitable for use at

industrial scale and safe for biomedical applications.®
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Figure 1.10. Mechanism of ARGET ATRP.

17



1.7 EFFECT OF MOLECULAR DESIGN OF POLYMER BRUSHES ON

ANTIFOULING PROPERTIES

It is a well-established concept that hydrophilic surfaces have lower interfacial energy,
leading to relatively looser protein binding at the surface.?® In recent studies, surfaces grafted with
zwitterionic polymer brushes have shown extremely low non-specific protein adsorption owing to
their super-hydrophilic nature.!?447 Grafted zwitterionic polymer brushes tend to block protein
adsorption by allowing the formation of a strong hydration layer and utilizing the steric excluded
volume effect (Figure 1.11). A tightly bound hydration layer acts as a physical and energy barrier
between the material surface and the biological environment, thus preventing protein adsorption.
The hydration layer is only sustained if there is enough hydration pressure to serve as an energy
barrier to non-specific adsorption. In addition, the polymer brushes need to be flexible in order to

create configurational mobility to block the potential protein adsorption sites by steric
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Figure 1.11. Flexible chains with continuous movement block protein adsorption by allowing the

Hydration
layer

Non-fouling
chains

Coated Implant

Proteins and cells are repelled by
the hydration layer on the suface

formation of a hydration layer and utilization of steric excluded volume effects.
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In addition to the functionality of the hydrophilic material, the molecular structure and
design of the polymer brushes are also paramount for resisting non-specific protein adsorption
since they affect the polymer chain flexibility. Packing density and chain length can also strongly
affect the hydration layer at the interface and the steric hindrance between the polymer brushes.*?
Previous studies have shown that high brush density is the key to resisting non-specific protein
adsorption on the surface.'>°0 Extremely low protein adsorption has been observed for polySBMA
(pSBMA) grafted surfaces with low molecular weight (Mw) polymer chains. Higher Mw brushes
were found to be associated with increased surface packing defects. Large SBMA segments were
found to form aggregates, creating large cavities between the surrounding brushes which resulted
in low surface coverage and higher protein adsorption.2345152|n a study by Jiang et al. on the
effect of grafting density of pSBMA, it was observed that backfilling the cavities formed by high
Mw psema brushes with low Mw copolymer chains resulted in reduced protein adsorption.®® This

observation confirms the need of higher grafting density for minimal protein adsorption.

In another study by Ladd et al., pPCBMA grafted surfaces showed lower protein adsorption
compared to pSBMA grafted surfaces. This observation can be explained based on the chemistry
of these monomers. In CBMA, the charged moieties are separated by only two carbon atoms,
leading to stronger interactions between the hydration shells surrounding the two ionic groups.
This results in the formation of a stronger and more spatially uniform hydration layer. On the other
hand, in SBMA the oppositely charged segments are separated by a three-carbon atom long chain.
This results in more spaced-out hydration shells, causing weaker interactions and reduced
uniformity of the hydration layer. These observations signify the importance of the polymer chain

chemistry in resisting non-specific protein adsorption.3*



In addition to grafting density, chain length is also shown to have a significant effect on
the robustness of the hydration layer. In a study by Chang et. al., thicker pPSBMA coatings were
found to show lower protein adsorption because of increased surface hydration. Uniform brushes
and full surface coverage lead to the formation of a strong hydration layer as a result of full water
surface contact.*2%3 In a study by Sin et al., it was observed that the conformational structure and
surface density of the brush anchoring agent layer also strongly affects the formation of well-
spaced and flexible polymer brushes.>* Such structures result in better surface hydration and
grafting density of the polymer chains. Studies have also shown that excessively high chain density
can lead to compression and entanglement of polymer brushes, reducing chain flexibility, and
leading to a weak hydration layer. Still another study showed that longer chains at low grafting
density, or shorter chains at high grafting density are ideal for high protein resistance.%>%¢ All these
observations illustrate the need for optimal grafting density and chain length to achieve the

formation of a robust extended interfacial hydration layer and adequate chain flexibility.

1.8 ORGANIZATION OF THIS DISSERTATION

Owing to their unique physiochemical properties and versatility, polymer brush coatings
have found applications in many emerging areas including nanotechnology, photonic applications,
catalysis, tribological and non-fouling applications. Since the focus of this study is surface
modification for creating non-fouling and lubricated surfaces for orthopedic implants, these two
applications are discussed in detail in the following chapters. The remainder of this document is
thus organized around studies systematically investigating zwitterionic polymers for the above

applications.30:57-61
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The overall research effort is chiefly summarized in chapters 2-4. Chapter 2 discusses the
grafting of pPSBMA coatings on radio frequency glow discharge (RFGD) plasma activated surfaces
using ARGET ATRP. The surface characterization, protein adsorption and in vitro and in vivo
performance is also discussed in detail. Chapter 3 describes the use of an RFGD plasma deposited
haloester, methyl-3-bromopropionate as a ARGET ATRP initiator to graft pPSBMA coatings. The
evaluation of the surfaces thus prepared is also discussed in detail in terms of surface
characterization, protein adsorption and in vitro stability. Chapter 4 discusses the lubricity
evaluation of the surfaces prepared using techniques discussed in Chapters 2 and 3. Finally Chapter
5 concludes the dissertation with a summary of the methodologies developed in this work, a

discussion of limitations, and directions for improvements and future work.
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Chapter 2. GRAFTING pSBMA COATINGS ON
RADIOFREQUENCY GLOW DISCHARGE PLASMA ACTIVATED
SURFACES USING ARGET ATRP TO RESIST NON-SPECIFIC
PROTEIN ADSORPTION

Abstract: Most materials employed for orthopedic implants on account of their mechanical
strength tend to be hydrophobic and often cause foreign body response. This leads to reduced
implant lifetime and necessitates frequent surgical replacements. With a view to overcoming these
limitations, this chapter introduces a surface modification technique applicable to a plethora of
industrial-strength materials used in orthopedics. The introduction of hydrophilic species such as
zwitterionic poly (sulfobetaine methacrylate) (pSBMA) greatly alters the thermodynamics of
interfacial protein adsorption by forming a strong hydration layer, successfully preventing protein
adsorption. Here, these species were introduced using radio frequency glow discharge (RFGD)
plasma deposition of 2-hydroxyethyl methacrylate (HEMA), followed by macro-initiator covalent
coupling using a-bromoisobutyryl bromide and pPSBMA coating synthesis with ARGET ATRP.
Polyurethane (RPU) and titanium were used as model substrates to demonstrate the versatility of
the RFGD plasma deposition. The chemical composition of the modified surfaces was analyzed
using X-ray photoelectron spectroscopy. The coating thickness was measured using a profilometer
and found to be 71 £ 4.1 nm after HEMA deposition and 116 = 3.9 nm after pPSBMA grafting. The
contact angle for titanium was measured to be 12.8 + 2.2° after pSBMA grafting. In addition, the
coated RPU samples showed a 93% reduction in protein adsorption relative to bare substrates, as
measured using 1-125 tagged albumin. The coated RPU samples were also implanted in mice and
chickens and showed negligible to mild fibrosis upon explantation, indicating increased

biocompatibility.
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2.1 INTRODUCTION

Recent years have witnessed significant progress in the development of materials that can
be used in biomedical implants and devices.! However, myriad inflammatory ‘Foreign Body
Response’ (FBR) mechanisms continue to impede further performance improvements.?> The
limited lifetime of biomedical implants due to suboptimal biocompatibility thus necessitates
frequent surgical procedures and replacements.®” Implant rejection due to FBR is primarily the
result of the unfavorable interfacial properties of implant materials, including surface wettability,
roughness and cytotoxicity.® Most mechanically robust industrial materials used for fabricating
medical implants are hydrophobic in nature, such as polypropylene (PP), polyurethane (PU),
polytetrafluoroethylene (PTFE), titanium and stainless steel. Hydrophobic surfaces are more prone
to non-specific protein adsorption, the triggering event for FBR, due to unfavorable energetics.® In
contrast, the low interfacial energy of hydrophilic surfaces in biological environments allows for
reduced non-specific protein adsorption and fouling, thereby mitigating FBR mechanisms.*°
Surface modification is thus essential to alter the interfacial properties of these implant materials
and improve biocompatibility. This necessitates reasonably simple surface modification protocols
applicable to a wide range of industrial materials.** 13

In fabricating non-fouling surfaces, polyethylene glycol (PEG) continues to find extensive
use both for surface coatings, and as a constituent of copolymers to minimize FBR, due to its
ability to form strong hydration layers at the interface via hydrogen bonding.* However, the long-
term performance of PEGylated materials is limited due to reduced specificity and therapeutic
efficacy, chemical degradation due to reactive oxygen species, and long-term immunogenicity.>-
18 Biomimetic zwitterionic polymers are thus being explored as super hydrophilic alternatives, and

molecules such as phosphatidyl choline, carboxybetaine, and sulfobetaine have been studied
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extensively.1%23 Zwitterionic materials are rich in phosphorylcholine (PC) headgroups, which
resemble the surface of the mammalian cell membrane.?3-% Synthetic polybetaine (PB) polymers
like poly(sulfobetaine methacrylate) (/SBMA) and poly(carboxybetaine methacrylate) ()CBMA)
are very similar to PC-based polymers in terms of structure, with both cationic and anionic groups
present on the same monomer backbone.?%:2

Zwitterionic surfaces are believed to resist non-specific protein adsorption via a strong and
stable hydration layer attached through the solvation of the charged terminal groups, in addition to
hydrogen bonding.?8-3% In previous studies performed in our group, subcutaneous implantation of
pCBMA hydrogels in mice showed no signs of fibrosis even after 3 months, indicating that
zwitterionic materials can prevent the formation of dense collagenous capsules. This greatly
enhances device performance over extended periods of time.3? Surfaces coated with sulfobetaine
polymers have shown high resistance to non-specific protein adsorption with fibrinogen adsorption
levels < 0.3 ng/cm?, as measured by surface plasmon resonance.?® Sulfobetaine-based polymers
have substantial biological inertness and low cytotoxicity in addition to their strong hydration
abilities. In addition, while sulfobetaine-based monomers possess structural similarities to certain
PC derivatives, they also possess the advantages of low cost and ease of synthesis and handling.33
Past work from many groups has demonstrated the ability of robust pPSBMA coatings to prolong
the lifetime of medical implants.1?203435 Given these considerations, SBMA was chosen as the
polymer for this study.

There exist a variety of methods for the attachment of polymer coatings to solid substrates
such as the ones discussed herein. The simplest class of methods utilizes physical bonding by way
of weak intermolecular forces such as electrostatic forces, hydrogen bonding, and hydrophobic

dispersive interactions. Given the weak strength of these interactions, the tethered polymer chains
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can easily be removed or delaminated because of solvation effects or shearing action.® In contrast,
covalent attachment via surface initiated controlled radical polymerization techniques like atom
transfer radical polymerization (ATRP) results in more robust and permanent films.3” These
methods typically involve immobilization of an initiator molecule on an activated surface followed
by monomer polymerization.38-4° Thiol and silane chemistries are commonly used for initiator
immobilization on substrates such as gold and silicon.® These chemistries are however
incompatible with a variety of materials with inert surfaces like plastics that can degrade or
dissolve upon soaking in solvents like methylene chloride that are commonly used for initiator
immobilization.*%-42 Therefore, as an alternative, we have utilized radio frequency glow discharge
(RFGD) plasma deposition for surface activation and immobilization of ATRP initiators. RFGD
plasma deposition has been widely used for creating strongly bound thin films for surface
functionalization.*3-%6 In addition, activators regenerated by electron transfer (ARGET) ATRP was
used for polymerization in place of conventional ATRP, which requires oxygen free inert
conditions and larger amounts of toxic Cu (1) transition metal to carry out the reaction.*’#8 In
contrast, ARGET ATRP utilizes a reserve of reducing agent to regenerate Cu (1) from Cu (1) in
situ, thus significantly reducing the amount of required Cu (1), in addition to increased tolerance
towards oxygen.*%-5!

In this work the implant material surfaces were first activated by creating thin films of 2-
hydroxyethyl methacrylate (HEMA) via RFGD plasma deposition to introduce hydroxyl groups.
This step is based on the adaptation of plasma polymerization techniques introduced and
extensively refined in our group.4¢:°2-54 The polymerization initiator a.-bromoisobutyryl bromide
(BIBB) was then immobilized by esterification of hydroxyl groups with BIBB to introduce

bromine groups on the surface, which were then used to synthesize pSBMA coatings via ARGET
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ATRP. This is a reliable method that can be easily optimized for different substrates and varied
surface chemistries. This work thus describes the application and efficacy of a versatile surface
modification technique for a variety of materials used in orthopedic implants, irrespective of
surface chemistry or geometry. Reinforced polyurethane (RPU-70) and titanium (Ti) were
explored as materials of interest. A schematic of the process, depicting the initiator immobilization

and polymerization steps applied in this study is shown in Figure 2.1.

i o} o o
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—— — —
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Figure 2.1. Schematic of the general coating process. In step 1, a clean, bare substrate of the

given implant material is functionalized with hydroxyl groups by means of RFGD plasma
deposition of HEMA. In step 2, the ATRP initiator, BIBB is immobilized on the surface. Finally,
in step 3, SBMA is grafted from the surface using ARGET ATRP.

2.2 MATERIALS

2-hydroxyethyl methacrylate, ophthalmic grade (HEMA, CAS No.: 868-77-9) was
purchased from polysciences. a-Bromoisobutyryl bromide (BIBB, CAS No.: 20769-85-1), copper
(1) bromide (CuBrz, CAS No.: 7789-45-9), 2,2-bipyridy! (bpy, CAS No.: 366-18-7), L-ascorbic
acid (CAS No.: 50-81-7), [2-(methacryloyloxy)ethyl]dimethyl-(3-sulfopropyl)ammonium
hydroxide (SBMA, CAS No.: 3637-26-1), triethylamine (TEA, CAS No.: 121-44-8), human serum
albumin (HSA, >99%, CAS No.: 70024-90-7), sodium azide (CAS No.: 26628-22-8), and sodium

iodide (CAS No.: 7681-82-5) were purchased from Sigma-Aldrich and used as received. Boric
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acid (CAS No.: 10043-35-3), sodium phosphate monobasic (CAS No.: 7558-80-7), sodium
hydroxide (CAS No.: 1310-73-2) and all solvents were purchased from Fisher Scientific and used
as received. Citric acid monohydrate (CAS No.: 5949-29-1) was purchased from J.T. Baker.
lodine-125 radionuclide (Specific Activity: ~17 Ci/mg) was purchased from Perkin Elmer. Sodium
chloride (CAS No.: 7647-14-5) was purchased from EMD Millipore. Chromatography columns
(10DG Desalting Columns, CAS No.: 7322010) were purchased from Bio-Rad. 8 mm discs of
RPU-70 were 3D by Dependable Plastics (Fairfield, CA). Titanium sheets were purchased from

McMaster-Carr.

2.3 EXPERIMENTAL METHODS
2.3.1 SAMPLE PREPARATION
2.3.1.1 Substrate preparation and cleaning

Titanium sheets were first cut into 0.5-inch squares. To remove any surface impurities, the
samples were thoroughly washed by sonication in n-hexane, methylene chloride, acetone and
methanol for 15 min each. The cycle was repeated three times. The solvents were changed after
every cycle. RPU-70 discs were washed by sonicating only in n-hexane for 15 min, repeating the

cycle three times. All samples were then dried under vacuum and stored in a desiccator until further

use. The process for polypropylene substrates is described in Appendix A.

2.3.1.2 Surface activation using RFGD plasma

The substrate surfaces were first activated by deposition of a layer of hydroxyl groups (-
OH) using plasma deposition of HEMA.. These hydroxyl groups act as anchors for the successive
initiator immobilization reactions. A custom-built plasma reactor based on the design reported by

Lopez et. al. was used for all plasma-based experiments in this study (Figure 2.2).52 The plasma
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reactor parameters used for RPU-70 were slightly different from those used for titanium substrates.
This was due to the presence of a thick oxide layer on the titanium surfaces, which can lead to easy
delamination of coatings. The process parameters thus needed to be optimized for titanium

substrates.

Samples are placed
between the electrodes

— -

Figure 2.2. Image of the RFGD plasma setup.

After thorough cleaning, the substrates were loaded in the plasma reactor and placed
between the two electrodes (powered and grounded) positioned 100 mm apart. An automatic
impedance matching network and a 13.57 MHz radio frequency power source were connected to
the powered electrode. A mechanical pump was used to pump down the reactor to a base pressure
of 6-7 mTorr. A cold trap cooled using liquid nitrogen was installed between the mechanical pump
and the reactor to condense any waste organic vapors.

For RPU-70, after the reactor attained the base pressure, the samples were first argon-
etched for 5 min at 60 W while maintaining a pressure of 250 mTorr. This was done to clean the

sample surfaces of any organic impurities. After this step, methane gas was bled into the chamber
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and a methane layer was plasma deposited at 80 W for 5 min, while maintaining a stable pressure
of 140 mTorr. The methane layer enables strong adhesion of subsequent plasma coatings to the
substrates, thus preventing delamination. After the deposition of the methane layer, the reactor was
again pumped down to base pressure. HEMA monomer was then added in a glass flask attached
to the reactor and was vaporized by heating to 65°C using a water bath. The monomer vapors were
then introduced into the reactor and allowed to reach a stable pressure of 250 mTorr. An initial
adhesion layer was first formed by plasma depositing the HEMA at 100 W for 1 min, after which
the power was reduced to 6 W for 10 min, while maintaining a stable pressure of 250 mTorr. The
plasma generator was then turned off and the samples were quenched in the monomer vapors for
5 min at a pressure of 250 mTorr. This was done to achieve complete utilization of the free radicals
generated by the plasma. The chamber was then pumped down to base pressure and flushed with
argon thrice, to prevent any organic vapors from escaping into the atmosphere upon opening the
reactor. The plasma-deposited samples were retrieved under argon and kept in vacuum overnight
to lessen surface chemical reactivity.

For titanium substrates, the above procedure was applied albeit with minor optimizations
for the durations of argon etching and adhesion layer deposition. For titanium, the samples were
argon etched for 15 min at 60 W, while maintaining a stable pressure of 250 mTorr. After this, a
layer of methane was plasma deposited for 8 min at 80 W and a pressure of 140 mTorr. The HEMA
monomer was then plasma deposited for 2 min at 100 W and 10 min at 6 W, at a stable pressure
of 250 mTorr, and quenched for 5 min before collecting under argon. The Argon etching was
performed for a longer duration for titanium to reduce the thickness of the surface oxide layer and
thus minimize surface roughness.>® The longer duration for methane deposition and HEMA

deposition at 100 W is expected to help in the adhesion of the subsequent layers.
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Following surface activation, the HEMA coated samples (hereafter denoted as RPU-
HEMA for RPU-70 and Ti-HEMA for titanium) were first soaked in deionized (DI) water for 1 h
followed by drying overnight under vacuum before further use in experiments. This was to remove

any unreacted monomer from the surface.

2.3.1.3 Immobilization of macroinitiator for ARGET ATRP

Surface activation using RFGD plasma deposited HEMA was followed by the
immobilization of a macroinitiator. ARGET ATRP initiator, a-bromoisobutyryl bromide (BIBB)
was immobilized by esterification of hydroxyl groups with BIBB to introduce bromine groups on
the surface, which were then used to synthesize pPSBMA coatings via ARGET ATRP. To do this,
the HEMA-activated substrates were respectively soaked in a solution of 10 ml extra dry
methylene chloride and 350 pl triethylamine (TEA) (Ti-HEMA) and 10 ml ice-cold n-hexane
(RPU-HEMA). This was followed by the dropwise addition of 350 pl BIBB. The reaction was
allowed to run for a total duration of 24 h. The titanium samples were stored at room temperature
under constant stirring for 4 h and at 4°C for the remaining 20 h. For RPU, the samples were kept
at 4°C for the 24 h duration. At the end of the reaction, the samples were thoroughly washed with
methylene chloride (Ti-HEMA) or n-hexane (RPU-HEMA) to remove any unreacted BIBB. The
BIBB-immobilized discs (Ti-HEMA-BIBB or RPU-HEMA-BIBB) were allowed to dry overnight
under vacuum before further use. For RPU-70, n-hexane was used since polyurethanes tend to

swell and disintegrate in harsh solvents such as methylene chloride.
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2.3.1.4 Surface-initiated ARGET ATRP of SBMA

Nitrogenl ] Air

|| | i"

+ — @
‘\\\ /';4// ' u
Dissolve monomer Dissolve catalyst Add the aqueous Add the reaction Polymer coated
and reducing agent and ligand in solution to the mixture to the sample
in water methanol methanolic solution initiator-coated
while stirring under sample
bubbled nitrogen

Figure 2.3.Schematic of ARGET ATRP.

A schematic of ARGET ATRP is shown in Figure 2.3. The polymerization was performed
in air under ambient conditions. Glass vials and round bottomed flasks were used for conducting
these experiments, since no specialized equipment or setup is required for ARGET ATRP, unlike
conventional ATRP. Since SBMA is a polar molecule, a mixture of water and methanol was used
as the solvent mixture. To prepare the reaction mixture, a predetermined amount of SBMA (0.72
mmol) and L-ascorbic acid (0.27 mmol) were first dissolved in DI water and CuBr2 (0.03 mmol)
and bpy (0.19 mmol) were dissolved in methanol. The denser aqueous mixture was then added to
the methanolic mixture, and the solution was degassed with nitrogen for 1 h under constant stirring.
The reaction mixture was then added to glass vials containing the initiator-immobilized substrates
and kept on a slow shaker at room temperature. The reaction was allowed to run for 2.5 h.
Deionized water and methanol were used in a 60:40 ratio as the solvent mixture for this reaction.

3 ml of the prepared solution was used for each sample. At the end of the reaction time, the samples
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were removed from the vials and washed with a 1:1 mixture of methanol and water at least six
times. pSBMA grafted samples (Ti-HEMA-pSBMA and RPU-HEMA-pSBMA) were then dried

under vacuum and stored in a desiccator until further analysis.

2.3.2 SAMPLE ANALYSIS METHODS

2.3.2.1 X-ray photoelectron spectroscopy (XPS)

The elemental composition of all the prepared RPU surfaces was characterized using X-
ray photoelectron spectroscopy. XPS was performed on an S-Probe photoelectron spectrometer
(Surface Science Instruments) equipped with a monochromatic Al Ka source operated at 20 mA
emission current and 10 kV anode potential. Charge neutralization was performed using a low
energy electron flood gun. A circular X-ray analysis area for all the acquisitions was set to a
diameter of 800 pm. During the spectral acquisition the pressure in the analytical chamber was
maintained below 5 x 10-° Torr. Low resolution survey scans were obtained in the energy range of
0 to 1100 eV with a step size of 1 eV and a pass energy of 150 eV. High resolution C 1s scans
were obtained from 270 to 290 eV, N 1s scans from 390 eV to 410 eV, and S 2p scans were
obtained from 160 eV to 180 eV. The scans were analyzed for elemental composition and high-
resolution peak fitting using the Service Physics Hawk version 7 software and fitted with a Shirley
background. All binding energies were referenced to that of the C 1s orbital at 284 eV.

All XPS spectra for titanium samples were collected on a Kratos Axis-Ultra DLD
spectrometer equipped with a monochromatized Al Ka X-ray source operated at 10 mA emission
current and 12 kV anode potential. Charge neutralization was done using a low energy electron
flood gun. The X-ray analysis area for all acquisitions was set at 700 x 300 um. During the spectral
acquisition the pressure in the analytical chamber was maintained at a value less than 5 x 10-° Torr.

Pass energy for survey scans was set at 80 eV and that for the high-resolution scans was 20 eV.
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The take-off angle, i.e. the angle between the sample normal and the input axis of the energy
analyzer was set to 0°, which allows for a sampling depth of ~ 100 A. The Kratos Vision 2 software
was used to determine peak areas for calculating the elemental composition. Casa XPS software
was used for peak fitting of the high-resolution spectra. All binding energies were referenced to
the aliphatic carbon (C 1s) at 285 eV. All high-resolution spectra were fitted with a Shirley

background.

2.3.2.2 Profilometry

The thickness of the prepared surface coatings was measured using a Bruker-DektakXT
Profilometer with a 2 pm radius diamond stylus. Thickness was measured for dry samples using
the hill-and-valley profile acquisition setting across a scratch made on the surface with a razor

blade. For all thickness measurements, silicon wafers were used as the substrates.

2.3.2.3 Contact Angle

The contact angle of the prepared surfaces was measured in air using an NRL contact
angle goniometer (Model A-100, Rame-Hart, Inc.). Water droplets were transferred to the
sample surfaces using a pipette. The contact angle measurements were repeated n=6 times for

each sample group.>®

2.3.2.4 Radiolabeling of human serum albumin using ICL method

Human serum albumin (HSA) was radiolabeled by tagging with iodine-125 (1-125) using
the iodine monochloride (ICIl) method, based on protocols previously established in our lab and
described by Horbett et.al. and Mecwan et. al.*%5" Briefly, to tag the HSA with 1-125, 1 mCi of I-
125 radionuclide was added to 0.5 ml of 2X borate buffer which was immediately added to 0.5 ml

of a 3:1 mixture of ICI/NaCl. This mixture was then finally added to 0.5 ml of 10 mg/ml HSA
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solution prepared in 1X borate. The mixture was placed on ice for 20 min for the tagging reaction
to occur. The solution was then passed through a chromatography column for purification. 40
fractions of the purified tagged protein were collected, and the activity measured using a Perkin
Elmer 2470 WIZARD 2 gamma counter. This was done to capture the free iodine peaks and
evaluate the efficiency of iodination. The three or four fractions with the highest activity were
collected, pooled together, and run through a second chromatography column for further
purification followed by a second fraction collection and activity measurement for peak
identification. The three or four fractions with the highest activity were again collected and pooled
together. The purified radiolabeled protein was placed in a lead pig and stored at -80°C until further

use.

2.3.2.5 1-125 radiolabeled HSA adsorption

Non-specific protein adsorption was measured for the coated surfaces using bare substrates
as negative controls. Human serum albumin was used as the model protein for this study. A sample
set of n=4 was used for all studies. First, all samples were incubated in 0.75 ml of degassed citrate
phosphate buffer saline with sodium azide (cPBSzl) for 2 h at 37°C in 2 ml cups. This was
performed to equilibrate the surfaces. The radiolabeled albumin was then thawed and added to a
0.6 mg/ml stock solution of HSA in degassed cPBSzI, to prepare the “hot” protein solution. The
activity of the hot solution (HSA containing radiolabeled protein) was measured to obtain a
minimum 2:1 signal-to-noise ratio, with an activity of ~ 100 CPM/ng. After the 2 h incubation
period, 0.75 ml of the hot protein solution was added to each sample and incubated for another 2
h at 37°C. After this step, the samples were thoroughly washed with cPBSzI using a rinsing setup
to remove any excess non-adsorbed protein from the sample surface. The samples were then

transferred to gamma counter tubes and carefully capped. The radioactivity of each sample was
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measured for 1 min using the gamma counter. The amount of the protein adsorbed was measured
based on the activity of the hot protein solution and surface area of the samples and was calculated

in ng/cm?,

2.3.2.6 Cytotoxicity studies

NIH-3T3 mouse fibroblasts were used to determine the toxicity of the coated samples. RPU
and titanium samples grafted with pPSBMA (n=3) were first sterilized by soaking in 70% ethanol
for 1 h. The sterilized samples were then aseptically placed in 12-well plates along with 1 ml of
complete growth medium (DMEM-high glucose + 1 v% L-glutamine + 1 v%
antibiotic/antimycotic + 10 v% fetal bovine serum) and allowed to elute for 24 h by incubation at
37°C. After elution, 1 ml eluates were transferred from the samples to another 12-well plate with
the sub-confluent cultured cells. The samples were again incubated at 37°C for an additional 72 h
and removed for microscopic examination at 24, 48 and 72 h time points. The well plates were
periodically swirled during the incubation period. Blank wells of a tissue culture polystyrene
(TCPS) plate incubated in normal media were used as negative control while latex was used as
positive control. The cells were observed for visible signs of toxicity as indicated by changes in
cell morphology by way of comparison with the negative control cells. The samples were rated on
a reactivity grade from 0 to 4 using guidelines developed by the US Pharmacopeia (USP) or ISO

10993-5, with 0 denoting no reactivity and 4 indicating severe reactivity.

2.3.3 INVIVO STUDIES
2.3.3.1 In vivo implantation in mice

A mouse model was used to evaluate the FBR to pSBMA grafted RPU discs. For
this study, 8 mm RPU discs were used as the model implant. The samples were sterilized by
soaking in 70% ethanol. All animal experiments strictly adhered to federal guidelines and were
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approved by the Animal Care and Use Committee at the University of Washington. 8 mm RPU
discs coated with pPSBMA were implanted in 8-10 weeks old male Balb/C mice (n=10) for 4 weeks.
All implantations were performed subcutaneously. The mice were administered with
buprenorphine before being anesthetized with isoflurane. To implant the discs, the backs of the
mice were first shaved and sterilized with betadine and cleaned with alcohol wipes before making
the incisions. This was to clean the incision site of any mice hair or other impurities. Subcutaneous
pockets were then formed under both shoulders of each mouse and one implant was placed on each
side. The incisions were closed with surgical staples and mice were carefully monitored until
explantation.

After 4 weeks of implantation, all mice were euthanized by asphyxiation with carbon
dioxide, carefully following the protocols provided by the Animal Care and Use Committee at the
University of Washington. The implants were explanted by making midline incisions. After
dissection, the samples were fixed in a zinc fixative and embedded in paraffin blocks. 7 um
sections were prepared on glass slides by sectioning the paraffin blocks with a microtome. The
samples were then baked in an oven at 60°C for 20 min and allowed to cool down before
deparaffinizing the slides. The slides were then stained with Masson’s trichrome using previously
established protocols in our lab. The stained slides were imaged in brightfield using a Nikon E800

camera.

2.3.3.2 In vivo implantation in chickens
The chicken experiments were performed at Oregon State University using 4 months old
Freedom Ranger chickens (n=10). The surgeries were performed by veterinary surgeons. 3-D

implants made using RPU-70 were implanted in the chicken feet to test the biomechanics of the
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actual implant design and more importantly the effect of pPSBMA coatings on FBR. All samples

were sterilized before implantation using ethylene oxide.

2.4 RESULTS AND DISCUSSION

This section is a discussion and analysis of the proposed protocol for grafting of
zwitterionic pSBMA coatings on polyurethane (RPU) and titanium (Ti) based substrates using the
surface modification techniques discussed previously (RFGD plasma and ARGET ATRP). The
surfaces were first activated by depositing 2-hydroxyethyl methacrylate using RFGD plasma,
followed by immobilization of a macroinitiator, BIBB and synthesis of pPSBMA coatings using
ARGET ATRP. A schematic of this three-step methodology is shown in Figure 2.1. Polypropylene
(PP) was the initial substrate of interest, and some initial protocol development and testing was
performed on PP. The results for PP samples are discussed in section A.6. However, the use of PP
was later discontinued in favor of RPU-70, which possesses the advantage of being 3-D printable
with better design resolution for implant features, in addition to superior mechanical properties.
The majority of the testing, characterization, and analysis reported herein is thus based on RPU
substrates, including the in vivo studies. Titanium was later introduced as an alternative implant
material because of its wide use and relative familiarity to regulatory agencies. The results for RPU

and titanium substrates are discussed in the following sections.

241 SURFACE CHARACTERIZATION USING XPS

To begin with, hydroxyl groups were introduced on clean RPU and titanium surfaces, using
RFGD plasma deposited HEMA (RPU-HEMA, Ti-HEMA) using methods described in section
2.3.1.2. The hydroxyl groups act as anchors for the macroinitiator immobilization. BIBB was

attached through the esterification of the hydroxyl groups to introduce bromine on the surface
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(RPU-HEMA-BIBB, Ti-HEMA-BIBB). The bromine is then used to initiate ARGET ATRP to
graft pPSBMA coatings (RPU-HEMA-pSBMA, Ti-HEMA-pSBMA). XPS was used to analyze the
surface composition after each modification step to verify the success of surface modification. The
atomic compositions of various surfaces before and after surface treatments are summarized in
Table 2.1 and Table 2.2. XPS survey scans are depicted in Figure 2.4 and Figure 2.5. All scans
were collected after soaking the samples in DI water for 1 h to ensure the measured values are only
those of robustly attached species.

For clean bare RPU, only carbon (C), oxygen (O) and nitrogen (N) were observed on the
surface, as expected for a clean polyurethane surface. After the introduction of HEMA, C and O
were expectedly the only observed species. Bromine was observed only after the immobilization
of BIBB, indicating successful esterification of the hydroxyl groups. No nitrogen or sulfur species
were observed after HEMA deposition and BIBB attachment. After the successful confirmation of
the presence of a bromine initiator, pPSBMA coatings were synthesized using ARGET ATRP.
Stoichiometrically, a uniform pSBMA coating should contain 5.6 % (atom percentage) of both N
and S. The values measured for pPSBMA-grafted RPU, and titanium surfaces are in close agreement
with the theoretical values, confirming successful grafting of pPSBMA brush coatings. In addition,
bromine was undetected after pSBMA grafting, indicating complete utilization of the initiator and
the presence of a dense pSBMA coating with thickness greater than 100 A. Additionally, no
unexpected contamination was detected, further confirming the presence and quality of the

pSBMA coating on the surfaces.
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Table 2.1. Summary of the surface composition of bare and functionalized RPU surfaces as

obtained by survey and high-resolution C 1s scans from XPS (n=3).

5 I Elemental composition (%) C 1s (%)
ample
C 1s O 1s Br 3d N 1s S2p CH CN,CO COOR
RPU 83+0.5 139+04 - 3.1+£0.2 - 62.4+0.9 316+1.9 6.1+0.9
RPU-HEMA 69+0.9 31+0.2 - - - 50.4+0.1 33.3+08 | 16.3+0.6
RPU-HEMA-BIBB | 69.6 +0.6 27+0.3 34+0.8 - - 68.1+0.1 22.1+0.1 9.8+0.3
RPU-HEMA- 663+09 | 24+1.1 - 51+02 | 46+03 | 542+11 | 385+06 | 7.4+05
pSBMA
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Figure 2.4. Representative XPS survey scans of RPU surfaces before and after functionalization.
a) Bare RPU b) RPU-HEMA ¢) RPU-HEMA-BIBB d) RPU-HEMA-pSBMA.. Major peaks are

labeled in each scan.
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Table 2.2. Summary of the surface composition of bare and functionalized titanium surfaces as

obtained by survey and high-resolution C 1s scans from XPS (n=3).

Elemental composition (%) C 1s (%)
Sample :
Cls O 1s Br 3d N 1s S2p Ti2p CH (6{0) COOR
Ti 347+3 | 49116 - - 162+13]1763+03|139+13 | 9.8+1.0
Ti-HEMA | 735+0.1 | 26.5+0.1 - - - - 55.1+08 | 30.7+06 | 142+14
TI-HEMA- 69.5+03 | 268+04 | 3.7+£0.2 - - - 51.3+13|300+£09 | 187+04
BIBB
TI-HEMA- 679+06 | 23+0.6 - 47+0.3 44+0.3 - 494+0.8 | 39.8+0.7 | 10.8+0.8
pSBMA
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Figure 2.5. Representative XPS survey scans of titanium surfaces before and after
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functionalization. a) Bare Ti b) Ti-HEMA c) Ti-HEMA-BIBB d) Ti-HEMA-pSBMA. Major

peaks are labeled in each scan.
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To obtain further insight into the chemical bonding environment of the prepared surfaces,
high resolution C 1s spectra were also collected for RPU and titanium surfaces before and after
the surface treatments. Characteristic shifts were observed in carbon peaks for all samples, based
on the chemical structure of the coating compound. The contributions of each chemical state of
carbon on various surfaces are summarized in Table 2.1 and Table 2.2. The shape and features of
high-resolution C 1s spectra of RPU and titanium surfaces at various stages of modification are

depicted in Figure 2.6 and Figure 2.7, respectively.
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Figure 2.6. Representative high-resolution spectra of the C1s peak on various RPU surfaces. a)
bare RPU b) RPU-HEMA c) RPU-HEMA-BIBB d) RPU-HEMA-pSBMA. Fitted peaks are
labeled to represent different bonding environments within each chemical structure.
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Figure 2.7. Representative high-resolution spectra of the C1s peak on various titanium surfaces.
a) bare Ti b) Ti-HEMA c) Ti-HEMA-BIBB d) Ti-HEMA-pSBMA. Fitted peaks are labeled to
represent different bonding environments within each chemical structure.

All spectra were fitted with three width-constrained peaks, each corresponding to different
bonding environments based on the chemical structure of the surface coating. For bare surfaces,
C-H or C-C was fitted at 285 eV, CO and CN at 286.5 eV, and NCOO or COO were fitted at 289
eV. For HEMA-grafted surfaces, the C-H peak was fitted at 285 eV, CO at 286.5 eV, and the peak
corresponding to COO at 289 eV. For BIBB-immobilized surfaces, the peak at 286.5 eV
represented overlapping CO and C-Br peaks. For pPSBMA grafted surfaces, the peak at 286.5 eV

represents an overlap of CO, CN*, and CSOs", confirming the presence of pPSBMA on the surface.
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To gain further insight into the bonding environments of bare and pSBMA-coated RPU
surfaces, high resolution N 1s spectra were also collected, since both surfaces contain nitrogen
(Figure 2.8). The N 1s peak (400 eV) in the bare RPU spectrum can reasonably be attributed to the
NCO and NCOO groups, which are generally present in the polyurethane structure, whereas in
case of pSBMA-grafted surfaces, the N 1s peak represents the nitrogen from the positively charged

quarternary amine species in the pSBMA structure.58:5°
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Figure 2.8. Representative high-resolution spectra of the N1s peak on a) bare RPU and b) RPU-
HEMA-pSBMA surfaces. Fitted peaks are labeled to represent different bonding environments
within each chemical structure.

N 1sand S 2p high resolution spectra were also collected and analyzed for pPSBMA -grafted
titanium (Figure 2.9). The nitrogen spectrum showed one N 1s peak at around 400 eV, which could
be assigned to the quarternary amine groups present in pPSBMA. Similarly, the sulfur spectrum
shows 2 peaks, S 2pszat 167.5 eV and S 2pi1s2 at 168.5 eV. Both peaks represent the same bonding
environment in the 2p orbital and can be attributed to the negatively charged sulfonate group

present in the pPSBMA molecule.%8>°
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Figure 2.9. Representative high-resolution spectra of the pSBMA grafted titanium surface a) N
1s b) S 2p and c) C 1s. Fitted peaks are labeled to represent different bonding environments

within each chemical structure.

These observations confirm the successful chemical transformations associated with the
grafting of a uniform zwitterionic coating on the substrate surfaces. Following this, further analysis
was performed to study the effect of chemical processing on the structure of RPU, given its plastic
nature and possible vulnerability to the chemicals used, such as the n-hexane used for washing and
initiator attachment. In addition, the robustness and delamination resistance of the prepared
surfaces needs to be confirmed, and this was studied by soaking the samples in saline solutions

and evaluating the chemical composition using XPS. To study the effect of n-hexane wash, XPS
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survey and high-resolution C 1s spectra were collected for an RPU disc before and after washing

with n-hexane. The results of elemental composition from XPS survey scans are summarized in

Table 2.3 and Figure 2.10. The high-resolution C 1s scans are summarized in Table 2.3 and

depicted in Figure 2.11. Comparison of the samples indicated no difference, suggesting chemical

compatibility of RPU with n-hexane. This observation also validates the use of n-hexane in the

initiator immobilization reaction for RPU.

Table 2.3. Summary of the surface composition of RPU surfaces before and after washing with

n-hexane as obtained by survey and high-resolution C 1s scans from XPS.

Elemental composition (%) C 1s (%)
Sample
C1s O 1s N 1s Si2p CH CN,CO COOR
Before hexane wash 77.3 15.1 3.7 3.9 62.4 31.6 6.1
After hexane wash 77.1 15.8 2.6 45 61.1 34.3 4.6
a) b)
7000 8000
€18  |ea0o C1s £ 7000
e - e 6000
L 5000
L4000 © 8
5 1 4000 S
1 3000 S 8
L 3000
N 1s [ 2000 N 1s L 2000
Si2p 11000 Si2p {1000
. . . . heden ) . , Ll 0
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Figure 2.10. Representative XPS survey scans of RPU surfaces a) before and b) after washing

with n-hexane. Major peaks are labeled in each scan.
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Figure 2.11. Representative high-resolution spectra of the C 1s peak on RPU surfaces a) before
and b) after washing with n-hexane. Fitted peaks are labeled to represent different bonding
environments within each chemical structure.

To study the in vitro stability of the grafted surfaces, the samples were soaked in saline
solutions and tested for elemental composition using XPS. RPU samples were soaked in PBS for
48 h before analysis. The results of the surface composition are summarized in Table 2.4 and the
survey scans are depicted in Figure 2.12. The XPS spectra of the RPU surfaces before and after
soaking in PBS are similar. Both samples contain comparable amounts of N and S, values that are
in agreement with theoretically expected values for pPSBMA-grafted surfaces. In addition, trace
amounts of sodium and copper were observed on the samples after the PBS soak, which can be
attributed to the PBS solution, since the samples were not washed after the PBS soak to rule out
any artifacts due to further chemical exposure. The high-resolution C 1s spectra are depicted in
Figure 2.13. As summarized in Table 2.4, the composition of various C 1s functional groups in
both samples have comparable values, with the differences well within the range of error of XPS.

These observations confirm the in vitro stability of pSBMA-grafted RPU surfaces.
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Table 2.4. Summary of the surface composition of RPU surfaces before and after soaking in PBS

as obtained by survey and high-resolution C 1s scans from XPS (n=3).

Elemental composition (%6) C 1s (%)
Sample
Cls O1s Brad Ni1s  S2  Nais CU CH CN/ coor
2Pz CO
RPU-HEMA.- 385+
663+09 | 24+11 51+02 | 46+03 542+1.1 74+05
PSBMA 0.6
RPU-HEMA.- 292 4
pSBMA PBS | 643+13 | 228+0.7 49+05 | 4204 | 1904 | 05 [528%08 | " T7 | 8304
soak '
a) b)
6000 7000
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Figure 2.12. Representative XPS survey scans of pPSBMA grafted RPU surfaces a) before and b)

after soaking in PBS. Major peaks are labeled in each scan.
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Figure 2.13. Representative high-resolution spectra of the C 1s peak on pPSBMA grafted RPU
surfaces a) before and b) after soaking in PBS. Fitted peaks are labeled to represent different
bonding environments within each chemical structure.

In vitro stability test results for the pPSBMA-coated titanium samples are summarized in Table 2.5.
For this study, the prepared pPSBMA grafted samples were soaked in 0.9% saline at 37°C for 10
days, at the end of which the samples were analyzed with XPS. It can be observed that the titanium
atomic % on the bare samples has reduced to 5% after soaking in saline, in contrast to 16% for an
unsoaked sample. In addition, sodium and chlorine were also observed on the saline-soaked
samples in trace amounts. These changes can be attributed to the deposition of a salt layer on the
titanium surface after the 10-day soak, since the samples were not washed after the salt soak to

avoid further processing. Similar changes can be seen for the pPSBMA-grafted surfaces as well.
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Table 2.5. Summary of the surface composition of titanium surfaces before and after soaking in

0.9% saline solution as obtained by survey and high-resolution C 1s scans from XPS (n=3).

Elemental composition (%) C 1s (%)
Sample
Cls O1l1s Br3d N1s S2p Ti2p Nals Cl2p CH CO COOR
. 347+ | 491+ 16.2 + 76.3 + 139+
Ti 2.8 16 ; ; ; 13 ; ; 0.3 13 981
' 728+ | 184+ 22+ 51+ 15+ 03+
Ti_salt soaked 13 12 - 0.8 - 0.35 0.42 0.3 78.1 16.2 58+1
Ti-HEMA- 679+ | 231+ ) 47+ | 44+ ) ) ) 49.4 + 398+ | 10049
pPSBMA 0.6 0.6 0.3 0.3 08 0.7 o
TI-HEMA- 638+ | 231+ 48+ | 39% 21+ 431+
pSszﬁ;asalt 01 02 - 01 02 - 25+1.1 11 | 483%2 17 | 86%03

High-resolution C 1s scans were also collected for these samples and are depicted in Figure
2.14. As summarized in Table 2.5, the differences in composition of various C 1s functional groups
are within the margin of error. High-resolution N and S spectra were also collected for Ti-HEMA-
pSBMA samples, after soaking in the saline solution, and are depicted in Figure 2.15. The
representative N 1s and S 2p peaks in the respective high-resolution spectra also show trends
similar to the unsoaked samples, as depicted in Figure 2.9 and discussed above. These observations

confirm the in vitro stability of titanium surfaces grafted with pSBMA.
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Figure 2.14. Representative high-resolution spectra of the C 1s peak on bare titanium a) before b)
after soaking in 0.9 % saline solution and pSBMA grafted titanium c) before and d) after soaking
in 0.9% saline solution. Fitted peaks are labeled to represent different bonding environments

within each chemical structure.
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Figure 2.15. Representative high-resolution spectra of the pPSBMA grafted titanium surfaces
soaked in 0.9% saline solution: a) N 1s b) S 2p and c) C 1s. Fitted peaks are labeled to represent

different bonding environments within each chemical structure.

After validation of the proposed protocol in terms of expected chemical composition
trends, and verification of in vitro stability of the prepared hydrophilic coatings, the next step was
the in vivo performance evaluation of the surface-modified implants. The in vivo tests in chicken
model were performed at Oregon State University and are detailed in section 2.3.3.2. However,
given in vivo studies typically involve extensive sterilization of the device before implantation in
the host body, we must establish the effect of these treatments on the chemical composition and

integrity of the pPSBMA surfaces. This is required to prevent the pretreatment steps from potentially
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confounding the in vivo performance analysis. In the chicken studies discussed in this work, the
RPU implants were sterilized using ethylene oxide (EtO). To establish the effect on the coating
structure, RPU implants were EtO-sterilized and analyzed using XPS. The composition of the bare
and pSBMA coated samples, before and after EtO sterilization, is summarized in Table 2.6 and
Table 2.7. The XPS survey scans and high-resolution C 1s and N 1s spectra are shown in Figure
2.16 and Figure 2.17, respectively.

The XPS results indicate some changes in the surface composition of both bare and
pSBMA-grafted RPU samples after EtO sterilization. For bare RPU, a 50% increase in the atomic
percentage of O 1s can be observed, while the C 1s percentage has decreased by >10% (Table 2.6).
Similar changes occur in the bonding environment of C1s for bare RPU (Table 2.7). This is likely
due to the interaction of the implant surface with EtO gas. The pSBMA-grafted samples exhibit
smaller changes in elemental composition, but reasonable changes are observable in the N 1s
bonding environment (Table 2.6 and Table 2.7). Despite these changes in the composition, the
presence of significantly detectable amounts of characteristic elements and functional groups
clearly indicates that the coating remains substantially intact, indicating reasonable robustness to

the sterilization pretreatments.
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Table 2.6. Summary of the representative surface composition results of RPU surfaces before

and after EtO sterilization as obtained by survey scans from XPS.

Elemental composition (%)
Sample
C1s O1s Br 3d N 1s S2p
RPU 83 13.9 - 3.1 -
RPU_ Sterilized 74.5 23.1 - 2.4 -
RPU-HEMA-pSBMA 66.3 24 - 5.1 4.6
RPU-HEMA.-
0SBMA._Sterilized 68 21.1 1.2 6.6 3.1
a
) 6000 b)
L 0 C1s 01s C1s 4000
(-R-0-C-NH-R2-NH-C-0-), 5000
O1s 4000 3000
3000§ é
S 2000 3
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Figure 2.16. Representative XPS survey scans of bare RPU surfaces a) before and b) after EtO
sterilization and of pSBMA-grafted surfaces ¢) before and d) after EtO sterilization. Major peaks

are labeled in each scan.

59



Table 2.7. Summary of the representative surface composition results of RPU surfaces before

and after EtO sterilization as obtained by high resolution C 1s and N 1s scans from XPS.

C 1s (%) N 1s (%)
Sample
CH CN, CO COOR N N*
RPU 62.4 31.6 6 100 -
RPU_ Sterilized 58.6 33.7 1.7 100 -
RPU-HEMA-pSBMA 54.2 38.5 7.4 18.3 81.7
RPU-HEMA-
pSBMA_Sterilized 51.4 41 7.6 7.4 92.6
a) 4000 b) 700
CH
3500
3000 NCO + NCOO 650
CO+CN 2500
< 600
2000 S
8
NCOO 1500 550
1000
500 L 500
292 290 288 286 284 283 404 402 400 398 396
Binding Energy (eV) Binding Energy (eV)
€) 4000 d)
3500 CN*+ N*(CH,), (1100
L 3000 1000
CO +CN*+ CSO5° 2500 " +900
-zooog
L 800
L1500 ©
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Figure 2.17. Representative high-resolution spectra of the a) C 1s peak and b) N 1s peak of bare
RPU and c) C 1s peak and d) N 1s peak of pPSBMA-grafted RPU after EtO sterilization. Fitted

peaks are labeled to represent different bonding environments within each chemical structure.
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2.4.2 SURFACE COATING THICKNESS MEASUREMENT USING PROFILOMETRY

Following the chemical confirmation of the synthesis of a stable and uniform pSBMA
coating, the coating thickness was measured using a profilometer. All coating measurements were
made on silicon wafer substrates since the profilometer requires a hard and flat surface. RPU is a
plastic, and the 3-D printed discs contain grooves on the surface, making them unsuitable for use
with the profilometer instrument. An unsuccessful attempt was also made to take these
measurements on titanium. The thick and uneven oxide layer inherently present on the surface of
titanium posed challenges to accurate thickness measurements on these surfaces. Silicon wafer
was thus used as the substrate for these measurements.

The thickness measurements were taken after each functionalization step. The thickness of
the HEMA layer reduced from 204 + 3.4 nm to 71 + 4.1 nm after soaking in water for 1 h. However,
further soaking resulted in negligible changes in the HEMA coating thickness. This decrease can
be attributed to the removal of unreacted or loosely attached HEMA monomer. After immobilizing
the BIBB initiator, the measured thickness increased to 86 + 1.8 nm, indicating the addition of the
subsequent layer. Upon grafting the pSBMA coating, the thickness further increased to 116 + 1.9
nm, indicating successful addition of the non-fouling coating on the HEMA activated surfaces.

These results are summarized in Figure 2.18 and Figure 2.19.
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Figure 2.18. Change in thickness of the HEMA coating after soaking in water for 1 h, measured

using a profilometer (n=5).
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Figure 2.19. Thickness of the pSBMA coatings, measured using a profilometer (n=5).
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Thickness measurements were also made after soaking the samples in 0.9% saline solution
at 37°C for 10 days, to check for any delamination. As depicted in Figure 2.20, no significant

changes were observed in the thickness of pPSBMA coating after a 10-day soak indicating robust
coatings that are resistant to delamination. These observations are in line with the surface

composition results depicted in Table 2.5.
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Figure 2.20. Thickness of the pSBMA coatings after a 10-day soak in 0.9% saline solution,

measured using a profilometer (n=5).

243 SURFACE WETTABILITY MEASUREMENT USING GONIOMETER

The contact angle was measured on titanium substrates before and after grafting the
pSBMA coating to quantify changes in surface wettability from the introduction of the hydrophilic
zwitterionic species. The contact angle of bare titanium surface was measured to be 84° which
reduced by 86% to 13° upon introduction of the pSBMA coating, indicating a significant increase
in surface wettability (Figure 2.21). These values are in agreement with previously reported values

in the literature for chemically similar surfaces.®%-52 The high contact angle of the bare titanium
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surface can be attributed to the thick oxide layer inherently present on the titanium surface. The
significant reduction in the contact angle after pPSBMA grafting can be explained based on the
super hydrophilic nature of pPSBMA molecules, which tend to form strong and stable hydration

layers on the surface.
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Figure 2.21. Contact angle measurements on titanium substrates, measured before and after
pSBMA grafting (n=6).

244 PROTEIN ADSORPTION MEASUREMENT USING RADIOLABELED HSA

Limiting non-specific protein adsorption on the implant surfaces is arguably the most
critical aspect of minimizing FBR and is the chief objective of the work described in this
chapter.3263 For substrates grafted with pPSBMA, amount of albumin adsorbed was 93% lower than
that for bare substrates (Figure 2.22). This significant reduction in the amount of protein adsorbed
can be explained based on the super-hydrophilic nature of SBMA molecules, due to their ability
to form interfacial hydration layers via electrostatic interactions and hydrogen bonding. The “ice-

like” structured hydration layer limits non-specific protein adsorption, thus inhibiting foreign body
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response.’4% In addition, a 70% reduction in protein adsorption was observed for surfaces

deposited with only HEMA coating. This is a reasonable observation given the hydrophilic nature

of HEMA molecules and their ability to form hydration layers at the surface, although unlike

PSBMA brushes this is primarily via hydrogen bonding.%® The structured electrostatic forces in

case of pPSBMA provide a full-coverage hydration layer that is strongly adhered to the surface,

further reducing the extent of protein adsorption.
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Figure 2.22. Amount of protein adsorption on various RPU surfaces, measured using

radiolabeled human serum albumin (n=4).

Zhang et.al. have previously demonstrated that gold surfaces covered with similar pPSBMA

coatings can achieve protein adsorption values of less than 0.3 ng/cm? of fibrinogen.? Based on

past studies, protein adsorption metrics below 3-5 ng/cm? have been demonstrated to significantly

reduce FBR.%357 While the values reported in this work are somewhat higher than the 3-5 mg/cm?

range, the coatings prepared in this work do dramatically limit protein attachment. For RPU
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surfaces, protein adsorption values as low as 10.5 ng/cm? were achieved for pPSBMA grafted
surfaces in comparison to 148 ng/cm? for bare substrates. These observations suggest that with
only minor optimizations of the protocols used, the pPSBMA coating synthesis methods can also
achieve protein adsorption metrics below the 5 ng/cm? threshold. These considerations thus
illustrate the potential of these methodologies to develop robust and uniform surfaces that exhibit

ultra-low fouling and protein resistant properties.

245 CYTOTOXICITY ASSESSMENT USING NIH-3T3 FIBROBLASTS

Cytotoxicity of the pSBMA grafted surfaces was assessed as discussed in section 2.3.2.6.
Visual microscopic inspection and reactivity grading did not indicate a cytotoxic response to

extracts from RPU-HEMA-pSBMA and Ti-HEMA-pSBMA samples relative to latex controls.

2.4.6 INVIVO TESTING IN MICE AND CHICKENS

All the results discussed thus far indicate robustness, delamination resistance, sterilization
stability, non-cytotoxicity and significant resistance to protein adsorption, indicating substantially
enhanced biocompatibility compared to bare substrates. To test in vivo performance of the
prepared coatings, RPU samples coated with pSBMA were implanted in mice and chickens based
on the methods described in the section 2.3.3. Mice studies were conducted at the University of
Washington and the implants were tested in the form of 8 mm RPU discs. All samples were
implanted subcutaneously. The chicken studies were conducted at Oregon State University (OSU)
and the devices implanted were in the form of 3-D-printed implants designed by Balasubramanian
et.al.

Representative images for sections from coated and uncoated samples implanted in mice

are shown in Figure 2.23. All the images were taken at 4x magnification. RPU-70 proved a difficult
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material to section due to large differences between the material properties of RPU and the
embedded tissue. RPU sections were found to be displaced from their actual position, creating
voids observable in the images. These images are representative of a qualitative histological
analysis. Due to the complexity of the biological environment and presence of artifacts, there are
a number of factors that can affect the density of the capsule around the implant. The samples were
evaluated based on thickness, density and coverage of the capsule around the implant or the void.
Significantly reduced thickness and coverage of foreign body capsule was observed for the

pSBMA coated samples in comparison to bare samples.

(a) (b)

Figure 2.23. Representative images of sections from a) uncoated and b) coated RPU discs
implanted in mice.

For chicken studies, all chickens were implanted for 12 weeks. Representative images of
uncoated and coated samples, annotated with histopathologist notes are depicted in Figure 2.24.
Severe fibrosis was observed around the tendon surrounding the device in case of uncoated
devices. The histopathologist notes indicated significantly reduced fibrosis around the implants

coated with pPSBMA as compared to the untreated devices. It is noteworthy that little reactivity
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was observed towards the implant material in contact with the surrounding tissue and tendon,

indicating significantly enhanced biocompatibility of pPSBMA-coated surfaces.
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Figure 2.24. Representative images of sections of 3-D printed devices implanted in chicken feet.
All sections are stained with mason’s trichrome stain: a) and b) represent sections of uncoated

implants and c) and d) are sections of coated implants.

2.5 SUMMARY AND CONCLUSIONS

The continued progress of the medical device industry, particularly the development of
biomedical implants, greatly hinges on the development of surface modification methods that can
create uniform and robust non-fouling surface coatings and improve biocompatibility of a diverse
range of materials. Non-specific protein adsorption on the implant surface can initiate FBR, which

eventually renders the device futile. This research thus successfully demonstrated robust and
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versatile surface coating methodologies for orthopedic implants being designed by
collaborators.%86° A variety of polymeric and metallic materials were tested for 3-D printing the
implant design with high design resolution of features. The developed coating methodology was
demonstrated on polymeric polyurethane (RPU) and metallic titanium implants, indicating wide
applicability for implants with different surface chemistries.

To achieve the desired non-fouling surface treatments, RFGD plasma and ARGET ATRP
techniques were applied and integrated in this work, with sulfobetaine methacrylate (SBMA)
chosen as the candidate super-hydrophilic molecule. The combined use of these technologies
resulted in uniform and delamination resistant surface coatings of pSBMA robust to vigorous
chemical exposure and stable in vitro. The coatings are non-toxic and exhibit protein adsorption
as low as 10.5 ng/cm?on polyurethane substrates. In addition, even the intermediate stage of RFGD
plasma-deposited HEMA surfaces exhibited low fouling and non-toxic properties, resulting in a
70% reduction in protein adsorption in comparison to bare substrates. RPU implants coated with
non-fouling pSBMA coatings also exhibited reasonable stability in vivo in mice and chicken
models, indicating enhanced biocompatibility. Due to the versatility of RFGD plasma, and the
ability of ARGET ATRP to be performed under ambient conditions sans any specialized
equipment, we envisage this methodology to be scalable and applicable to a variety of polymeric,
ceramic and metallic materials of varied surface chemistry and geometry.

Generally, the threshold protein adsorption metric for a material to be considered non-
fouling is <5 ng/cm?2.8367 Although the protein adsorption values achieved in this work are
somewhat higher, they still represent over an order-of-magnitude reduction with significant scope
for further improvement with minor protocol modifications. In addition, the in vitro and in vivo

results show promise. One strategy to achieve even further improvements is the tuning of coating
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thickness and density. Exploring different macroinitiators and initiator immobilization methods
can also result in increased initiator density, which in turn increases the grafting density of the
polymer brushes, resulting in stronger hydration layers with better coverage. Another parameter
to explore could be the effect of temperature on the effectiveness of the ARGET ATRP
polymerization and coating stability. Using a different zwitterionic monomer such as CBMA,
which are known to be more hydrophilic because of their chemical design, can also help improve
results and is a logical extension of this work. The next chapter now attempts to improve the
methodology by studying one of these refinements, namely alternative ARGET ATRP initiators

and immobilization methods.
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Chapter 3. GRAFTING pSBMA COATINGS USING RFGD PLASMA
DEPOSITED HALOESTERS AS SOLVENT-FREE INITIATORS FOR
ARGET ATRP

Abstract: Surface modification techniques involving grafting of hydrophilic polymer brush
coatings using ARGET ATRP are a promising method for developing protein resistant surfaces,
thus improving the biocompatibility and lifetime of medical implants. However, typical
methodologies involve the covalent attachment of a halogen based macroinitiator using harsh
solvents such as methylene chloride, which are incompatible with certain polymeric substrates
such as polyurethanes, resulting in mechanical degradation. There thus exists scope for
simplification by way of alternative initiator immobilization techniques. The radio frequency glow
discharge (RFGD) plasma deposition of highly reactive haloesters has been shown to be a
promising solvent-free alternative in this regard. This work thus adapts RFGD plasma-based
initiator deposition methods for a simple, one-step immobilization of a bromo haloester methyl 3-
bromopropionate (M3BP) on various substrates, and uses the attached bromine for initiating the
subsequent ARGET ATRP reaction. Following the M3BP deposition, pPSBMA brushes are
synthesized on the substrate surface using ARGET ATRP. The initiator layers prepared using this
approach are shown to be chemically robust and resistant to delamination, while the pPSBMA
coated surfaces are non-toxic, exhibit in vitro stability, and an 87% reduction in protein adsorption
over pristine surfaces. These metrics are comparable to surfaces prepared using protocols
discussed in Chapter 2. Thus, this work presents the design and investigation of a solvent-free
approach, that offers one step initiator immobilization via RFGD plasma. This technique is
applicable to a variety of substrate chemistries and geometries, resulting in a substantially

simplified surface modification protocol amenable for use at scale.
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3.1 INTRODUCTION

Chapter 2 discussed the development of a surface modification methodology to introduce
hydrophilic coatings combining RFGD plasma deposition and surface-initiated polymerization
using ARGET ATRP.1° The substrate surface is first functionalized with hydroxyl groups by the
RFGD plasma deposition of 2-hydroxyethyl methacrylate (HEMA). A Dbromine-based
macroinitiator, a-bromoisobutyryl bromide (BIBB) is then covalently introduced on the activated
substrate, which in turn serves as initiator for ARGET ATRP for grafting poly (sulfobetaine
methacrylate) (pSBMA) coatings. This chapter now introduces improvements to this methodology
based on the use of an alternative solvent-free initiator immobilization method. In this modified
methodology, RFGD plasma is used for the deposition of highly reactive bromoesters that are then
used as initiators for ARGET ATRP.%0 The concept, experimental methodology, and performance
of this alternative protocol is described in detail, with the performance of the hydrophilic surfaces
prepared using this method evaluated in a manner similar to Chapter 2.

Despite the versatility of the surface modification techniques discussed in previous
chapters, they suffer from limitations that can have a deleterious effect on the mechanical
properties of the plastic materials used in medical devices. The step involving the immobilization
of BIBB requires organic solvents such as methylene chloride, which are not compatible with
plastics like polyurethanes and acrylates and can cause them to swell and distort, compromising
their mechanical integrity and negatively affecting device performance. Plastic based materials
like polyurethanes are widely used in medical implants given their desirable mechanical properties
and are also of salience in this work. This motivates the search for alternative protocols which
avoid the use of harsh solvent systems. In this chapter, we discuss the use of an RFGD plasma

deposited bromoester, methyl 3-bromopropionate (M3BP), as an alternative initiator for ARGET
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ATREP for synthesizing non-fouling pPSBMA coatings on materials with varied surface chemistries
and geometries. In this work, we covalently surface-localized a polymerization initiator using
RFGD plasma deposition and utilized the introduced bromine molecules to achieve uniform,
tunable and delamination resistant surface functionalization.

Recently, our group developed an RFGD plasma-based technique for the deposition of
highly reactive haloesters to serve as initiators for ARGET ATRP for grafting poly (hydroxyethyl
methacrylate).? This work in turn was based on the application of previously introduced plasma
deposition approaches for various applications.'!'2 Of the various candidate molecules evaluated
as ARGET ATRP initiators, M3BP was found to yield abundant initiator density, as determined
by XPS studies. In addition, XPS analysis also revealed negligible changes in bromine content
even after sustained and vigorous wash steps.11? This method allows for tunable initiator density
by way of variation of the plasma process parameters. In addition, it is noteworthy that with plasma
deposited M3BP as initiator, ARGET-ATRP was able to grow pHEMA brushes in only 15 min,
illustrating high reactivity of the introduced bromine groups and the potential scalability for
industrial applications.® In particular, the simplicity of the protocol is illustrated by the fact that it
only a two-step process of synthesizing polymer coatings in comparison to the three-step process
discussed in Chapter 2. A higher initiator density is also likely to result in improved grafting
density of polymer brushes, which is a critical aspect of ensuring adequate non-fouling and
lubrication properties, as discussed in detail in Chapter 1.813-16

The above considerations thus motivate the adaptation of this technique for pSBMA
grafting on a wide range of substrates relevant to this work, for developing hydrophilic and protein
resistant surfaces. Polyurethanes, acrylates and titanium are some of the substrates investigated

herein. RFGD plasma deposition was used to first immobilize the M3BP initiator on the surface
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of the substrate. This resulted in relatively uniform, delamination-resistant initiator layers. An
optimized version of the ARGET ATRP protocol of Chapter 2 was then repeated for the synthesis
of pSBMA brushes. The efficacy of the immobilization was evaluated by quantification of the
surface bromine content using XPS and was found to agree with expectations from theory. In
addition, the chemical stability of the layers was established by surface characterization before and
after vigorous wash steps. The final, pPSBMA-coated surfaces were evaluated based on surface
characterization and protein adsorption steps similar to that of Chapter 2. The pSBMA-coated
surfaces prepared using this methodology showed an 87% reduction in protein adsorption levels
over bare surfaces, which is comparable to the values in Chapter 2 while providing a simplified,
solvent-free alternative for initiator immobilization applicable to industrially relevant substrates.

A schematic of the two-step methodology used in this study is shown in Figure 3.1.

o]
... M i
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o to
: ;
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Initiator deposition | Br ‘ ‘ Br ARGET ATRP -
Sub g with RFGD plasma ‘ | with SBMA
ubstra m Substrate

Figure 3.1. Schematic of the general coating process. In step 1, a clean, bare substrate of the

given implant material is functionalized with bromine by means of RFGD plasma deposition of
M3BP. In step 2, the non-fouling pSBMA coating is grafted via ARGET ATRP.
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3.2 MATERIALS

Methyl 3-bromopropionate (M3BP, CAS No.: 3395-91-3), copper (1) bromide (CuBrz,
CAS No.: 7789-45-9), 2,2-bipyridyl (bpy, CAS No.: 366-18-7), L-ascorbic acid (CAS No.: 50-81-
7), 2-(methacryloyloxy)ethyl]dimethyl-(3-sulfopropyl) ammonium hydroxide (SBMA, CAS No.:
3637-26-1), human serum albumin (HSA, >99%, CAS No.:70024-90-7), sodium azide (CAS No.:
26628-22-8), and sodium iodide (CAS No.: 7681-82-5) were purchased from Sigma-Aldrich and
used as received. Sodium chloride (CAS No.: 7647-14-5) was purchased from EMD Millipore.
Citric acid monohydrate (CAS No.: 5949-29-1) was purchased from J.T. Baker. lodine-125
radionuclide (Specific Activity: ~17Ci/mg) was purchased from Perkin Elmer. Chromatography
columns (10DG Desalting Columns, CAS No.: 7322010) were purchased from Bio-Rad. Sodium
phosphate monobasic monohydrate (CAS No.:10049-21-5), and boric acid (CAS No.:10045-35-
3), were purchased from Fisher Scientific. All organic solvents were also purchased from Fisher
Scientific and used as received without further purification. 3D-printed 8 mm RPU-70 discs were
received from Dependable Plastics (Fairfield, CA). Titanium sheets were purchased from

McMaster-Carr.

3.3 EXPERIMENTAL METHODS

3.3.1 SAMPLE PREPARATION
3.3.1.1 Substrate preparation and cleaning

Titanium sheets were first cut into 0.5-inch squares. To remove any surface impurities, the
samples were thoroughly washed by sonication in n-hexane, methylene chloride, acetone and
methanol for 15 min each. The cycle was repeated three times. The solvents were changed after

every cycle. RPU-70 discs were washed by sonicating only in n-hexane for 15 min, repeating the
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cycle three times. All samples were then dried under vacuum and stored in a desiccator until further

use.

3.3.1.2 Initiator immobilization using plasma deposited M3BP

A layer of M3BP was deposited on the substrates using RFGD plasma. A custom-built
plasma reactor based on the design reported by Lopez et. al. was used for all plasma-based
experiments in this study (Figure 3.2).17 The plasma reactor parameters used for RPU-70 were
slightly different from those used for titanium substrates. This was due to the presence of a thick
oxide layer on the titanium surfaces, which can lead to easy delamination of coatings. The process

parameters thus required optimization.

Samples are placed
between the electrodes

- A

Figure 3.2. Image of the RFGD plasma setup.

After thorough cleaning, the substrates were loaded in the plasma reactor and placed
between the two electrodes (powered and grounded) positioned 100 mm apart. An automatic
impedance matching network and a 13.57 MHz radio frequency power source were connected to

the powered electrode. A mechanical pump was used to pump down the reactor to a base pressure
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of 6-7 mTorr. A cold trap cooled using liquid nitrogen was installed between the mechanical pump
and the reactor to condense any waste organic vapors.

For RPU-70, after the reactor attained the base pressure, the samples were first argon-
etched for 5 min at 60 W while maintaining a pressure of 250 mTorr. This was done to clean the
sample surfaces of any organic impurities. After this step, methane gas was bled into the chamber
and a methane layer was plasma deposited at 80 W for 5 min, while maintaining a stable pressure
of 140 mTorr. The methane layer enables strong adhesion of subsequent plasma coatings to the
substrates, thus preventing delamination. After the deposition of the methane layer, the reactor was
again pumped down to base pressure. M3BP was then introduced into the reactor from a glass
flask attached to the system through a caliper valve and allowed to reach a stable pressure of 150
mTorr. An initial adhesion layer was first formed by plasma depositing the M3BP at 100 W for 1
min, after which the power was reduced to 6 W for 4 min, while maintaining a stable pressure of
150 mTorr. The plasma generator was then turned off and the samples were quenched in the vapors
for 5 min at a pressure of 150 mTorr. This was done to achieve complete utilization of the free
radicals generated by the plasma. The chamber was then pumped down to base pressure and
flushed with argon thrice, to prevent any organic vapors from escaping into the atmosphere upon
opening the reactor. The plasma-deposited samples were retrieved under argon and stored in
vacuum overnight to lessen surface chemical reactivity.

For titanium substrates, the above procedure was applied albeit with minor modifications
for the durations of argon etching and adhesion layer deposition. For titanium, the samples were
argon etched for 15 min at 60 W, while maintaining a stable pressure of 250 mTorr. After this, a
layer of methane was plasma deposited for 8 min at 80 W and a pressure of 140 mTorr. M3BP was

then plasma deposited for 2 min at 100 W and 4 min at 6 W, at a stable pressure of 150 mTorr,
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and quenched for 5 min before collecting under argon. The Argon etching was performed for a
longer duration for titanium to reduce the thickness of the surface oxide layer and thus minimize
surface roughness.*® The longer duration for methane deposition and M3BP deposition at 100 W
is expected to aid the adhesion of subsequent layers.

Following plasma deposition, the M3BP coated samples (hereafter denoted as RPU-M3BP
for RPU-70 and Ti-M3BP for titanium) were first soaked in a 1:1 mixture of methanol and water
for 1 h to remove any unreacted agglomerates of bromine from the surface. The samples were then

dried overnight under vacuum before further use in experiments.

3.3.1.3 Surface-initiated ARGET ATRP of SBMA

A schematic of ARGET ATRP is shown in Figure 3.3. The polymerization was performed
in air under ambient conditions. Glass vials and round bottomed flasks were used for conducting
these experiments. Since SBMA is a polar molecule, a mixture of water and methanol was used as
the solvent mixture. To prepare the reaction mixture, a predetermined amount of SBMA (0.72
mmol) and L-ascorbic acid (0.04 mmol) were first dissolved in DI water and CuBr2 (0.001 mmol)
and bpy (0.005 mmol) were dissolved in methanol. The denser aqueous mixture was then added
to the methanolic mixture, and the solution was degassed with nitrogen for 1 h under constant
stirring. The reaction mixture was then added to glass vials containing the initiator-immobilized
substrates and kept on a slow shaker at room temperature. The reaction was allowed to run for 2.5
h. Deionized water and methanol were used in a 60:40 ratio as the solvent mixture for this reaction.
3 ml of the prepared solution was used for each sample. At the end of the reaction time, the samples
were removed from the vials and washed with a 1:1 mixture of methanol and water at least six
times. pPSBMA grafted samples (Ti-M3BP-pSBMA and RPU-M3BP-pSBMA) were then dried

under vacuum and stored in a desiccator until further analysis.
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Figure 3.3. Schematic of ARGET ATRP.
3.3.2 SAMPLE ANALYSIS METHODS
3.3.2.1 X-ray photoelectron spectroscopy (XPS)

All XPS spectra were collected on a Kratos Axis-Ultra DLD spectrometer equipped with a
monochromatized Al Ko X-ray source operated at 10 mA emission current and 12 kV anode
potential. Charge neutralization was done using a low energy electron flood gun. The X-ray
analysis area for all acquisitions was set at 700 x 300 um. During the spectral acquisition the
pressure in the analytical chamber was maintained at a value less than 5 x 10° Torr. The take-off
angle, i.e. the angle between the sample normal and the input axis of the energy analyzer was set
to 0°, which allows for a sampling depth of ~ 100 A. Low resolution survey scans were obtained
in the energy range of 0 to 1100 eV with a step size of 1 eV and a pass energy of 80 eV. High
resolution C 1s scans were obtained from 270 to 290 eV, N 1s scans from 390 eV to 410 eV, and

S 2p scans were obtained from 160 eV to 180 eV, all at a pass energy of 20 eV. The Kratos Vision
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2 software was used to determine peak areas for calculating the elemental composition. Casa XPS
software was used for peak fitting of the high-resolution spectra. All binding energies were
referenced to the aliphatic carbon (C 1s) at 285 eV. All high-resolution spectra were fitted with a

Shirley background.

3.3.2.2 Profilometry

The thickness of the prepared surface coatings was measured using a Bruker-DektakXT
Profilometer with a 2 pm radius diamond stylus. Thickness was measured for dry samples using
the hill-and-valley profile acquisition setting across a scratch made on the surface with a razor

blade. All thickness measurements were performed on silicon substrates.

3.3.2.3 Contact angle

The contact angle of the prepared surfaces was measured in air using an NRL contact angle
goniometer (Model A-100, Rame-Hart, Inc.). Water droplets were transferred to the sample
surfaces using a pipette. The contact angle measurements were repeated n=6 times for each sample

group.18

3.3.2.4 Radiolabeling of human serum albumin using ICI method

Human serum albumin (HSA) was radiolabeled by tagging with iodine-125 (1-125) using
the iodine monochloride (ICIl) method, based on protocols previously established in our lab and
described by Horbett et.al. and Mecwan et. al.*1° Briefly, to tag the HSA with 1-125, 1 mCi of I-
125 radionuclide was added to 0.5 ml of 2X borate buffer which was immediately added to 0.5 ml
of a 3:1 mixture of ICI/NaCl. This mixture was then finally added to 0.5 ml of 10 mg/ml HSA
solution prepared in 1X borate. The mixture was placed on ice for 20 min for the tagging reaction

to occur. The solution was then passed through a chromatography column for purification. 40
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fractions of the purified tagged protein were collected, and the activity measured using a Perkin
Elmer 2470 WIZARD 2 gamma counter. This was done to capture the free iodine peaks and
evaluate the efficiency of iodination. The three or four fractions with the highest activity were
collected, pooled together, and run through a second chromatography column for further
purification followed by a second fraction collection and activity measurement for peak
identification. The three or four fractions with the highest activity were again collected and pooled
together. The purified radiolabeled protein was placed in a lead pig and stored at -80°C until further

use.

3.3.2.5 1-125 radiolabeled HSA adsorption

Non-specific protein adsorption was measured for the coated surfaces using bare substrates
as negative controls. Human serum albumin was used as the model protein for this study. A sample
set of n=4 was used for all studies. First, all samples were incubated in 0.75 ml of degassed citrate
phosphate buffer saline with sodium azide (cPBSzl) for 2 h at 37°C in 2 ml cups. This was
performed to equilibrate the surfaces. The radiolabeled albumin was then thawed and added to a
0.6 mg/ml stock solution of HSA in degassed cPBSzI, to prepare the “hot” protein solution. The
activity of the hot solution (HSA containing radiolabeled protein) was measured to obtain a
minimum 2:1 signal-to-noise ratio, with an activity of ~ 100 CPM/ng. After the 2 h incubation
period, 0.75 ml of the hot protein solution was added to each sample and incubated for another 2
h at 37°C. After this step, the samples were thoroughly washed with cPBSzI using a rinsing setup
to remove any excess non-adsorbed protein from the sample surface. The samples were then
transferred to gamma counter tubes and carefully capped. The radioactivity of each sample was

measured for 1 min using the gamma counter. The amount of the protein adsorbed was measured
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based on the activity of the hot protein solution and surface area of the samples and was calculated

in ng/cm?.

3.3.2.6 Cytotoxicity studies

NIH-3T3 mouse fibroblasts were used to determine the toxicity of the coated samples.
RPU and titanium samples grafted with pPSBMA (n=3) were first sterilized by soaking in 70%
ethanol for 1 h. The sterilized samples were then aseptically placed in 12-well plates along with 1
ml of complete growth medium (DMEM-high glucose + 1 v% L-glutamine + 1 v%
antibiotic/antimycotic + 10 v% fetal bovine serum) and allowed to elute for 24 h by incubation at
37°C. After elution, 1 ml eluates were transferred from the samples to another 12-well plate with
the sub-confluent cultured cells. The samples were again incubated at 37°C for an additional 72 h
and removed for microscopic examination at 24, 48 and 72 h time points. The well plates were
periodically swirled during the incubation period. Blank wells of a tissue culture polystyrene
(TCPS) plate incubated in normal media were used as negative control while latex was used as
positive control. The cells were observed for visible signs of toxicity as indicated by changes in
cell morphology by way of comparison with the negative control cells. The samples were rated on
a reactivity grade from 0 to 4 using guidelines developed by the US Pharmacopeia (USP) or ISO

10993-5, with 0 denoting no reactivity and 4 indicating severe reactivity.

3.4 RESULTS AND DISCUSSION

This section now analyzes the proposed protocol for grafting of zwitterionic pPSBMA
coatings incorporating solvent-free RFGD plasma deposition of reactive bromoesters as initiator
for ARGET ATRP. The surfaces were first deposited with a layer of M3BP using RFGD plasma.

The attached bromine from M3BP was then used for the synthesis of the pPSBMA coatings using
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ARGET ATRP. M3BP was chosen as the haloester for this study given the successful application
of plasma deposited M3BP for grafting poly (hydroxyethyl methacrylate) coatings on glass
surfaces in recent studies from our lab.'% A schematic of this methodology is shown in Figure 3.1.
For the evaluation of this functionalization approach, 3-D printed acrylate was also initially tested
as a candidate implant material. However, as with polypropylene in Chapter 2, it was superseded
in favor of RPU with its improved mechanical properties and 3-D printability. Titanium substrates
were also investigated as in Chapter 2 due to their wide use and the relative ease of obtaining
regulatory approvals for Ti-based devices. The protein adsorption results for acrylate-based
substrates are summarized in Appendix B. The results for RPU and titanium substrates are now

discussed.

3.4.1 SURFACE CHARACTERIZATION USING XPS

To begin with, a layer of M3BP was plasma deposited on the substrates to introduce
bromine molecules on the surface (RPU-M3BP, Ti-M3BP). The introduced bromine was used as
initiator for ARGET ATRP for grafting pSBMA coatings (RPU-M3BP-pSBMA, Ti-M3BP-
pSBMA). A stable and dense layer of initiator is crucial for grafting a thick and stable layer of
polymer brushes given the strong dependence of grafting density and robustness on initiator
density and stability.816 XPS was used to analyze the surface composition after each modification
step to verify the success of surface modification. Most importantly, the stability of the deposited
M3BP layer was first confirmed. M3BP coated samples were soaked in a 1:1 mixture of methanol
and water for 1 h. The solution was refreshed every 20 min. Surface composition of the samples
was measured using XPS before and after the soaking step. The atomic compositions of M3BP

coated surfaces before and after the wash are summarized in Table 3.1.
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Table 3.1. Summary of the surface composition of M3BP coated surfaces before and after

soaking in methanol water solution, as obtained by survey scans from XPS (n=3).

Elemental composition (%0)
Sample
C1ls O 1s Br 3d
RPU-M3BP_unsoaked 59.6 + 0.3 11+ 0.4 29.4£0.2
RPU-M3BP_soaked 7091 12+04 17.1+14
Ti-M3BP_unsoaked 61.7 £ 0.6 74+0.2 31+0.9
Ti-M3BP_soaked 7171 126+1 15.6 + 0.3

The amount of bromine reduces by approximately 42% for RPU and 55% for titanium
samples after soaking in the methanol-water mixture. This decrease in bromine content can be
attributed to the weakly bound polybromine agglomerates that get washed away upon soaking.°
No further decrease was observed in the bromine concentration upon further washing, indicating
a stable and delamination resistant M3BP layer. Even after the removal of loosely bound bromines,
>14% bromine was observed on both substrates, values comparable to the 14.3% bromine
concentration theoretically expected from the M3BP molecular structure and reaction
stoichiometry. High resolution C 1s spectra were also collected for titanium samples to gain further
insight into the bonding environment of the plasma deposited M3BP (Figure 3.4). The observed
contributions of the chemical states of carbon and bromine were similar to values previously
reported in literature.’® As depicted in Figure 3.4 the C 1s spectra was fitted with three peaks

corresponding to the three bonding environments for carbon. It can be observed that nearly 43%
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of the total signal comes from the overlapping peaks of CO and CBr (286.5 eV), indicating that

the plasma deposited M3BP coatings are rich in CBrx species.
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Figure 3.4. Representative high-resolution spectrum of the C1s peak on M3BP coated titanium
surface. Fitted peaks are labeled to represent different bonding environments within each
chemical structure.

Following the successful confirmation of a stable M3BP layer, a non-fouling pPSBMA
coating was synthesized on the substrates using ARGET ATRP using procedures described in
section 3.3.1.3. The atomic compositions of various surfaces as measured before and after surface
functionalization are summarized in Table 3.2 and Table 3.3. XPS survey scans are depicted in
Figure 3.5 and Figure 3.6. For clean bare RPU, only carbon (C), oxygen (O) and nitrogen (N) were
observed on the surface, as expected for a clean polyurethane surface. After the introduction of
M3BP, clear signals are observed for C, O, and bromine (Br) species. For titanium, only C, O and

92



Ti were observed on the surface of a clean bare titanium sample. After the introduction of M3BP,
the titanium was no longer observed and high amounts of bromine was observed on the surface in
addition to C and O, as expected for M3BP. No nitrogen or sulfur species were observed after
M3BP deposition on either of the substrates.

The pSBMA surfaces synthesized using ARGET ATRP are now studied. A surface grafted
with a uniform pSBMA coating should contain 5.6 % (atom percentage) of both N and S as
stoichiometrically expected from the structure of SBMA. The close agreement of the values
measured for pSBMA-grafted RPU and titanium surfaces with the theoretical values confirm the
successful grafting of pSBMA brush coatings. In addition, no more bromine was detected on
titanium surfaces after pSBMA grafting, suggesting complete utilization of the bromine species
and the presence of a dense pSBMA coating with thickness greater than 100 A, overlaying the
unreacted surface bromine from the initiator. Trace amounts of bromine can be observed on the
RPU-M3BP-pSBMA sample, but these values are well within the margin of error for XPS
measurements. Additionally, the absence of any unexpected contamination further confirms the

presence and quality of the pSBMA coating on the surfaces.
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Table 3.2. Summary of the surface composition of bare and functionalized RPU surfaces as

obtained by survey scans from XPS (n=3).

Elemental composition (%)
Sample
C1ls O1s Br 3d N 1s S2p
RPU 83+0.5 139+04 - 3.1+0.2 -
RPU-M3BP 709+1 12+0.4 17.2+14 - -
RPU-M3BP-pSBMA 64.1+1.3 259+1.2 0.5+0.2 5+0.3 45+0.2
a) 6000
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Figure 3.5. Representative XPS survey scans of RPU surfaces before and after functionalization.
a) Bare RPU b) RPU-M3BP c) RPU-M3BP-pSBMA. Major peaks are labeled in each scan.
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Table 3.3. Summary of the surface composition of bare and functionalized titanium surfaces as

obtained by survey scans from XPS (n=3).

Elemental composition (%)
Sample
Cls O 1s Br 3d N 1s S2p Ti2p
Ti 34.7+2.8 49.1+1.6 - - - 16.2+1.3
Ti-M3BP 71.7+1 126+1 156 +0.3 - - -
Ti-M3BP-pSBMA | 665+0.8 | 23.6+05 - 59+04 | 42%0.1 -
a)
Ti2p 60000 L 12000
50000 1 10000
0 1s 140000 18000
c <
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Figure 3.6. Representative XPS survey scans of RPU surfaces before and after functionalization.
a) Bare RPU b) RPU-M3BP ¢) RPU-M3BP-pSBMA. Major peaks are labeled in each scan.
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High resolution C 1s spectra for bare and functionalized RPU and titanium surfaces are
now discussed. Characteristic shifts can be observed in carbon peaks for all samples, based on the
chemical structure of the coating compound. The contributions of each chemical state of carbon
on various titanium surfaces are summarized in Table 3.4. The shape and characteristics of high-
resolution C 1s spectra of RPU and titanium surfaces before and after surface treatments are

depicted in Figure 3.7 and Figure 3.8 respectively.

Table 3.4. Summary of the surface composition of bare and functionalized titanium surfaces as
obtained by high-resolution C 1s scans from XPS (n=3).

C 1s (%)
Sample
CH coO COOR
Ti 76.3+0.3 139+1.3 98+1
Ti-M3BP 492 +1 43.1+0.8 8.2+0.2
Ti-M3BP-pSBMA 53.4+0.7 37.6+0.3 95+0.2
a
) b) 3500
CH
3000
L6000
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Figure 3.7. Representative high-resolution spectra of the C1s peak on various RPU surfaces. a)
Bare RPU and b) RPU-M3BP-pSBMA. Fitted peaks are labeled to represent different bonding

environments within each chemical structure.
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Figure 3.8. Representative high-resolution spectra of the C1s peak on various titanium surfaces.
a) Bare titanium, b) Ti-M3BP and c) Ti M3BP-pSBMA. Fitted peaks are labeled to represent
different bonding environments within each chemical structure.

All spectra were fitted with three peaks with constrained widths, each corresponding to
different chemical states of carbon based on the chemistry of the surface coating. For bare surfaces,
C-H or C-C was fitted at 285 eV, CO and CBr at 286.5 eV, and COO was fitted at 289 eV. For
M3BP-immobilized surfaces, the peak at 286.5 eV represents overlapping CO and C-Br peaks.
For pSBMA grafted surfaces, the peak at 286.5 eV represents an overlap of CO, CN*, and CSOs,
confirming the presence of pPSBMA on the surface. N 1s and S 2p high resolution spectra were

also collected and analyzed for pSBMA-grafted titanium (Figure 3.9). A single peak was observed
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in the nitrogen spectrum at around 400 eV. This peak could be assigned to the quarternary amine
groups present in pSBMA. Similarly, 2 peaks, S 2pszat 167.5 eV and S 2p12 at 168.5 eV were
observed in the sulfur spectrum. Both the peaks represent the same bonding environment in the 2p
orbital and can be assigned to the negatively charged sulfonate group present in the pPSBMA
molecule.?®2* The composition of the chemical states of carbon, bromine, nitrogen and sulfur for

bare and functionalized titanium surfaces are summarized in Table 3.5.
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Figure 3.9. Representative high-resolution spectra of the pPSBMA grafted titanium surface a) N
1s b) S 2p and c) C 1s. Fitted peaks are labeled to represent different bonding environments

within each chemical structure.
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Table 3.5. Summary of the surface composition of bare and functionalized titanium surfaces as

obtained by high-resolution C 1s, N 1s and S 2p scans from XPS (n=3).

C 1s (%) N 1s (%) S2p
Sample
CH CO COOR N N* S 2par2 S 2p1r
Ti 763+03 | 139+13 98+1 -
Ti-M3BP 49+1 43+0.8 8+0.2 -
T;;SI\IQ:JI(/?AP 53.4+0.7 | 37.6+0.3 9.5+0.2 100 620+19 | 37.7+23

These observations further confirm the successful grafting of a uniform zwitterionic
pSBMA coating on the substrate surfaces. After establishing the surface treatments, the in vitro
stability of the synthesized coatings was evaluated on titanium surfaces. To study this, pPSBMA
grafted titanium samples were soaked in a 0.9% saline solution at 37°C for 10 days. Following
this, the surface composition of the samples was evaluated using XPS. The elemental composition
of bare and pSBMA grafted titanium surfaces before and after saline soak is summarized in Table
3.6.

It can be observed that the atomic percentage of titanium on a bare sample reduces to 5%
after the saline soak, in comparison to the 16% for an unsoaked sample. In addition, the
concentration of carbon increases by ~ 2x and that of oxygen decreases by ~ 2.5 x. Nitrogen,
sodium and chlorine were also observed as new species on the samples. Similar changes were also
observed for pSBMA grafted samples. There is a slight increase in the atomic percentage of
nitrogen. In addition, sodium and chlorine were also observed in small amounts. These changes

can be explained based on the deposition of a salt layer on the surface following a 10-day saline
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soak, since the saline-soaked samples were not washed before analysis. This was done to avoid

further processing of the samples following the saline soak. Since the increase in nitrogen is

observed for both bare and pSBMA grafted samples after the saline soak, it could also be due to

surface contamination during saline preparation or sample handling. Despite these minor changes,

the presence of carbon, nitrogen and sulfur, in addition to carbon and oxygen, indicates the

presence of a pPSBMA coating on the surface even after wash. The absence of any titanium on the

pSBMA surface also indicates that the coating remained intact even after the saline soak.

Table 3.6. Summary of the surface composition of titanium surfaces before and after soaking in

0.9% saline solution as obtained by survey scans from XPS (n=3).

Elemental composition (%)

Sample
Cls O1s Br3d N1s S2p Ti2p Na 1s Cl2p
Ti 347+28 | 49.1+£16 - 16.2+1.3
Ti_salt soaked 728+13 | 184+1.2 22+08 - 51+035 | 1.4+042 | 03+0.3
Ti-M3BP-pSBMA | 66.5+0.8 | 23.6+0.5 59+04 | 42+0.1 -
pSBI\-/Ir/iA_\E/ISfIEZ(_)aked 649+02 | 221+0.7 73+0.7 | 28+01 - 19+0.1 1.7+0.2

High-resolution C 1s scans were also collected for the bare and pSBMA grafted samples

before and after the saline soak and are depicted in Figure 3.10 and Figure 3.11, respectively.

Figure 3.11 also depicts the high-resolution N 1s and S 2p scans for the pSBMA grafted samples,

before and after the saline soak. The composition of the various chemical states of C, N and S in

the bare and pSBMA grafted samples before and after the salt soak are summarized in Table 3.7.
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The differences in the contributions of various chemical states of C, and S for bare and pPSBMA
grafted samples before and after the saline soak are almost negligible. The only significant change
is the presence of 2 peaks in the N 1s spectrum for the salt soaked pSBMA grafted sample in
comparison to a single N 1s peak for the unsoaked sample. The major peak in the N 1s bonding
environment is still primarily from the quaternary amine groups of pSBMA, as shown in Figure
3.9. It can be observed that 83% of the N 1s signal is from the quaternary amine group present in
the pPSBMA molecule. This observation along with the results of the C 1s and S 2p bonding
environments suggests abundant presence of pPSBMA species on the surface. These observations

confirm the in vitro stability of the pSBMA grafted titanium surfaces.
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Figure 3.10. Representative high-resolution spectra of the C 1s peak on bare titanium a) before b)
after soaking in 0.9 % saline solution. Fitted peaks are labeled to represent different bonding

environments within each chemical structure.
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Figure 3.11. Representative a) N 1s b) S 2p and ¢) C 1s high-resolution spectra of the Ti-M3BP-

pSBMA surfaces before the saline soak and d) N 1s e) S 2p and f) C 1s high-resolution spectra

after the saline soak. Fitted peaks are labeled to represent different bonding environments within

each chemical structure.

Table 3.7. Representative summary of the surface composition of bare and pSBMA grafted

titanium surfaces before and after soaking in 0.9% saline solution as obtained by survey and

high-resolution C 1s, N 1s and S 2p scans from XPS.

C 1s (%) N 1s (%) S2p
Sample
CH CO COOR N N* S2ps2 S2pue

Ti 76 14 10 - - - )

Ti_salt soaked 78 16 6 - - - -

Ti-M3BP-pSBMA 53 38 9 - 100 62 38

Ti-M3BP-pSBMA _salt 56 2 o . 63 65 o
soaked
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3.4.2 SURFACE COATING THICKNESS USING PROFILOMETRY

Following confirmation of a stable, uniform and delamination resistant pPSBMA coating,
the thickness of the coatings was measured using a profilometer. Silicon wafer was used as the
model substrate for these measurements since the profilometer requires a hard and flat surface for
accurate measurements. The inherent presence of a thick and uneven oxide layer on the surface of
titanium poses challenges to accurate thickness measurements. The RPU discs used in this study
contain grooves from 3-D printing, making the surface uneven. Since RPU is a plastic, the
relatively soft structure also makes it unsuitable for profilometer measurements.

The thickness measurements were taken both after M3BP deposition and after subsequent
pSBMA grafting. The thickness of the M3BP layer reduced from 70 + 3.8 nm to 43 £ 5.9 nm after
soaking in a 1:1 methanol-water solution for 1 h (Figure 3.12). No noticeable change was measured
in the M3BP coating thickness after further soaking. This decrease can be attributed to the removal
of unreacted or loosely attached polybromine species. This observation also corroborates the XPS
results discussed in Table 3.1 in section 3.4.1. After pPSBMA grafting, the total thickness increased
by almost 34 nm to 77 + 6.3 nm, confirming the successful addition of the pSBMA coating on

M3BP functionalized surfaces (Figure 3.13).
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Figure 3.12. Change in thickness of the M3BP coating after soaking in 1:1 solution of methanol

water for 1 h, measured using a profilometer (n=5).
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Figure 3.13. Thickness of the pPSBMA coatings, measured using a profilometer (n=5).
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To further confirm the in vitro stability, thickness of the pPSBMA coating was also
measured after incubating the samples in a 0.9% saline solution at 37°C for 10 days. The results
are summarized in Figure 3.14. No notable change was observed in the coating thickness after the
10-day incubation, indicating the robustness and delamination resistance of the grafted non-fouling

coatings. These results are also in line with the observations summarized in Table 3.6.
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Figure 3.14. Thickness of the pSBMA coatings after a 10-day soak in 0.9% saline solution,

measured using a profilometer (n=5).
3.4.3 SURFACE WETTABILITY MEASUREMENT USING GONIOMTER

Increase in the surface wettability of titanium from the introduction of the pPSBMA coatings
was quantified by measuring the contact angle before and after surface functionalization. The
contact angle results are depicted in Figure 3.15. Upon grafting the pSBMA coating, the contact
angle of titanium reduced from 84° to ~13°. These results indicate a significant increase in the
surface wettability of titanium upon introduction of pPSBMA coatings. These values are also in
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agreement with previously reported values in the literature.?>-?* The presence of a thick oxide layer
on the titanium surface explains the high contact angle (low surface wettability) of bare titanium
surfaces. The increase in contact angle to ~88° upon the introduction of the M3BP layer can be
attributed to the hydrophobic nature of bromine molecules. The ~85% reduction in the contact
angle after pSBMA grafting can be explained by the super-hydrophilic nature of zwitterionic
pSBMA molecules and their ability to form full-coverage, strong and stable surface hydration

layers via electrostatic forces and hydrogen bonding.??
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Figure 3.15. Contact angle measurements on titanium substrates, measured before and after
pSBMA grafting (n=6).

106



3.44 PROTEIN ADSORPTION MEASUREMENT USING RADIOLABELED HSA

As detailed in chapters 1 and 2, non-specific protein adsorption can trigger FBR resulting
in the formation of an insulating fibrous capsule around the implant, rendering it futile.?¢-?8 Protein
adsorption values as low as 17 ng/cm? were measured on pSBMA grafted RPU surfaces prepared
using the M3BP initiator approach. These values were 87% lower than that of bare substrates
(Figure 3.16). The amount of protein adsorbed on RPU-M3BP samples was much higher with a
value of ~100 ng/cm?. Even though these values are lower than that of the bare substrates they are
unacceptable metrics for non-fouling criteria. This observation confirms that the low protein
adsorption on the pPSBMA grafted sample is due to the hydrophilic pPSBMA coating and not the
underlying M3BP layer, which is hydrophobic and characterized by high values of contact angle.
The significant reduction in the amount of protein adsorbed on pPSBMA grafted surfaces can be
attributed to the super-hydrophilic nature of zwitterionic molecules and their ability to form a full-
coverage, uniform and stable hydration layers. The tightly structured hydration layers at the
interface resist protein adsorption and inhibit foreign body response.2%°

Even though the protein adsorption results herein are 3-4 times higher than the protein
adsorption values of 3-5 ng/cm? necessary for a material to be classified ‘non-fouling’, the initial
results are promising.?”283! These values are also comparable to the 10.5 ng/cm? values achieved
for similar surfaces developed using the methodologies discussed in Chapter 2. There is potential
to further reduce protein adsorption values to below the 5 ng/cm? with further optimization of this
concept. These considerations thus illustrate the potential of the M3BP initiator approach of this

chapter to prepare robust non-fouling coatings with enhanced biocompatibility.
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Figure 3.16. Protein adsorption on various RPU surfaces, measured using radiolabeled human

serum albumin (n=4).
3.45 CYTOTOXICITY ASSESSMENT USING NIH-3T3 FIBROBLASTS

Sample cytotoxicity was assessed using procedures discussed in section 3.4.5. A qualitative
evaluation of the samples using visual microscopic inspection indicated non-toxic response of the
fibroblasts to extracts from RPU-M3BP-pSBMA and Ti-M3BP-pSBMA samples relative to latex

controls.

3.5 SUMMARY AND CONCLUSIONS

A modified surface functionalization protocol which involves plasma deposition of
ARGET ATRP polymerization initiators has been successfully demonstrated for biomedically
relevant polymeric and metallic substrates. This approach builds on the methods introduced in
Chapter 2 by combining the surface activation and initiator immobilization steps into a single,

solvent-free synthesis. In choosing the initiator molecule, methyl 3-brompropionate (M3BP) was
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selected as the initiator monomer based on adaptation of past work on glass substrates, which
showed the ability to grow pHEMA brushes on M3BP-coated surfaces in under 15 min. The
M3BP-coated RPU and titanium substrates in this work were successfully demonstrated to graft
pSBMA brushes, leading to hydrophilic and non-fouling coatings while providing a method for
initiator immobilization that eliminates harsh organic solvents which affect the mechanical
integrity of polymeric implants.

The coated surfaces were characterized and analyzed based on the methods defined in
Chapter 2. In particular, the proposed approach results in surface bromine composition values in
close agreement with theoretical expectations. In addition, the films are resistant to delamination
even after prolonged and vigorous chemical exposure. After the removal of physically adsorbed
bromine compounds, the film thickness remains unchanged even after multiple wash steps,
signifying strong and covalently attached coatings. Water contact angles on modified surfaces
reduce from 84° to 13° on titanium substrates, indicating significant hydrophilicity. In addition, the
fact that the intermediate brominated surfaces exhibit an increase in contact angle (88°) indicates
that the hydrophilic action is primarily due to the introduction of super-hydrophilic pPSBMA
brushes. The protein adsorption trends are also consistent with this observation, wherein the final
pSBMA-coated surfaces exhibit a substantially lower protein adsorption (~15 ng/cm?) vis-a-vis
the M3BP-coated surfaces (~100 ng/cm?), suggesting antifouling effects of zwitterionic coatings
by means of strong interfacial hydration layers.

There is substantial scope for improvement of this proof-of-concept. In particular, the
plasma deposition process parameters can be varied further to improve the quality and density of
the bromine layer, which can improve the density of the pSBMA coating and thus adsorption

metrics, thereby bring the surfaces closer to the 5 ng/cm? threshold to be classified ‘non-fouling’
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for biomedical applications. In addition, ARGET ATRP reaction parameters - namely reaction
time, ratio of the monomer-catalyst-ligand-reducing agent system, composition of the solvent
system, and the use of salts for faster monomer dissolution - can also be optimized to ensure full
utilization of the deposited bromines and thereby improve hydrophilicity metrics. A third area of
interest is the testing of M3BP initiator for grafting other monomers of interest, including CBMA.
In vivo testing can also help evaluate the biocompatibility of these surfaces vis-a-vis those prepared
by more conventional means. Despite these considerations however, this method represents a
substantial simplification of conventional surface modification techniques such as those
introduced in Chapter 2. The ability to achieve comparable non-fouling metrics while eliminating
the need for deleterious organic solvents is expected to result in non-trivial improvements in the

overall performance and lifetime of a range of polymeric biomedical implants.
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Chapter 4. LUBRICATION ASSESSMENT OF PREPARED pSBMA
SURFACES

Abstract: The lubricity of biomedical implants is an important determinant of overall performance
and lifetime. In addition to performance deterioration due to surface fouling, some biomedical
implants also experience wear and degradation due to surface friction between sliding surfaces,
which also limits implant lifetime. High surface friction of implants that experience relative
dynamic motion around surrounding tissue and tendons can cause wear and abrasion on the tissue
or tendons, which can cause further injury and hinder the smooth functioning of implants. Surface
modifications by means of covalently attached super-hydrophilic polymer coatings can reliably
increase the surface lubricity due to the formation of strong interfacial hydration sheaths around
the polymer chains, adding to surface fluidity. To this end, this chapter discusses the evaluation of
the lubrication properties of the poly (sulfobetaine methacrylate) coatings grafted on titanium and
silicon wafers using the methodologies discussed in chapter 2 (methodology 1) and chapter 3
(methodology 2). The fabricated surfaces are evaluated for friction coefficients in the ‘hydrated’
state, measured using a nanoindenter. For the coated titanium surfaces prepared using
methodology 1, the average friction coefficient is measured to be 0.07 compared to 0.52 for
uncoated titanium, corresponding to a 7.5x reduction, and in line with literature reports. For
surfaces prepared using methodology 2, friction coefficient values as low as 0.05 were measured,
indicating a >10x reduction in the surface friction. As already discussed in detail in previous
chapters, the prepared coatings are robust, exhibit good in vitro stability and significantly reduce
non- specific protein adsorption. These observations indicate the ability of the proposed protocols
to create strong hydration effects and minimize sliding friction for materials relevant for medical

implants, thus helping increase their efficiency and prolonging lifetime.
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4.1 INTRODUCTION

The lubricity of biomedical implants is an important consideration in overall performance
and longevity, especially for implants experiencing dynamic motion relative to surrounding tissue.
Natural cartilage between sliding biological joints is known to result in extremely low friction
coefficients (<0.01) and ensure smooth sliding of surfaces with minimal abrasion and wear.*-3 This
is attributed to the formation of chemical complexes involving hydrophilic proteins, natural
polysaccharides and phospholipid compounds.* The synergistic effects due to multiple species,
including the dense extra cellular matrix and the confined interfacial water by charged species in
the surface-active phospholipids, provide the necessary hydrophilicity to ensure sufficient
lubrication, also termed ‘hydration lubrication’.>® In designing biomedical devices and implants,
it is necessary to mimic these effects by way of surface modification with suitable chemical
analogs.® This is of particular significance in the current work due to the specific function of the
implants under study of Balasubramanian et al., which involve the sliding of implants on tendons
to create a differential mechanism for fixing finger flexion.”®

Engineering implant surfaces to achieve comparably low friction coefficients is thus an
active area of research.® Multiple medically relevant substrate materials grafted with zwitterionic
polymer coatings including PC, CBMA, and SBMA derivatives have been proven to mimic this
‘articular lubrication’.%>%10 |n addition, these molecules also substantially reduce protein
adsorption.**1> The lubricating action is correlated with the increased hydrophilicity and
wettability, which also prevents non-specific adsorption and fouling as discussed previously.
Studies of PC-based zwitterionic polymers on cross-linked UHWMPE have observed a linear
relationship between friction coefficient and contact angle, which in turn is a function of the

grafting density. These studies also revealed the ability of zwitterionic polymer brush coatings to
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achieve over 7x reductions in friction coefficient over bare substrates.®'617 Other works have
reported friction coefficients of the order of 10 - 10 in aqueous media, including copolymer
coatings containing pPSBMA which have also achieved low friction coefficients in various
biological media (10?). It is noteworthy that the chemical attachment based on ‘grafting-from’
polymerization methods are indicated to provide increased lubricity relative to physisorption
approaches, signifying the salience of the polymer brush structures in terms of modifying the
energetics of hydration. This background indicates the potential of the methods described in this
dissertation to replicate and improve upon these metrics.8

The remarkable lubrication properties of hydrophilic surfaces grafted with polymer brushes
are typically attributed to the ‘hydration lubrication’ model. Water can retain substantial bulk fluid
behavior even down to ultrathin films. This means when the water molecules form ‘hydration
sheaths’ around charged species, they still produce a fluid-like response to shearing action, while
the strong solvation (hydration) forces prevent the water from being ‘squeezed out’ from between
two sliding surfaces even when large normal loads are applied. The combined effect of these two
properties is significantly increased lubricity and the ability to achieve ultralow friction
coefficients.1920

In the case of superhydrophilic surfaces consisting of zwitterionic polymer brushes, the
presence of charged brush structures results in additional synergistic effects that further enhance
lubricity. Zwitterionic polymers are highly hydrated with many water molecules, forming
‘hydration sheaths.?®2122 At high grafting density, favorable conformational changes due to the
relative rigidity of the brush structures result in nearly vertical brushes which form even stronger
hydration layers with the surrounding water. Polymer brushes grafted using covalent methods are

more robust in this regard, resisting shear and delamination even at relatively high loadings (0.5
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MPa), in addition to achieving increased brush density.?®* Secondarily, in the case of polymer
brushes, steric and entropic effects and osmotic pressure effects also contribute towards
lubricity.51° Similar to PC-based polymers that have been the focus of much of past work, SBMA
also possess robust functional groups with the ability to maintain favorable conformations in
biological media, and thus it is reasonable to expect resistance to large normal loads while
preserving hydration lubrication, thus ensuring low levels of friction coefficient.'® In addition, the
robust ARGET ATRP polymerization methods discussed herein are expected to ensure
delamination-resistant coatings and thus enable operation even under biologically relevant
loads.?*2¢ Recent work using pSBMA based coatings has been demonstrated to achieve 90%
reductions in friction coefficient for PDMS-based cochlear implants, signifying the potential of
this work to achieve comparable performance for the specific implants of interest herein.?’

This chapter thus discusses the systematic lubricity evaluation of the surfaces prepared
using the protocols established in Chapters 2 and 3. Friction coefficients were studied on titanium
and silicon wafer substrates. Friction coefficient measurements were made in ‘hydrated’ state for
both bare and coated substrates. The measurements were performed using a nanoindenter using a
dynamic scratch test at set loads. The extent of lubricity enhancement due to surface modification
was then quantified based on the friction coefficient trends for bare and modified surfaces. As
expected, the pSBMA-surfaces prepared using the methodologies discussed in chapter 2
(methodology 1) and chapter 3 (methodology 2) provide significant (~7-10x) reductions in friction
coefficient, demonstrating the strong hydrophilicity and hydration lubrication action of the

polymer coatings.
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4.2 EXPERIMENTAL METHODS

421 SAMPLE PREPARATION

All samples were prepared on 1 inch titanium squares and silicon wafers. Samples were
first thoroughly cleaned following the procedures previously described in section 2.3.1.1.
Zwitterionic coatings of pSBMA were then synthesized on the substrates using the two
methodologies described in chapters 2 and 3. In method 1, the surfaces were first activated by
depositing a coating of 2-hydroxyethyl methacrylate (HEMA), followed by macroinitiator
coupling and grafting pPSBMA coatings via ARGET ATRP. These steps are discussed in sections
2.3.1.2, 2.3.1.3 and 2.3.1.4 of chapter 2. The pSBMA grafted samples prepared using this
methodology are hereafter denoted as Ti-HEMA-pSBMA and Si-HEMA-pSBMA, for titanium
and silicon wafer substrates, respectively. In method 2, a highly reactive haloester, methyl 3-
bromopropionate (M3BP), was plasma deposited on the surface and the introduced bromine
species were used as initiators for ARGET ATRP to synthesize pSBMA coatings. These
procedures are described in section 3.3.1.2 and 3.3.1.3 of chapter 3. The pPSBMA samples prepared
using methodology 2 are hereafter denoted as Ti-M3BP-pSBMA and Si-M3BP-pSBMA for

titanium and silicon wafer substrates, respectively.

4.2.2 FRICTION COEFFICIENT MEASUREMENT USING NANOINDENTER

The lubricity of the prepared surfaces was evaluated in terms of friction coefficients
measured using the scratch test feature of nanoindenter. All measurements were performed on
Hysitron TI 980 Tribolndenter (Bruker) instrument. To measure the friction coefficients, the

‘scratch test’ feature was used. The nanoindenter is equipped to measure lateral and normal forces
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by means of a two-dimensional force transducer. All measurements were made using a conical

diamond tip. A typical scratch procedure is depicted in Figure 4.1.

NORMAL FORCE (uN)

0

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52
TIME (S)

LATERAL DISPLACEMENT (pm)
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Figure 4.1. Schematic of the typical scratching procedure used for friction coefficient

measurements on nanoindenter.
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To perform a nanoscratch, a normal load is applied in a controlled fashion while measuring
the force required by the tip moving laterally across the sample. ‘Pre-load’ is the load set to hold
while the system pauses to allow the piezo scanner to settle and measure the system drift. For all
measurements, the pre-load was set to 2 uN. All scratch tests were performed at constant load with
a scratching speed of 0.4 um/s and a scratch length of 10 um. For a tip with radius r = 4.7 pum, an
angle of 64.69° and a typical 15 pN load, this corresponds to a pressure of ~0.12 MPa, which is
comparable to physiologically relevant conditions.?® Tilt correction was performed on the scratch
data before analysis to correct for the effect of sample tilt. As depicted in Figure 1, the tip was then
translated by a fixed distance at zero load. The tip remained stationary as the applied load ramped
up to the test value, following which it was held constant, and the tip translated back to its initial
position at the fixed value of load. The applied load was linearly decreased back to zero while the
tip remained stationary, completing the data acquisition. The reproducibility of the data was
confirmed by testing each sample at least n=3 times. The data points for each scratch test were

time-averaged over the scratch duration, neglecting any evident outliers.

4.3 RESULTS AND DISCUSSION

Following surface preparation, successful surface functionalization with stable and
uniform coatings of pSBMA molecules was confirmed via measurement of surface composition
using XPS and surface wettability through contact angle measurements. The non-fouling
properties of the prepared surfaces were also evaluated using radiolabeled human serum albumin
adsorption and are discussed in the previous chapters. The results of these studies indicated
significantly increased surface wettability for surfaces grafted with pPSBMA coatings, confirming
the ability of prepared surfaces to form strong hydration sheaths at the interface. The increased

surface hydrophilicity was then evaluated for its effect on the lubrication properties of the surfaces
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by measuring the dynamic friction coefficients (FC) of the samples. These measurements were
performed using a scratch test on a nanoindenter.

Prior to FC measurements, all samples were soaked in cell culture medium for 24 h and
incubated at 37°C. Immediately before the measurements, the samples were removed from the
media and air dried to remove any visible water from the surface. This was done to prevent any
damage to the nanoindenter tip and transducer from the free water. Samples were soaked in cell
culture medium to replicate biologically relevant conditions and mimic the complex environment
around the implants in the host body. All data was collected at a constant load which translates to
a~0.12 MPa pressure applied on the coatings at the tip. The pressure values are comparable to the
loads experienced by implants in the physiological systems. Loads higher than 30 uN resulted in
excessively deep scratches on the coated silicon surfaces, leading to coating delamination along
the length of the scan. This phenomenon was not observed for similarly coated titanium surfaces
(Figure 4.2). This is possibly due to the presence of thick oxide layers underneath the
functionalized coatings. To keep measurements consistent across both substrates, 15 uN was

chosen as the constant load for all data acquisition.

a)

Figure 4.2. Optical images of a) coated silicon wafer and b) coated titanium surface. Two
scratches 10 um apart are visible on the silicon wafer surface, indicating delamination due to

excessively high applied loads.
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Friction coefficients measured for pSBMA grafted titanium surfaces prepared using
methodologies 1 and 2 are depicted in Figure 4.3. All measurements were taken on surfaces
hydrated from soaking in the cell culture medium. The friction coefficients of pPSBMA grafted
titanium surfaces prepared using the two approaches (Ti-HEMA-pSBMA and Ti-M3BP-pSBMA)
exhibited comparable values. The average friction coefficient for Ti-HEMA-pSBMA was
measured to be 0.07 and that for Ti-M3BP-pSBMA was 0.05. These values were respectively
~7.5x and 10.5x lower than the value measured for a bare titanium surface (0.52). Comparable
values were also measured on silicon substrates with both Si-HEMA-pSBMA and Si-M3BP-
pSBMA surfaces exhibiting a friction coefficient of 0.08 in comparison to 0.22 for a bare silicon
substrate (Figure 4.4). The relatively higher friction coefficient for bare titanium surface can be
attributed to the presence of a thick and rough inherent oxide layer. The difference in the surface
roughness of silicon and titanium surfaces is also apparent in the optical images depicted in Figure

4.2.
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Figure 4.3. Friction coefficients of hydrated titanium substrates before and after grafting pSBMA

coatings, measured using nanoindenter (n=3).
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Figure 4.4. Friction coefficients of hydrated silicon substrates before and after grafting pPSBMA
coatings, measured using nanoindenter (n=3).

There is a significant difference in the friction coefficients of bare and pPSBMA-grafted
titanium surfaces despite the high roughness of the underlying titanium surface. This observation
further confirms the ability of the pSBMA coatings to form strong, and stable hydration which
uniformly cover the coated surfaces, improving surface lubricity. Upon soaking in water, the
zwitterionic polymer chains tend to extend vertically due to the osmotic pressure repulsion
between adjacent polymer chains, also causing the coating layer to slightly swell. The extended
conformation of the polymer chains further improves the stability and strength of the attached
hydration layer.?® The dynamic profiles for friction coefficients are depicted in Figure 4.5. The
coated surfaces exhibit substantially more uniform profiles with minimal local variations in

contrast to the rougher bare surface. The reduced local variations in friction coefficients of
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pSBMA- functionalized surfaces further confirm the uniformity of the polymer coatings, and thus

the interfacial hydration sheaths formed around the polymer brush structures.?®

1.0
= Ti-Bare_hydrated
m— TI-M3BP-pSBMA_hydrated
s T|-HEMA-pSBMA_hydrated
0.8 -
.
c
9
=
= 0.6
ﬂJ
@)
O
S 0.4
5
o
-
L
0.2 1
D.O 1 ! !
0 3 6 9 12 15

Time (s)

Figure 4.5. Representative dynamic friction coefficient profiles of bare and pSBMA-coated
titanium surfaces showing reduced local variations for the functionalized samples. It must be
noted that the dynamic measurements correspond to different points on the surface as the tip
translates.

To further confirm the effect of hydration on the lubricity of the coatings, friction
coefficients were also measured for the samples in dry state and after redrying, i.e. drying again

after the hydration step. The results for titanium surfaces are summarized in Figure 4.6 for samples

prepared using methodology 1 and in Figure 4.7 for methodology 2.
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Figure 4.6. Friction coefficients of titanium surfaces functionalized using methodology 1,
measured for dry, hydrated and redried samples (n=3).
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Figure 4.7. Friction coefficients of titanium surfaces functionalized using methodology 2,

measured for dry, hydrated, and redried samples (n=3).

125



The same samples were used for measuring the friction coefficients in all three hydration
states. The friction coefficients were first measured after thoroughly drying the sample
immediately following ARGET ATRP sample preparation (dry). The samples were then soaked
in cell culture medium for 24 h and incubated at 37°C, at the end of which the friction coefficients
were measured again (hydrated). Samples were air dried before loading them into the nanoindenter
to remove any visible surface water. Following these measurements, the samples were dried again
by keeping under vacuum for 24 h (redried). Friction coefficients were then measured on the
redried samples.

Dry and redried surfaces expectedly exhibited higher friction coefficients in comparison to
hydrated surfaces, especially for the pSBMA-grafted surfaces. For titanium surfaces prepared
using methodology 1, a small decrease was observed in the friction coefficient of dry titanium after
the deposition the HEMA coating, which further reduced upon pSBMA grafting. The changes
were, however, much more significant for the same samples in the hydrated state. The friction
coefficient of bare titanium was 0.52 which reduced by almost 2x to a value of 0.25 after HEMA
deposition. Friction coefficients as low as 0.07 were measured for Ti-HEMA-pSBMA surfaces,
exhibiting approximately 87% reduction in comparison to Ti-Bare samples. The >2x reduction in
friction coefficient for Ti-HEMA samples can be explained based on the hydrophilic nature of the
abundant hydroxyl groups present on HEMA-coated surfaces and their ability to form hydration
layers via hydrogen bonding. The more prominent changes for pSBMA further confirm that the
combined effect of electrostatic interactions and hydrogen bonding can create hydration layers that
are more uniform and offer better surface coverage, confirming the super-hydrophilic nature of
zwitterionic sulfobetaine molecules. The friction coefficients increased again upon redrying the

samples, confirming the effect of hydration induced lubricity. However, the friction coefficient
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values for redried samples were still much lower than the values obtained for dry samples. This
could possibly be due to incomplete drying in 24 h in addition to the lingering effect of hydration
on the hydrophilic HEMA and pSBMA-functionalized samples, which can retain hydration for
longer periods.

Similar trends were also observed for samples prepared using methodology 2, with the
exception of Ti-M3BP samples which did not show any significant change upon hydration or
drying. This can be explained based on the hydrophobic nature of the bromine molecules present
in abundance on the surfaces. The pSBMA coated samples exhibited a >88% reduction in friction
coefficient after hydration, values like pSBMA samples prepared using methodology 1 (~85%).
Similar trends were observed for samples prepared on silicon wafers, for dry, hydrated, and redried
samples respectively. The average friction coefficients in dry, hydrated and redried state for bare

and functionalized silicon wafers are depicted in Figure 4.8 for methodology 1 and Figure 4.9 for

methodology 2.
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Figure 4.8. Friction coefficients of silicon surfaces functionalized using methodology 1,

measured for dry, hydrated, and redried samples (n=3).
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Figure 4.9. Friction coefficients of silicon surfaces functionalized using methodology 2,

measured for dry, hydrated, and redried samples (n=3).

44 SUMMARY AND CONCLUSIONS

The surface lubrication performance of coated implant materials prepared using the
protocols outlined in chapters 2 and 3 has been investigated. Silicon wafers and titanium substrates
were used for this study, and the friction coefficients were measured using nanoindenter in the
hydrated state at a reasonably relevant loading (0.12 MPa). The coated surfaces exhibited
substantial reductions in friction coefficient over the bare samples, indicating improved lubricity
on account of strong interfacial hydration effects and resulting fluidity of the adhered water. In
particular, the Ti-HEMA-pSBMA samples were measured to have an average friction coefficient
of 0.07 while the Ti-M3BP-pSBMA surfaces exhibited average friction coefficients of ~ 0.05.
These values represent a 7-10x reduction over the bare Ti (0.52) and signify the ability of both

methodologies to achieve high-quality hydrophilic coatings which result in friction coefficients
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substantially close to that of biological environments.>16.2% In addition, representative dynamic
profiles of friction coefficients revealed minimal variance for the hydrated coated samples, which
indicates uniform coatings and is expected to have attendant advantages for overall implant
longevity.

There is scope for refinement and improvement of these results to establish performance
in more realistic scenarios. In particular, the tests performed herein were at a fixed value of the
normal load, whereas biological environments are characterized by substantial temporal variations
in loadings on implants. Thus repeating the measurements at prolonged higher loadings (~ 0.5 -1
MPa) is a straightforward extension of this work. In addition, these tests will also establish the
mechanical stability and abrasion resistance of these coatings, which have been known to
delaminate at excessively high loadings.# It is also important to perform friction coefficient
measurements in truly ‘wet’ conditions to mimic actual biological environments. For these tests,
given the limitations of the nanoindenter, the friction coefficient measurements were performed
after ‘wetting’. Friction coefficient measurements in the truly ‘wet’ state can help obtain a more
detailed understanding of lubrication performance in conditions closer to the in vivo environment

of the implant and improve the accuracy of the friction coefficient measurements.
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Chapter 5. SUMMARY AND FUTURE WORK

5.1 SUMMARY

This dissertation has presented a comprehensive description and application of two surface
modification techniques aimed at improving the biocompatibility of polyurethane and titanium,
both of major salience for biomedical implants as part of a tendon transfer mechanism for treating
ulnar median palsy. The first method (Chapter 2) involves a combination of RFGD plasma surface
activation of the substrate, followed by surface initiated ARGET ATRP grafting of
superhydrophilic zwitterionic pSBMA brushes. The surfaces prepared thus were subjected to
extensive characterization using XPS, and the surface compositions thus obtained exhibited close
agreement with theoretical values, confirming successful chemical transformation at the surface.
The biocompatibility of the surfaces was evaluated using radiolabeled adsorption tests, and the
coated surfaces exhibited a 93% reduction in adsorbed protein over bare surfaces. In addition,
multiple vigorous chemical exposure and wash tests revealed negligible changes in surface
elemental composition and film thickness, testifying to the chemical robustness of the coatings
and good in vitro performance. In vivo implantation in mouse and chicken models also provided
promising results, revealing minimal inflammation and foreign body capsule formation vis-a-vis
bare implants.

Building on this work, chapter 3 discussed the use of a highly reactive haloester, methyl 3-
bromopropionate (M3BP) as an initiator for ARGET ATRP for grafting pSBMA coatings.
Bromine species surface localized by plasma deposition of M3BP were explored as initiators for
ARGET ATRP for grafting zwitterionic molecules. The prepared surfaces were characterized in a
similar manner to those prepared in chapter 2. After confirming the deposition of a stable M3BP

layer, rich in bromine species, the surface wettability, chemical composition, robustness, and in
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vitro stability were evaluated for the synthesized pPSBMA coatings. The pSBMA coatings showed
an 87% reduction in adsorbed protein over bare surfaces, results comparable to those obtained for
similar surfaces prepared using methodologies discussed in chapter 2. This methodology also
exhibits the added advantage of being compatible with a variety of materials used in biomedical
devices and implants, irrespective of surface chemistry or geometry. The favorable results thus
obtained using this solvent-free initiator deposition approach show promise for further
development for creating functionalized surfaces of various chemistries. The solvent-free approach
also simplifies the overall protocol and eliminates the use of solvents with potentially deleterious
effects on substrate mechanical properties.

The lubrication performance of the superhydrophilic surfaces prepared using the above
discussed methodologies was evaluated in chapter 4. Friction coefficients as low as 0.07 were
achieved for pSBMA coatings grafted on titanium substrates using methodologies discussed in
chapter 2, signifying a ~7x reduction over bare titanium surfaces. For surfaces prepared using
methods discussed in chapter 3, friction coefficients values were ~0.05, a ~10x reduction in
comparison to bare titanium substrates. In addition to the effect of surface functionalization, the
effect of hydration or fluidity of water on surface lubricity was also explored. These results indicate
the formation of uniform hydration sheath layers on the surfaces grafted with pPSBMA, by means
of stable polymer brush structures with suitable surface density, orientation, and robustness to

ensure friction coefficients comparable to natural joints under physiological conditions.

5.2 FUTUREWORK

Some potential research extensions are now outlined to further improve the performance
of these coatings and to help realize their potential as simple and scalable surface modification
approaches. It is required to bring down protein adsorption levels from ~10 ng/cm? to <5 ng/cm?
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for wider applicability in real-world applications. There is scope for further optimization of the
brush grafting density by exploring alternative initiator molecules and immobilization methods.
By controlling the initiator density, the grafting density and molecular weight of the polymer
chains can be tuned.! By creating gradients of hydroxyl group density on the surface of titanium,
followed by the immobilization of an initiator such as bis[2-(2’-bromoisobutyryloxy) undecyl]
disulfide, the initiator density on the surface can be tuned, which can further help tune the grafting
density and molecular weight of polymer chains. The solubility of monomers like SBMA are ionic
strength dependent and can be increased by the introduction of salts like sodium chloride, which
can further help tune the chain length and molecular weight.? Other zwitterionic monomers such
as CBMA, which are known to have better hydrophilic properties owing to the shorter separation
between charged moieties, can also be explored as non-fouling coatings using the discussed
methodology.?

The above refinements including addition of salts and using CBMA monomers can be
examined for the M3BP-based approach as well. For M3BP-based approaches, it is particularly
worthwhile to examine the effect of M3BP surface concentration on ultimate brush density and
correlated hydrophilicity metrics.4- In particular, it is possible to blend M3BP vapors with an inert
species such as methyl propionate, which leads to a competitive adsorption effect, and the relative
reactant amounts can be manipulated to vary the bromine surface composition from 0% to the
theoretical maximum of 14%. The characterization of these surfaces based on standard hydrophilic
measures can then provide useful insights into the effect of initiator amounts on the quality of
surface modification. In addition, evaluating the in vivo performance of the prepared surfaces

discussed in chapter 3 is an immediate future work.
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There is also scope for significant extension of the lubrication results. In particular, the
experiments herein were performed after 'wetting’ the sample due to the limitations of the
nanoindenter equipment. A simple extension is testing friction coefficients in actual biological
fluids, mimicking the biological and physiological environment of the implants using a surface
force apparatus. Additionally, more accurate estimates of friction coefficients will result by
performing measurements at higher loadings to verify the shear resistance and robustness of the
coatings. The friction coefficient evaluations can also be refined by subjecting the coatings to
cyclic loadings and sliding tests, both of which simulate actual implant operation.’

These results collectively illustrate the potential of these treatments to be adapted for coating
biomedical implants at scale, and the methodologies introduced herein represent a suite of simple
but versatile and effective surface treatments applicable to an array of relevant materials used for
biomedical implants. In conjunction with the suggested improvements, this work has the potential
to achieve non-trivial progress towards FBR mitigation, hasten further development of medical

implants, and ultimately help improve quality of life.
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Appendix A. GRAFTING PSBMA BRUSHES ON POLYPROPYLENE
USING RFGD PLASMA AND ATRP

A.1l SUBSTRATE PREPARATION

For the fabrication of polypropylene (PP) substrates, medical-grade PP was used. PP discs
were prepared by first heat pressing PP pellets into a 0.5 mm thick sheet and then punching 8 mm
discs. The substrates were then cleaned by sonication in n-hexane, methylene chloride, acetone,
and methanol for 15 min each. This cycle was repeated three times and solvents were changed
between each cycle. The samples were dried under vacuum and placed in a desiccator until further

use.
A.2 SURFACE ACTIVATION USING RFGD PLASMA

The surfaces were activated using the procedure used for RPU-70 as described under

section 2.3.1.2. The HEMA-functionalized samples are denoted as PP-HEMA.

A.3 IMMOBILIZATION OF MACROINITIATOR

BIBB was immobilized on the HEMA-activated surfaces using initiator immobilization
protocols used for titanium, as described under section 2.3.1.3. The samples are labeled as PP-

HEMA-BIBB.

A.4 SURFACE INITIATED ATRP OF SBMA

The PP samples were prepared using conventional ATRP. The polymerization reaction was
performed in a schlenk tube under an argon atmosphere with CuBr-bpy as the catalyst-ligand
system. The ratio of the SBMA: CuBr: bpy system was fixed at 10: 1.5: 1.5. A fixed amount of
SBMA (200 mg) and an appropriate amount of bpy were first dissolved in 10 ml of 1:1 mixture of
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dimethyl sulfoxide and DI water and were then transferred to a dry schlenk tube under constant
stirring. The reaction mixture was degassed by freeze-thaw method, running at least three cycles,
to get rid of any trapped air bubbles in the mixture. The schlenk tube under vacuum was then
connected to the schlenk line and purged with argon followed by the addition of CuBr and the PP-
HEMA-BIBB discs. The reaction tube was then again purged with argon and sealed. The reaction
was allowed to progress for 24 h at room temperature. The samples (PP-HEMA-pSBMA) were
then collected and washed with a 1:1 mixture of water and methanol to remove any unreacted

chemicals and then dried under vacuum.

A.5 SURFACE ANALYSIS

The elemental composition of the prepared samples was analyzed with XPS on a Surface
Science Instruments S-Probe photoelectron spectrometer. The details of the procedure are
described in section 2.3.2.1. The contact angle and protein adsorption were also measured as

described in section 2.3.2.3 and section 2.3.2.4, respectively.

A.6 SURFACE MODIFICATION AND PROTEIN ADSORPTION RESULTS

Table A 1. Summary of the surface composition of bare and functionalized PP surfaces as

obtained by survey scans from XPS (n=3).

Elemental composition (%)
Sample
C1s O 1s Br 3d N 1s S2p
PP 100 +0.02 0.44 +0.01 -
PP-HEMA 69+0.7 31+£0.7 -
PP-HEMA-BIBB 73+0.8 21+ 0.6 5.7+0.2 -
PP-HEMA-pSBMA 68 0.6 23105 3.8+0.07 46+0.3
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Figure A 1. Contact angle measured on PP surfaces before and after functionalization (n=6).
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Figure A 2. Protein adsorption measured on PP surfaces before and after functionalization (n=4).
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Appendix B. PROTEIN ADSORPTION MEASUREMENTS ON
ACRYLATE
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Figure B 1. Protein adsorption measured on acrylate surfaces before and after grafting pSBMA
coatings using plasma deposited M3BP as initiator for ARGET ATRP (n=4).
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