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ABSTRACT

Platelet surface interactions play a critical role in the hemocompatibility of
blood contacting biomaterials. When blood leaves the natural vessel and
contacts a synthetic material, the body senses this change. Immediately, a host
of responses occur at the blood material interface including plasma protein
adsorption and platelet adhesion and activation. Platelet activation stimulates
local coagulation factors eventually leading to the formation of a blood clot. Clot
formation on vascular implants can have many adverse effects and ultimately
lead to the failure of these devices.

To date, an extensive amount of research has been focused on controlling
surface induced platelet adhesion and activation. Although a number of studies
have shown promising in vitro results, the translation to successful
hemocompatible biomaterials has been somewhat limited. This is largely due to
the complexity behind the mechanisms driving the platelet response.

In this dissertation, well defined microenvironments, as a function of both
surface chemistry and protein immobilization, were used to characterize and
understand the molecular mechanisms of surface induced platelet responses.
Specifically, molecular gradients were investigated as a high throughput
technique in which the platelet response could be rapidly screened over a variety

of surface chemistries. Here, it was discovered that the upstream environment



affected the downstream platelet response and that upstream surface
interactions may actually prime platelets for downstream adhesion and activation.
This phenomenon was further explored using microcontact printing to prepare
test samples with covalently immobilized fibrinogen “priming” regions. The
downstream platelet response was characterized and found to be dependent on
the presence of an upstream priming region. The use of microcontact printing
was also investigated as a tool to control platelet adhesion and morphological
characteristics using random micropatterns of fibrinogen at varying relative
coverage areas. The experiments described in this dissertation provided well
controlled environments in which specific surface-induced platelet adhesion and
activation mechanisms were examined and will serve as a foundation for future

fundamental studies.
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CHAPTER 1

INTRODUCTION

Cardiovascular disease (CVD) is the number one killer in America. With
increasing life expectancy, a growing incidence of type Il diabetes, and the
epidemic proportion of obese individuals, health care professionals expect to see
the incidence of CVD continue to rise. According to the American Heart
Association, approximately 40% of American’s will have some form of CVD by
2030 [1]. Many of these conditions cannot be effectively treated
pharmacologically. As a result, therapeutic cardiovascular devices such as heart
valves, vascular grafts, and stents are often implanted as the last opportunity for
the patient. Regrettably, in spite of years of intensive research, the response of
blood to these devices still presents many challenges [2,3]. Specifically, patients
who receive cardiovascular implants are plagued with an increased risk of
infection and surface induced thrombus formation which can ultimately lead to
the failure of the device [4,5]. This requires that device implantation is coupled
with the use of systematic anticoagulant and antithrombotic therapies that often
result in adverse side effects for the patient [6,7].

When blood contacts the surface of a synthetic vascular prosthetic the

body senses this change and host of responses occur at the blood-material
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interface. Immediately, plasma proteins adsorb to the surface of the device [8,9].
This adsorbed protein layer serves as a bioactive coating capable of initiating
both immunological and thrombogenic responses including, platelet
adhesion/activation, coagulation, complement activation and inflammation (6,
Figure 1.1). The activation mechanisms of these systems are highly interwoven.
For example, the biomaterial surface can directly stimulate complement
activation and coagulation through the intrinsic pathway and extrinsic pathways
respectively.  Biomaterials also support platelet adhesion and activation.
Activated platelets are capable of up-regulating and mediating coagulation
reactions as well as thrombus formation. Leukocytes are activated by both direct
interactions with the implant surface or through interactions with activated
platelets mounting an inflammatory response [6,10]. Platelet activation,
specifically, has been a key focus of biomaterials research due to its central role
in coagulation and its role in mediating inflammatory responses. An adverse
platelet response to vascular implants can lead to many complications including
occlusion, neointimal hyperplasia, and embolism.

This introduction provides an overview of the events that occur when a
synthetic material contacts the bloodstream with a focus on platelet adhesion and
activation. Recent advancements in improving material hemocompatibility as well
as using surface patterning tools to better understand protein-platelet interactions
are also reviewed. Finally, a brief synopsis of each research project described in

the subsequent chapters of this dissertation is provided.
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Figure 1.1 Events that occur after a biomaterial contacts the bloodstream.



15

1. 1 Plasma Protein Adsorption on Biomaterials

Over 150 plasma proteins make up approximately 7% of the total volume
of blood and serve a variety of important functions, including maintaining osmotic
pressure, facilitating immune responses, and mediating the coagulation
response. However, for cardiovascular implants, the protein response can
ultimately lead to device failure. Within seconds after an artificial material is
placed into contact with the bloodstream, these proteins adsorb to the surface
[8,9]. This adsorbed layer serves as a substrate for cell and platelet adhesion via
specific interactions between the proteins and membrane receptors on the cell
surface. Adsorbed proteins can activate a multitude of intracellular responses
and trigger adverse effects such as thrombus formation, inflammation and
complement activation [6]. Given that the adsorbed protein layer serves as the
primary mediator for cell-surface interactions, the nature of this layer ultimately
dictates the host response to the implant [11]. While in some biomedical
applications protein adsorption can be a desired result [12-14], for blood-
contacting materials, it is almost entirely detrimental. Consequently, an extensive
amount of effort has been devoted to understanding and controlling protein

adsorption to vascular biomaterials [15-17].

1.1.1 Surface Considerations in Protein Adsorption

The ability of a surface to minimize protein adsorption is believed to be
linked to improved blood compatibility; consequently, quantifying protein
adsorption is a popular tool for material evaluation [15,18,19]. Properties such as

surface, topography, chemistry, hydrophobicity, and charge are all critical in
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determining protein response at the blood-material interface and subsequently,
the host response to the device. Increased protein adsorption has been observed
on surfaces with more topographical features than smooth surfaces [20]. This is
believed to be due to the increased surface area available for protein adsorption
on rough surfaces. Surface chemistry is also critical in determining the protein
response. The surface chemical makeup dictates the type of chemical bonds the
protein may make with the surface. Stronger chemical bonds between the
protein and the interface will increase its affinity for the surface [11,20].
Chemistry also dictates factors such as hydrophobicity and charge. Hydrophobic
surfaces have been shown to adsorb proteins more readily than hydrophilic
surfaces [21,22] due to hydrophobic interactions between the protein and the
interface. Plasma proteins have also been shown to adsorb less readily to
negatively charged surfaces [23,24]. This is likely due to the fact that plasma
proteins carry an overall net negative charge. However, negatively charged
surfaces alone do not completely inhibit adsorption. Plasma proteins may also
contain positively charged regions on their surface due to the presence of amino
acids that carry a positive charge (histidine, lysine, arginine) and therefore are

capable of interactions with negative surfaces.

1.1.2 Why are Proteins So Sticky? Properties Affecting Adsorption

Proteins are large amphiphilic molecules and very surface active. All
proteins are polymeric chains built from 20 amino acids called polypeptides.
These amino acids can be neutral or charged, hydrophobic or hydrophilic and

ultimately determine both its structure and function. Noncovalent interactions
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such as hydrogen bonding, van der Waals forces and ionic/hydrophobic
interactions drive the formation of spatial structures such as helicies, sheets, and
turns within the polypeptide chain. These secondary structures fold upon
themselves forming a globular 3-dimensional structure. Folding is initially driven
by non specific hydrophobic interactions but maintained by specific interactions
such as hydrogen bonding, the formation of salt bridges, and disulfide bonds
[25,26]. The heterogeneity of protein composition makes preventing adsorption
an extremely difficult task. Hydrophobic amino acids, generally found in the
inner core of a soluble protein, will interact with hydrophobic surface regions
driving both adsorption and unfolding [11,20,2]. Charged amino acids, generally
more hydrophilic and commonly found on the protein surface, will interact with
oppositely charged surface regions also driving adsorption [20,23,28].

Adsorption is also affected by structural properties such as size and
stability of the protein. As proteins increase in size, their affinity for the surface
also increases. This is because larger molecules are capable of making more
contacts with the surface and subsequently more stable once adsorbed [20].
Protein unfolding is a critical factor in biomaterial-induced protein adsorption
since this frequently results in the exposure of cryptic binding epitopes capable of
cell and platelet activation. Unfolding is dependent on the structural and
thermodynamic stability of the protein. Interactions within the protein molecule
such as disulfide and hydrogen bonds increase stability. The more bonds
present within the protein, the less likely it is to unfold after adsorption. The

thermodynamic stability or, in other words, the free energy change between the
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folded and unfolded state also drives this process. The free energy change can
be calculated by subtracting entropy from the binding energy of the protein.
Dispersion forces, electrostatic interactions, van der Waals potential and
hydrogen bonding all contribute to the binding energy while hydrophobic
interactions are described by the entropy term. As the binding energy increases
or the entropy difference between the two states decreases, the folded protein is
more stable [27]. It is believed that the hydrophobic effect or the change in

entropy between the two states is the predominant stabilizing effect [25,27].

1.1.3 Protein Transport From the Bulk to the Biomaterial Interface

In order for adsorption to occur, the protein must be transported from the
bulk to the interface; thus, both diffusion and convection also play a role in
adsorption. Since smaller molecules have higher diffusion coefficients, smaller
plasma proteins are generally the first to arrive and adsorb to interface [29]. Also,
proteins at a higher bulk concentration generally are quick to populate the
surface [20,29]. Over time, molecules with higher overall affinity for the surface,
but slower diffusion rates (due to their larger size and/or lower solution
concentration) will approach the surface and compete for binding sites.
Although, generally, simple desorption of proteins does not occur, it is possible
for proteins with a higher surface affinity to compete and exchange with proteins
already present on the surface. This process is called the Vroman effect [30].

With over 150 proteins in plasma, adsorption kinetics are complex but also
critical in determining the nature of the protein layer. The rate at which a protein

adsorbs to a surface can affect both its conformation and orientation on the
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surface. At high concentrations, adsorption is fast, making it likely that after initial
adsorption, the binding site next to it will also be populated before the protein has
a chance to unfold. The faster the protein arrives the smaller the footprint
[22,31]. The conformation of the adsorbed protein is important in determining its
bioactivity. For example, enzymes often require a certain structure to maintain
their activity. If they unfold following adsorption this activity may be lost [32].
Conversely, unfolding may expose cell binding epitopes that were originally
buried within the protein when it was in its natured state [33-35]. In the case of
blood compatibility, there is growing evidence that conformation is more
important in determining the host response than the type or amount of protein

adsorbed [34,36].

1.1.4 Plasma Proteins Relevant to Platelet-Biomaterial Interactions

Human plasma contains numerous proteins with a variety of important
physiological roles. In the case of biomaterial-platelet interactions, plasma
proteins such as albumin, fibrinogen, fibronectin, vitronectin, and von Willebrand
factor (VWf) have all been studied in great detail. Albumin makes up the largest
percentage of blood proteins (~60%) [29]. Due to its high concentration in blood
and relatively small size it is the first plasma protein to adsorb to a biomaterial
after implantation. However, over time, it is replaced with proteins with higher
surface affinities such as fibrinogen [29]. For many years albumin has been
believed to be relatively inert to platelet adhesion. Thus attempts have been
made to design surfaces that either promote albumin adsorption [37,38] or are

directly coated with albumin [39]. However, more recently, albumin has been
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shown to support platelet adhesion and thus may not be completely inert [35]. It
has been postulated that this may be due to the conformational exposure of
binding epitopes for platelets. Fibrinogen (Cpasma = 3 mg/ml) has been
extensively studied by blood compatibility researchers and is required for both
platelet adhesion and aggregation. Platelet adhesion to biomaterials has been
shown to be drastically reduced when fibrinogen is removed from plasma [40,41].
Due to its central role in adhesion, preventing fibrinogen adsorption has been
one approach used to develop more compatible biomaterials. However, it is
interesting to note that in its native state, fibrinogen is relatively inert to quiescent
platelets; it is only when it is adsorbed and unfolds that adhesion is supported
[42]. Once platelets are activated, fibrinogen is then able to support further
adhesion and aggregation. Although fibrinogen is the key protein that mediates
platelet adhesion to biomaterials, VWf (Cpjasma = 10 pg/ml), has been shown to be
critical in supporting platelet adhesion under flow conditions [43-46]. Vitronectin
and fibronectin have also been shown to support platelet adhesion but are not

believed to be as critical as fibrinogen in the case of biomaterials [47,48].

1.2 Platelets
Platelets are anuclear cell fragments derived from megakaryocytes in the
bone marrow and play a crucial role in hemostasis (c = 2:10° platelets/ml). After
vessel damage occurs, the coagulation cascade is initiated when tissue factor is
released from the site of vascular endothelial injury [49]. Tissue factor initiates a
series of enzymatic reactions that ultimately lead to the formation of thrombin

[50]. Thrombin recruits and activates platelets which are involved in local
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amplification of the coagulation cascade and clot formation.  Unfortunately,
platelets also adhere and are activated by the adsorbed protein layer on
biomaterials. Thrombus formation on the surface of vascular implants can lead
to occlusion of the device lumen, embolism, and inflammatory responses. To
avoid these potentially life threatening complications, the ability to eliminate
surface induced platelet activation has been a central goal of material

hemocompatibility.

1.2.1 Platelet Membrane Receptors

The platelet membrane is rich in glycoprotein receptors embedded in the
phospholipid bilayer which include tyrosine kinase receptors, integrins, leucine
rich receptors, protein G coupled transmembrane receptors, selectins and
immunoglobulin domain receptors. These proteins are critical in transducing
external signals into intracellular signaling events that mediate both cell-platelet
and platelet-substrate interactions and are involved in haemostatic functions,
inflammation, tumor growth and immunologic reactions. This section will review
the two most abundant receptors on the platelet membrane, integrin a,,33, and
glycoprotein Ib-1X-V (GPIb-1X-V), which control platelet adhesion and activation
processes.

The most abundant receptor on the platelet membrane is the ;33 integrin
receptor. This receptor, unique to platelets, is a key mediator of adhesive and
aggregation interactions [51]. The main ligand for a;pB3 is fibrinogen, [52,53] a
dimeric protein with each monomer consisting of an a, B and y-chain. Three

binding epitopes for a,,33 exist in fibrinogen, two RGD motifs in the a-chains and
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one dodecapeptide sequence in the y-chain [54,55]. The importance of the RGD
binding motifs in adhesion and aggregation has received some speculation
[56,57] and may even be inhibitory, while the dodecapeptide y sequence is
believed to be critical [58]. Also, the possibility for other binding motifs to exist
cannot be ruled out [51]. In quiescent platelets, a,;,B3 exists in an inactive form
and must be activated to bind soluble fibrinogen [59]. However, when fibrinogen
is adsorbed, aypB3 is capable of binding even in the absence of activation [60].
Besides fibrinogen, VWF, fibronectin, thrombospondin and vitronectin can all bind
to the a;pBs complex [61,62]. Other integrins expressed on the platelet
membrane include a;B1, ayBi, and ayP; that support platelet-vessel wall
adhesive interactions to the ECM proteins collagen, fibronectin, and laminin,
respectively [63-65]. However, detailed descriptions of these mechanisms are
beyond the scope of this dissertation and can be reviewed elsewhere [61].
GPIb-IX-V is a leucine rich transmembrane receptor formed by a
multiprotein complex of four different glycoproteins. This is the second most
abundant receptor on the platelet membrane and is involved in the initial
attachment of platelets to the vessel wall or a biomaterial under high shear
conditions via the ligand vWf [43,66]. The interaction between vWf and GPIb-1X-
V is not as strong as the interaction between a,,,83 and fibrinogen; therefore, it is
not believed to be sufficient in supporting irreversible adhesion [43]. Binding of
vWT to GPIb—IX-V is also involved in transmitting intracellular activation signals,
triggering degranulation, elevation of cytosolic Ca®*, cytoskeletal actin

rearrangements, and “inside-out” activation of o33 that binds vWf or fibrinogen
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and mediates platelet aggregation [67,68]. Aside from platelet adhesion and
activation, GPIb-IX-V can also bind both P-selectin expressed on endothelial
cells and the integrin Mac-1 (integrin avf2) on leukocytes and consequentially

may be involved in inflammatory interactions [69,70].

1.2.2 Mechanism of Platelet Adhesion

Platelet adhesion is supported by specific interactions between membrane
receptors and adsorbed plasma proteins. The receptors GPIb-IX-V and integrin
apPBs discussed in the previous section are the key adhesion receptors and
interact with both VWf and fibrinogen respectively [53,66] Specifically, the GPIb-
IX-V complex transiently binds to surface immobilized vWf to promote stable
platelet adhesion. This process referred to as “platelet tethering” acts to slow
down platelets in flowing conditions. The bonds between vWf and GPIb-IX-V are
relatively weak and reversible, but nonetheless facilitate stable a;Bs-fibrinogen
binding which is a slower bond to form (Figure 1.2). Thus fibrinogen and vWf
work synergistically to promote stable platelet adhesion on both a damaged
vessel and biomaterials [43,71]. It is commonly cited that the amount of
adsorbed fibrinogen is an important determinant in the hemocompatibility of a
biomaterial. This is likely due to fibrinogen’s ability to support irreversible
adhesion. Fibrinogen has also been shown to convert platelets to a procoagulant
state [40] in which many activation events occur including the up regulation of
a;pB3 receptor expression on the platelet membrane. Other plasma proteins
such as collagen, fibronectin, and vitronectin have also been shown to support

platelet adhesion specifically on an exposed subendothelium. However, their
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Figure 1.2 The mechanism of platelet adhesion: stable adhesion involves
synergistic interactions between immobilized vWf and fibrinogen. vWf is involved
in the initial arrest of flowing platelets. This interaction is weak and reversible but

facilitates stable fibrinogen adhesive contacts.
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involvement in biomaterial-induced platelet adhesion has been shown to be less

critical [40,72].

1.2.3 Platelet Activation

A variety of stimuli are capable of activating platelets. Platelets become
activated when they interact with matrix proteins, such as collagen, at the site of
vascular injury. Platelets are also activated by adsorbed proteins on synthetic
materials and are the first cells to adhere to the biomaterial surface [73].
Platelets also become activated by agonists such as ADP released by platelets
themselves, thromboxane A, from inflammatory cells and thrombin generated by
the coagulation response [74].

Platelet activation is a crucial step in thrombus formation and is
characterized by a series of overlapping events which include morphological
changes, membrane receptor expression/activation, release of procoagulant
factors, and the translocation of negatively charged phospholipids from the inner
to the outer face of the lipid bilayer [75]. In their quiescent state, the apP3
integrin is unable to bind soluble ligands [59]. However, it is capable of
interacting with immobilized fibrinogen and vWf present on the surface of
implanted biomaterials [60]. Binding to these ligands triggers an outside-in
signaling cascade that converts a;pB3; to its active conformation and initiates
spreading [76,77]. When platelets initially adhere to a surface they convert from
a discoid to a spherical morphology. Interactions between a3 and GPIb-V-IX
with adsorbed adhesion proteins initiate phosphorylation dependent cytoskeletal

rearrangements characterized by the extension of filopods from the adhered
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platelet. These filopods become more extensive as more specific adhesive
contacts with the substrate are established. This is followed by spreading which
occurs by the growth of lamellipods that coalesce to form circular lamellae
(Figure 1.3). These conformational changes also lead to an inside-out
conformational change in integrin o33 that facilitates platelet aggregate
formation.

Platelets contain secretory organelles called a-granules, dense granules,
and lysosomes that undergo release reactions called “degranulation” when
platelets are activated. In this process of exocytosis, many coagulation factors
including adhesive proteins, growth factors, hydrolytic enzymes, and other
coagulation stimuli are released [78]. The morphological changes described
previously allow for the centralization of granules that subsequently secrete
procoagulant factors and stimulate further activation and thrombus formation
[79]. It has been observed that secretion events occur more frequently when
platelets are in their fully spread state [80]. Also, during this process, a;pB3
integrins and P-selectin are translocated from the a-granule membrane to the
platelet membrane [81,75] where they are capable of supporting homotypic and
heterotypic cell aggregation. These receptors also act as a catalytic surface for

coagulation and inflammatory reactions.

1.2.4 Hemodynamic Considerations

The rheological environment of the vasculature is an important modulator

of thrombosis. Specifically, shear forces have been shown to induce platelet
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activation and aggregation. However, as the velocity increases, the time
membrane receptors have to contact immobilized ligands decreases thus
lowering the efficiency of platelet recruitment to the substrate. Only the
interaction between platelets and vWf is fast enough to initiate adhesion in high
shear conditions [43]. Thus, elevated shear forces promote the initial binding of
vWf by activating the GPIb-IX-V receptor [44]. This interaction induces
intracellular signaling cascades characterized by Ca® mobilization [82,45],
cytoskeletal rearrangements [83], protein kinase expression [84], and integrin
apP3 expression/activation [67,82]. This is coupled with the release of soluble
vWf from the platelet a-granules. Fibrinogen along with vWf then work
synergistically to form stable adhesive contacts [43,68,71].

In the vasculature, cells are exposed to hydrodynamic induced pressure,
strain and shear forces. Shear stress results in a force per unit area on the cell
which can damage platelets at high flows [85]. Platelet lysis results in the
release of procoagulant factors and subsequent activation of surrounding
platelets. The extent of mechanical damage to platelets is related to both the
magnitude and the duration of exposure [85,86].

1.2.5 Platelet-Material Interactions: A Central
Issue in Hemocompatibility Research

Due to the central role of platelets in thrombus formation and coagulation,
platelet adhesion often serves as a key criterion in material hemocompatibility
testing. Many approaches in designing platelet-inert materials have been

explored. Efforts to reduce platelet adhesion and activation commonly follow one



29

of three approaches: 1) endothelialization, 2) surface modification, and 3)
bioactive coatings.

The only truly blood compatible surface, known to prevent platelet
activation, is an intact and functional endothelial cell (EC) monolayer. ECs make
up the innermost lining of blood vessels and possess many anti thrombotic
properties. Naturally, researchers have sought to improve vascular device
compatibility by seeding viable ECs on the device surface prior to implantation
[87-89]. The process to achieve successful endothelialization is complex and
currently there exists no method that can be used in a clinical setting. This
process requires an autologous source of cells that must be isolated and
expanded prior to seeding. Issues with contamination and dedifferentiation are
also problematic [89]. Furthermore, after seeding, the confluent EC monolayer
must be preconditioned under a dynamic flow environment that mimics the
natural vasculature. Often, in transition from in vitro to in vivo conditions, ECs are
lost due to handling and reperfusion injury. However, when done successfully,
this modification has resulted in lower overall platelet adhesion in vitro as well as
some animal studies. Unfortunately, this technique is expensive and slow, not
allowing for its use in emergency situations [90]. As an alternative, researchers
have sought to promote EC proliferation on implants post implantation by
precoating the surface with extracellular matrix proteins that promote EC
adhesion and migration. However, these proteins (i.e., fibronectin and collagen)

are also thrombogenic and increase complications such as embolism [91]. For
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these reasons, it is unlikely endothelialization will see any practical applications
in the near future despite promising in vitro results.

To try and mimic the natural vessel, bio-inspired surface modifications
have been explored. ECs continuously produce and release nitric oxide (NO)
from the vessel wall and NO is known to inhibit platelet adhesion and activation
[92]. As a result, polymers doped or grafted with NO donors been explored to
reduce platelet adhesion and activation to biomaterials [93,94]. However the
development of polymers capable of long term consistent NO release has been
challenging [95]. The geometry of the EC monolayer has also been
hypothesized to play a role in its anti-coagulant properties. Fan et al.
demonstrated that platelet adhesion could be reduced on surfaces that were
fabricated to be geometrically similar to the lining of vessels which may be a
result of low collision frequencies on such geometries [96]. Unfortunately, some
adhesion/activation still occurred suggesting that thrombus formation is still
possible in time. Also, there is no information on complement, immune, and
coagulation responses to these surfaces. Biomembrane mimetic vascular
biomaterials have been prepared by surface immobilization of phosphorylcholine
chemical groups and other phospholipids [97-99]. Both techniques have been
shown to minimize protein adsorption and platelet adhesion. It is hypothesized
that this phenomenon may be due to the zwitterionic nature of these surfaces
and their ability to maintain a stable hydration layer. Again, however, in vivo
studies have produced conflicting results on the efficacy of these materials in

reducing thrombosis [98,99].
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Given that cell and platelet adhesion is mediated by plasma proteins,
surface modification techniques aimed at minimizing protein adsorption have also
been explored. Both natural and synthetic molecules have been investigated as
potential protein resistant coatings. Carbon coatings including pyrolytic carbon
and diamond-like carbon have raised much interest as potential wear resistant
coatings for biomedical applications due to their attractive properties such as
high hardness, high chemical inertness, and low friction coefficient [100-102].
However, the ability of these coatings to improve the blood response to synthetic
vascular devices is still inconsistent. In fact, a recent study explored the
thrombogenicity of carbon coated grafts compared to controls and showed no
significant difference in long term compatibility [103].

As discussed in section 1.1.4, the plasma protein albumin is believed to be
relatively inert to platelets [38]. Subsequently, researchers have sought to
passivate biomaterials either by precoating them with albumin or by tailoring the
surface to favor albumin adsorption [37,38,104]. Although albumin coated
surfaces demonstrate improved biocompatibility, improvements in long term
patency have been limited when compared to controls [105]. This may be due to
the eventual denaturation or displacement of albumin by plasma proteins with a
higher surface affinity in vivo.

Polyethylene glycol (PEG) has been immobilized to various biopolymers
and been shown to be very effective in minimizing protein adsorption and platelet
adhesion [106,100,107,108]. This is hypothesized to be due, in part, to its low

interfacial free energy and solubility of these polymer chains in water [107]. Also
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PEG chains may have a steric stabilization effect in which protein adsorption
results in a loss of configurational entropy. Regrettably, developing strategies to
firmly attach PEG to biomaterials has been troublesome and coatings still do not
possess long term stability in biological fluids [109]. Also, only a few in vivo
studies have been conducted and long term results are inconsistent [99,110].

Another approach involves using bioactive coatings that function to inhibit
thrombin generation [111]. Specifically, compounds such as heparin [112-114]
and thrombomodulin [115] have been grafted to biomaterials and have been
demonstrated to reduce platelet adhesion in vitro. Commercially available
heparinized devices, including the PROPATEN vascular graft (W.L. Gore &
Associates, Inc. Flagstaff, Arizona), have also demonstrated promising in vivo
results [113]. However, their success in long term applications such as vascular
access for hemodialysis patients has been limited [114]. It is important to note
that immobilization of these compounds may result in an overall loss of activity.
Also, once implanted, their preservation on the surface is limited due to the harsh
physiological environment.

Despite extensive efforts to minimize platelet adhesion and activation the
development of a truly biocompatible material has yet to be realized. As
discussed above, numerous studies have demonstrated materials capable of
reducing platelet adhesion and activation; however, translation of these materials
to clinical practice is almost completely stagnant. This is likely due to the fact
that the mechanisms of blood activation are tremendously complex, and these

strategies alone still cannot completely eliminate an adverse response. Our
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understanding of the mechanisms behind these processes is still incomplete,
making in depth fundamental studies of platelet adhesion/activation a critical

precursor to the development of hemocompatible materials.

1.3 Surface Patterning and Biological Applications

The fate of a synthetic biomaterial after implantation is largely determined
by the properties of its surface. As discussed in previous sections, the surface
characteristics determine the nature of the adsorbed protein layer which
subsequently directs the cellular response. Consequently, a significant amount
of work has been devoted to studying cause effect-relationships between cells
and their substrate. Surface patterning is one tool that allows for the precise
geometric control of both the physical and physiochemical composition of the
substrate. Novel patterning techniqgues have been implemented to design
surfaces with variations in properties, such as topography, charge,
hydrophobicity, and the spatial orientation of ligands, such as proteins and
synthetic peptides [108,117-122]. The patterning of chemical gradients has been
used as a high throughput method to rapidly screen protein and cell surface
interactions over a variety of conditions [24,123-131]. If a particular surface
property is found to have a desired response, it can be exploited for the given
application. Patterned substrates have also been developed to contain spatially
defined domains presenting biomolecules surrounded by an inert background.
These surfaces have been extremely valuable in the development of
protein/oligonucleotide arrays, biosensors, and cell-based arrays [132]. They

have also been useful for fundamental studies of cellular processes including
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adhesion, migration, proliferation and apoptosis [120, 133-136]. Even surfaces
patterned with specific mixed hydrophilic/hydrophobic chemistries resist the
attachment of marine organisms and have been explored as a potential solution
for biofouling of ships and other marine structures [137]. Hence, surface
patterning techniques have proven to be a valuable tool used for a wide variety of
applications.

This section will review two types of surface patterning techniques:
photolithography and soft lithography, and their applications in studying platelet-

substrate interactions.

1.3.1 Photolithography

Photolithography has been used widely for surface patterning applications
in the biomedical field. Generally, this technique first involves the deposition of a
photosensitive polymer onto a surface. The sample is then selectively exposed
to ultraviolet light through a mask possessing the desired surface pattern. Only
the exposed areas polymerize. Nonpolymerized regions can be washed away
with a solvent leaving only the desired pattern (Figure 1.4).

Photolithography can be used to pattern well defined microfluidic networks
that allow for a high throughput experimental design while minimizing the
required sample size, a particularly valuable asset in biological studies [138].
Using a similar concept, thermo responsive polymers, such as poly(N-
isopropylacrylamide), can be removed by selective UV light exposure.
Photoablation of this polymer has been used to control patterns of cell growth

[139] and detachment [140]. Compounds such as azidoaniline, which are
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Figure 1.4 Schematic representation of the photolithography process.
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sensitive to photolysis, have been coupled to polysaccharides and used to
pattern molecules such as hylauronic acid [141] and heparin [123] on surfaces.
Photolithography can also be applied to generate patterns of different
surface chemistries [142]. For example, Bhatia et al. designed surfaces by
selectively exposing thiol monolayers to UV light. Exposed regions oxidized to
sulfonate groups and demonstrated good resistance to protein adsorption.
Proteins were covalently immobilized to the unoxidized thiol regions allowing
for well defined protein surface
patterns to be designed [122,143]. Photolithography continues to be a popular
tool due to its ability to provide excellent control and reproducibility over the
surface patterns. However, it is not compatible with compounds that are sensitive
to UV light energy or etchants, such as certain biological agents. Also, this
technique is dependent solely on UV light exposure and can only be used to
fabricate binary surface patterns; thus, a more robust patterning technique is

needed.

1.3.2 Soft Lithography

Soft lithography is a technique in which flexible elastomeric stamps are
used to fabricate surface structures or patterns and possesses many advantages
over standard photolithography techniques. Soft lithography is less expensive
[144], more robust, does not require the use of photosensitive substrates, and
can be applied to the patterning of nonpolar surfaces, all important features for
many biological applications [145]. First, the elastomer stamp is prepared by

cast molding in a mask or template. Masks are prepared by a variety of
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techniques including photolithography, micromachining and e-beam writing.
Polydimethylsiloxane (PDMS) is often used for stamp fabrication due to its low
interfacial energy, dimensional shape fidelity and thermal stability. However,
other polymers such as polyurethanes and polyimides have also been explored
[145]. After the elastomer is poured over the mask, the polymer is cured and
carefully peeled off the template. These stamps can be used to pattern surfaces
in a variety of ways, including microcontact printing, microtransfer molding,
replica molding, soft embossing, and micromolding in capillaries. Schematics of
these processes are presented in Figure 1.5 and can be reviewed elsewhere
[145-148]. Here, the review will focus on microcontact printing since it is the
primary patterning technique used for the studies in this dissertation.
Microcontact printing (UCP) is a soft lithography technique in which a
patterned elastomeric stamp is used to directly transfer an ‘inked’ material onto a
substrate (Figure 1.5a) and allows for the precise deposition of inked surface
ligands (i.e., proteins/peptides) with excellent control over amount, size and
position. Micro contact printing has proven to be a useful technique for surface
functionalization and has been particularly valuable in the patterning of biological
materials [135]. Originally, hCP was used as a method to pattern gold [149];
however, its value in patterning surfaces for other applications quickly became
obvious [119,150]. Microcontact printing has been used to study many different
cellular phenomena including adhesion, migration, and apoptosis [118,120,133].
This technique has even been used to engineer the surface of human tissue

[151]. Lee et al. patterned the surface of human eye lens capsules with inhibitory
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Figure 1.5 Schematic representations of soft lithography techniques: (A)
microcontact printing, (B) microtransfer molding, (C) soft embossing, and (D)
micromolding in capillaries.
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molecules to control the growth pattern of epithelial cells on the substrate [151].

1.3.3 Surface Patterning and Applications in Platelet-Material Studies

The platelet membrane is covered with membrane receptors. Interactions
between platelet receptors and immobilized ligands are central to adhesion,
activation and aggregation mechanisms. Also, platelet morphology plays a
critical role in activation processes. Thus there is inherent value in the use of
surface patterning techniques to study both fundamental platelet adhesion
mechanisms as well as biomaterial-induced platelet responses.

The preparation of surface chemistry gradients is one patterning technique
widely used to study both protein adsorption and platelet adhesion phenomena.
Chemical gradients have been prepared using photolithographic techniques and
provide a combinatorial advantage over homogeneous test samples. Lee et al.
first used surface gradients in platelet adhesion assays. Samples were prepared
by treating polystyrene surfaces with varying levels of corona discharge resulting
in a gradient of reactive functional groups on the substrate [124]. PEG molecules
of varying chain lengths were immobilized to these substrates and used to
guantify protein adsorption and platelet adhesion [108]. Gradients prepared to
have varying wettabilities and charges have also been used in platelet adhesion
studies [121,125].

Applications of uCP for platelet adhesion assays have also been explored.
Basabe-Desmonts et al. used this technique to immobilize fibrinogen, vWf and
CD42b antibodies to glass substrates and then subsequently capture platelets

from whole blood. This technique allows for quantification of adhesion,
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morphology changes, and platelet receptor expression potentially improving
platelet adhesion and functionality studies [152].

Ekblad et al. recently patterned protein resistant PEG based hydrogels
onto polystyrene surfaces using standard photolithography techniques to graft
the polymer to the surface. After incubation with fibrinogen, excellent control
over platelet adhesion was observed. Furthermore, the hydrogel was
functionalized with reactive NHS ester groups for protein covalent immobilization.
The surface was then selectively incubated with both anti-GPIb and fibrinogen
using microfluidic patterning techniques. Platelet adhesion was observed on
both protein substrates suggesting that protein covalent immobilization to the
hydrogel results in platelet reactive subsra