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Abstract

Polymeric biomaterials used for applications such as coronary and vascular
bypass grafting have demonstrated poor patency due to their surface
thrombogenicity, initiation of chronic inflammation and unfavourable host tissue
responses.

The aim of this thesis has been to develop a peptide which would
demonstrate an inhibitory effect on blood coagulation and/or improved endothelial
cell adhesion. Employing the RGD (Arginine-Glycine-Aspartate) peptide as a base,
GRGD, GRGDS and GRGD(AhxGRGD); were produced. In order to allow
incorporation of the peptide into the polymer matrix the corresponding lauric acid
(LA) conjugated peptides were synthesised. /n vitro determination of blood clotting
time and tissue factor activity was utilised to determine the optimum peptide
concentration for an anti-thrombogenic effect. Cytotoxicity and cell adhesion were
assessed on endothelial cells. The results obtained suggest that LA-GRGD offered
the best anti-thrombogenic effect whilst LA-GRGDS had the most improved cell
adhesive effect. These two peptides were then used to investigate the surface
modification of poly(carbonate-urea)urethane (PCU).

The PCU surface was modified by passive peptide coating or peptide
incorporation into the polymer matrix. Cell adhesion and activity studies showed
that the incorporated LA-GRGDS peptide produced a significant (P<0.05)
improvement. Biocompatibility studies demonstrated no adverse effects with
respect to either platelet adhesion or haemolysis. The inhibition of platelet factor 4
obtained with coated GRGD, GRGDS and incorporated LA-GRGD was comparable
to that obtained with heparin coating. An /n vitro flow study showed that
significantly (P<0.005) more incorporated peptide (42.6%) was retained on the
surface of the polymer after 8 hours flow compared to coated (20%).

In conclusion the direct incorporation of an LA conjugated peptide into the
matrix of the polymer was successful with the peptide retaining its activity. This
process of incorporation by solvent casting is attractive from a commercial
viewpoint and shows the potential for future development and use in a clinical

situation to produce a surface modified PCU polymer.
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1.1 Introduction

Cardiovascular disease (CVD) is the number one killer in Europe,
accounting for nearly half of all deaths. In the majority of European countries,
approximately 40 percent of people who die before the age of 74 are killed by
cardiovascular disease [1]. Based on current disease trends and the growing
number of elderly people in the European population, CVD is expected to
continue to be the major killer disease in Europe in the foreseeable future.

Atherosclerosis, commonly referred to as "hardening of the arteries”, is
responsible for most cardiovascular disease [2]. Atherosclerosis is the build up
of fatty materials (plaque) on the inside of the arteries. The inner surface of
arteries can be made rough by fatty deposits or plaques and blood flow through
them can become reduced. As blood passes more slowly through these rough,
narrowed arteries, blood clots are more likely to form. In some cases, blood
clots or thrombi can become so large that they block an artery completely.
Narrowing, loss of elasticity or blockage of an artery can have serious effects on
the part of the body that depends on that artery for a steady supply of blood.
Such effects include claudication (due to poor circulation to the leg muscles),
angina (due to poor circulation to the heart muscle or coronary arteries), and
narrowing or blockage of the arteries that supply the brain with blood which can
result in a stroke or transient ischemic attacks (TIAs).

The common procedures used to treat a narrowing or blocked artery are
angioplasty and bypass surgery. Angioplasty uses a catheter with a small
inflatable balloon to open a narrowed or partially blocked artery. The balloon is
pushed into the area of the blockage, and then inflated to squeeze the plaque
back against the artery’s wall. After repeated inflations have completely cleared
the artery, a stent is pushed to the site of blockage and left there to keep the
artery from closing up again. Bypass surgery is performed to treat a potentially
occluded artery by creating a new route along which the blood can flow. Since

its introduction in the early 1950s, bypass surgery has become one of the most
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common surgeries performed in the western world. The procedure can improve
the quality of life and even add years to it, especially when combined with a
healthy lifestyle.

The ideal source of material for bypass surgery is autologous veins or
arteries which have been shown to have a high success rate [3, 4]. However in
many patients adequate autologous vein is lacking leading to the necessity of
using synthetic or prosthetic materials instead [5, 6]. Although metal, glass and
rubber have been tried as blood conduits, the greatest attention has been
devoted to various polymers [7]. Many polymers have the advantage of being
essentially inert within the human body and they have the additional advantages
of durability, flexibility and moldability. Although plastics are ideal from many
standpoints for the construction of prosthetic devices, their thrombogenic
characteristics significantly limit their use as long-term implants. The first
polymer utilised as a synthetic graft to bridge arterial defects in humans was
made of polyethylene terephthalate (Dacron™) in 1954. Expanded
polytetrafluoroethylene (ePTFE) is the other material commonly used for
synthetic grafts currently in clinical practice. Both Dacron™ and ePTFE are rigid
which can result in a compliance mismatch at the anastomosis. Polyurethane
polymers have been popularly used in biomedical applications due to their
mechanical properties such as compliance, strength, durability and tolerance
within the body [8, 9]. The clinical use of polyurethanes has been limited
currently due to their tendency to suffer from biodegradation [10]. The recent
development of a novel stress-free compliant poly(carbonate-urea)urethane
(PCU), with similar compliance to lower limb arteries, has demonstrated an
improved resistance to chemical and environmental degradation that may
overcome these limitations [11, 12].

At the present time thrombosis on prosthetic surfaces and also
compliance mismatch between polymeric graft and native vessel is considered
to be a major hindrance to the continued progress and ultimate solution of the

use of prosthetic replacements for vascular vessels. Vascular prostheses have



been used with high success rates in large artery substitutions. However grafts

in small calibre vessels (<6mm diameter) for replacement of artery or vein
segments suffer from high failure rates and lack long-term functionality [13,
14].

Rudolf Virchow (1845) first suggested the important factors leading to
thrombosis on prosthetic surfaces are: 1) hypercoagulable blood factors 2)
stasis of flow and 3) loss of the normal vascular lining. Any one of these factors
alone usually will not produce thrombosis; however, any two of the factors
together will ordinarily lead to thrombus formation (Figure 1.1). Prosthetic
vascular graft, in small calibre vessels will definitely provide the latter two
factors and the surgical trauma required to replace or bypass a vessel may
provide the first factor.

The search for more effective small diameter vascular grafts has
increased greatly in recent years. It is assumed that the low procoagulant
activity and significant antithrombotic activity of endothelial cells lining the
lumen of a normal vascular vessel contribute to the maintenance of blood
fluidity [15]. It may be that no prosthetic material devoid of endothelial cells will
ever be satisfactory for small-diameter vascular prostheses since it cannot
provide a hypothetical critical minimal level of antithrombotic activity in a low
flow situation. However, since large-diameter grafts do successfully replace
large segments, research continues on the design of prosthetic materials that
will have reduced thrombogenecity relative to current material or an anti-
thrombogenic (blood compatible) surface.

A variety of devices can be successfully accepted by most patients
through the administration of systemic anticoagulants such as heparin and
warfarin. However, the risk of complications or drug intolerance related to these
anticoagulants is ever present, and only adds to the inherent risk of device-
associated complications. Some patients cannot tolerate any pharmaceutical
regimen used to counteract the clotting that can be caused by synthetic

materials, and are therefore ineligible to receive certain blood-contacting



devices. For these reasons, research into blood-compatible materials has been
increasingly pursued

Another process to improve blood compatibility is to covalently bind
agents known to inhibit blood coagulation and/or platelet adhesion to the
surface of the polymer. The first successful step taken towards this study was
by Gott in 1963 [16]. His surface modification of a polymer by chemically
binding a drug (heparin) known to inhibit blood coagulation has received much
attention. Since then many discoveries have been made demonstrating that
surface modification can improve the blood compatibility of prosthetic materials
in vitro experiments.

Tissue engineering is another approach which has extensively been
studied by several research groups to improve blood compatibility of synthetic
materials. An initial attempt at tissue engineering a blood vessel substitute
involved seeding the lumen of a synthetic graft with endothelial cells (ECs).
Seeding involves extracting autologous ECs and then lining these cells onto the
graft lumen. Herring together with Mansfield[12] and co-workers, suggested
that this would provide a more biocompatible surface and thereby decrease
thrombosis and intimal hyperplasia (IH) [17, 18]. Herring and co-workers then
showed clinical evidence in humans that when a graft was seeded, an extensive
lining of endothelial cells was possible in addition endothelial cell seeding that

also results in fewer graft-based infections {19, 20].
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The Aim of this research was:
To develop an anticoagulant peptide for surface modification of a PCU polymer,

validate the peptide effect and investigate the potential of the surface modified

polymer combined with the peptide to enhance blood compatibility.
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CHAPTER TWO:

ANTICOAGULANT AND ANTIPLATELET AGENTS:
USAGE AND CURRENT APPLICATIONS IN SURFACE
MODIFICATION OF BIOMATERIALS USED IN
CARDIOVASCULAR TISSUE ENGINEERING: A REVIEW
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2.1 Introduction

This chapter is a background study and literature review on usage and
current application of antiplatelet and anticoagulant agents in the surface
modification of biomaterials [21]. Primarily the current status of antiplatelet and
anticoagulant agents is highlighted from a clinical perspective, their current and
potential clinical usages and their modes of respective action during the
coagulation cascade process. It is then focused on these agents’ roles in
improving the blood-compatibility of biomaterials as used in cardiovascular
applications.

Diseases of the cardiovascular system remain the leading cause of morbidity
and mortality worldwide. Cardiovascular diseases include myocardial infarction,
stroke, and peripheral vascular diseases. The traditional strategies of prevention
and treatment of these cardiovascular diseases are classified as medical or
surgical. The commonly used and routinely available agents for antiplatelet and
anticoagulation therapy are aspirin and heparin.

Over the past several years, controlled trials totalling more than 100,000
subjects have shown that antiplatelet therapy mainly aspirin, reduces the risk of
vascular death by about one sixth and the risk of non-fatal myocardial infarction
and stroke by about one third in 'high risk' subjects with clinical vascular disease
[22]. Unfractionated heparin (UFH) has also been one of the established
anticoagulant therapy of choice for prevention and treatment of thrombotic
disorders for many vyears. However, in the past several years, newer
anticoagulants and antiplatelets such as the direct thrombin inhibitors,
thienopyridines and intravenous platelet glycoprotein IIb/IIIa (GPIIb/IIIa)
inhibitors have been found to be important adjunctive therapy for reduction of
vascular death and non-fatal myocardial infraction (MI) [3, 23-25].

A significant proportion of high-risk patients with arterial occlusive diseases
undergo open surgery with coronary and peripheral occlusions being bypass

grafted. Vascular grafts are used to bypass or replace occluded (narrowed)
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arteries, both coronary and peripheral [26-28]. The ideal biological replacement
for blood vessel should be able to properly function, repair, remodel and grow.

Venous autographs, which are usually taken from patient’s saphenous vein,
are used to replace small to medium sized arteries [3, 4, 29]. These vein grafts
have a high success rate, however about one third of the patients in need of a
vascular graft have poor saphenous veins, usually because of peripheral
vascular disease (PVD), too small, or non-existent because they have already
been removed for another bypass or vessel replacement [5, 30]. For these
patients artificial or prosthetic grafts are used [6, 31]. Currently artificial grafts
include treated natural tissue, laboratory-engineered tissue, synthetic polymer
fabrics and synthetic grafts such as polyethylene-terephthalate (Dacron) and
expanded polytetraflouroethylene (ePTFE).

Dacron and ePTFE are the two commonly used vascular prosthetic graft
materials. These prostheses have been used with high success rates in large
artery substitutions, but grafts in small calibre vessels (<6mm diameter) suffer
from high failure rates, lacking long-term functionality. The inherent
thrombogenicity of the graft material and the development of stenotic lesions or
intimal hyperplasia around the anastomosis mainly due to a compliance
mismatch between the graft and the native blood vessel [32-34] are the main
reasons behind the graft failure.

In order to reduce surface thrombogenicity of such prosthetic materials
numerous research groups including ours have been investigating a wide variety
of approaches. These include surface modification and tissue engineering or cell
seeding of the prosthetic material [35-41]. Cell seeding is a process of lining
ECs to the lumen of any cardiovascular device. ECs lining the lumen of a normal
vascular vessel prevent platelet adhesion and blood coagulation or formation of
thrombosis [42]. Hence to encourage the growth of a layer of endothelial cells
over the device surface has been an alternative method to prevent

thrombogenicity and improve blood compatibility.

25



Different surface modification agents such as the anticoagulant agent
heparin or the anti-adherent agent polyethylene oxide (PEO) have been used. In
a number of laboratory and clinical studies heparin-coated biomaterial devices
have been shown to enhance various aspects of blood compatibility. Heparin-
coated cardiopulmonary bypass circuit reduces platelet adhesion, platelet and
complement activation [43-47]. However, heparin coating can degrade (or
leech) [48] over time and is therefore not suitable for use on long-term blood-
contacting devices such as pacemaker leads or heart valves. PEO prevents
platelet attachment also repels other cells [49], making these coatings
inappropriate for devices such as vascular grafts or coronary stents, onto which
cell overgrowth is desired.

The anticoagulant agent dipyridamole and the direct thrombin inhibitor
recombinant hirudin (r-hirudin) have been successfully coupled to synthetic
graft surfaces. Dipyridamole treated polyurethane grafting has reduced
thrombogenicity and platelet adhesion in vitro [50] but provided no beneficial
evidence in vivo. Covalently bound r-hirudin to Dacron or polyurethane has also
inhibited thrombin and reduced thrombogenicity in vitro [51-53].

2.2 The clinical uses of antiplatelet and anticoagulant agents

2.2.1 Thrombogenesis

In normal healthy non-disrupted vascular endothelium platelets and blood
coagulation factors are not activated. Endothelial cells synthesize several
inhibitors of thrombosis; plasminogen activators, thrombomodulin and heparan
[54]. These molecules modulate coagulation and promote fibrinolysis. The
matrix of the vessel wall contains thrombogenic elements including adhesive
proteins, such as collagen and von Willebrand factor (VWF) (both of which
promote platelet adhesion), and tissue factor (TF) that triggers blood

coagulation cascade (Figure 2.1) [55].
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Thrombosis however, may occur if the haemostatic stimulus becomes
unregulated for example if the capacity of the inhibitory pathway is impaired, or
more commonly, the capacity of the natural anticoagulant mechanism is
overwhelmed by the intensity of the stimulus [56]. One example being acute
stroke [57]. Important predisposing conditions to thrombosis are low flow state,
disturbed flow [58]and altered endothelial coverage (ulceration or
endarterectomy). Injury of the vessel wall plays a major role in vascular
thrombosis [59]. However, it is more important in the pathogenesis of arterial
thrombosis than its venous counterpart.

Arterial thrombi are predominantly composed of platelets, a scanty amount
of fibrin, and a few red blood cells, hence the term “white thrombi.” Because of
the high platelet composition of these thrombi, antiplatelet agents, rather than
anticoagulants, have been used in the treatment and prevention of arterial
thrombosis [60]. However, venous thrombi are mainly composed of red blood
cells in a fibrin mesh, hence the term “red thrombi” [58] and anticoagulant
agents are used in the treatment of venous thrombosis.

When a blood vessel injury occurs (Figure 2.2), a critical event in platelet
aggregation is the expression of surface membrane receptor GPIIb/IIIa that has
the capacity to bind fibrinogen as well as VWF, fibronectin, and vitronectin [61].
Fibrinogen appears to be the most important in aggregation by virtue of its
divalent structure that allows it to form a bridge from platelet to platelet,
thereby mediating aggregation [62]. While vVWF and collagen can interact with
resting platelets, fibrinogen forms a high-affinity bond only with the integrin
GPIIb/1IIa on activated platelets.

Many agonists, such as thrombin, adenosine diphosphate (ADP) [63],
collagen, and arachidonic acid, have the ability to induce platelet aggregation
and secretion [64]. Specific receptors exist on the platelet surface for these

agonists.
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Figure 2.1 The blood coagulation cascade with sites of action of the
anticoagulant drugs. The classic coagulation system is divided into extrinsic and
intrinsic pathways. An intrinsic system that is activated by coagulation factors
that is already present in the blood and an extrinsic system that is initiated
outside of blood vessels in the presence of injury to a vessel. In the extrinsic
system, factor VII, which is present in whole blood, is converted into its
activated form factor VIIa, by binding to (TF). The TF/VIIa complex formed then
converts factor X into its activated form Xa. In turn this forms a complex with
factor Va and so brings about cleavage of prothrombin in order to form
thrombin. Thrombin can then cleave fibrinogen to form fibrin, which polymerises
to form fibrin sheets.
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2.2.2. Platelet inhibiting agents

The relevance of antiplatelet drugs has been firmly established by clinical
trials and experience with drugs such as aspirin. There are several drugs that
are used to inhibit platelet aggregation. Of the classes of agents below, aspirin,
dipyridamole, and the thienopyridines are the only oral antiplatelet agents
currently approved by the Food and Drug Administration for use in-patients.
Nonsteroidal anti-inflammatory drugs (NSAIDs) come in both oral and
intravenous (IV) forms. The GP IIb/IIIa agents are currently only available in IV
forms. The ideal antiplatelet drug routinely used for management of
cardiovascular disease must be orally effective, rapidly acting, non-toxic,
reasonable antithrombotic efficiency, and minimal side effects in particular
bleeding [65].
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Figure 2.2 The mechanism of platelets in response to injury of blood vessel
with sites of action of antiplatelet drugs. When a blood vessel injury occurs,
platelets exhibit a sequence of events. These events include 1) adhesion of
platelets to the injury site, 2) spreading of adherent platelets over the exposed
subendothelial surface, 3) secretion of platelet granule constituents, 4) platelet
aggregation, and 5) thrombus formation.
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2.2.2.1 Cyclooxygenose inhibitors: Aspirin and aspirin-like drug

As a general class nonsteroidal anti-inflammatory drugs (NSAIDs), typically
acetyl salicyclic acid (Aspirin™), indomethacin, and ibuprofen, interferes with
the binding of arachidonic acid in the cyclooxygenase active site of the enzyme.
Aspirin (Figure 2.3) is the most widely used inhibitor of platelet function. It
interferes with platelet aggregation by inhibiting the synthesis of thromboxane
A, (TXA2) through the irreversible acetylation of cyclooxygenase [66]. Other
NSAIDs compete reversibly with arachidonic acid for binding to the

cyclooxygenase site.
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Figure 2.3 Chemical structure of Aspirin

2.2.2.2 ADP receptor blockers: thienopyridine derivatives

Ticlopidine (Ticlid™) and its more recently developed analog clopidogrel
(Plavix™), are thienopyridine derivatives. They inhibit the binding of ADP to its
platelet receptor (Figure 2.2); this ADP receptor blockade leads to direct
inhibition of the binding of fibrinogen to the glycoprotein IIb/IIIa complex [67,
68]. Ticlopidine may also interfere with VWF, resulting in less binding of VWF
factor to platelet receptors.

Ticlopidine and clopidogrel (Figure 2.4) can both be administered orally. Both

agents are inactive in vitro, requiring breakdown to an unidentified active
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metabolite or metabolites to achieve in vivo activity [69]. Activation seems to
occur in the liver, and the active metabolites are primarily excreted renally.

Ticlopidine has been reported to improve the long- term patency of
saphenous vein bypass graft in patients with PvD [70]. It is used often
concurrently with aspirin to prevent thrombosis in patients who have had
coronary artery stents implanted [71]. Ticlopidine has a number of potentially
serious side effects; it has been associated with a low rate of severe
neutropenia, which requires the monitoring of white cell counts during the first
few weeks of treatment [72].

Treatment with clopidogrol has resulted in a slightly greater reduction in
endpoint of patients with PVD. Because it apparently has fewer side effects than
ticlopidine, clopidegrol has been substituted increasingly for ticlopidine to
prevent subacute thrombosis in intracoronary stents [73-75]. Combined
clopidogrel and aspirin are frequently used in the prevention of subacute
thrombosis following coronary stent implantation, and appear to be a safe and
effective therapy [76-78]. Further, clopidogrel is associated with a reduction in
gastrointestinal haemorrhage, making it a valuable therapeutic alternative to
aspirin in oral, long-term prevention of atherothrombotic vascular occlusion
[69].

o \Yocus
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Figure 2.4 Chemical structure of thienopyridine derivatives a) Clopidegrol and
b) Ticlopidine
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2.2.2.3 Adenosine uptake inhibitor: dipyridamole

The pyrimidopyrimidine derivative dipyridamole (Persantine™) is a

phosphdiesterase inhibitor that has been used as an antiplatelet agent, almost
always concurrently with either aspirin or warfarin.
Elevation of intracellular cyclic adenosine monophosphate (cAMP) levels by
agents that activate adenylate cyclase or that inhibit the cyclic
phosphodiesterases results in inhibition of platelet responses [64]. Dipyridamole
(Figure 2.5), a weak phosphodiesterase inhibitor, appears not to inhibit
aggregation responses to collagen, epinephrine, and ADP at usual doses but has
a synergistic effect with aspirin in preventing platelet aggregation in
thromboembolic disorders (Table 2.1). Its phosphodiesterase inhibitory activity
potentiates the effect of adenosine on platelets. As a result, dipyridamole may
have an effect on the initial phase of platelet adhesion as well as platelet
aggregation [59].

Dipyridamole used concurrently with aspirin has increased coronary blood
flow and graft patency following coronary bypass surgery [79-81]. It was as
effective in reducing smooth muscle cell proliferation as the combination of

aspirin and dipyridamole [82].

N OH

Figure 2.5 Chemical structure of Dipyridamole
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2.2.2.4 Platelet glycoprotein ITb/IIIa — inhibitors

Ligand binding to GP IIb/IIIa receptor on activated platelets is a pre-request
for platelet aggregation and formation of a platelet thrombosis [83, 84]. Thus
the GP IIb/IIla receptor has been a target for the development of drugs to
inhibit platelet-mediated thrombus formation (Figure 2.2). Several intravenous
medications directed specifically at this receptor (called platelet GP IIb/IIla
receptor antagonists) have emerged. These include the human-murine chimeric
monoclonal antibody Fab fragment abciximab, the peptide antagonist

eptifibatide and the peptidomimetics tirofiban (Table 2.1).

2.2.2.4.1 Abciximab - Abciximab (c7E3 Fab, Reopro™) is the Fab fragment
of a human-murine chimeric monoclonal antibody that inhibits agonist-
stimulated fibrinogen binding of GP IIb/IIla receptor and in vitro platelet
aggregation [85]. It was the first agent of this class to demonstrate clinical
effectiveness (Table 2.1) [86]. Several of the specific properties of abciximab,
such as its long half-life, lack of receptor-blocking specificity, and some
tendency for antigenicity, have prompted the development of alternative GP
IIb/IIIa inhibitprs with distinct pharmacological profiles [87].

Primarily, the drug inhibits platelet aggregation, but it may also have
anticoagulant activity and other beneficial effects, such as inhibiting migration
and promoting apoptosis of smooth muscle cells [88]. The drug is used in
conjunction with heparin and aspirin to prevent ischaemic complications
associated with percutaneous coronary revascularisation in-patients with
coronary heart disease [89]. Large and well designed clinical studies have
shown abciximab, as an adjunct to aspirin and heparin, to reduce by around
one-third to one-half, the incidence of ischaemic complications within 30 days of

percutaneous coronary revascularisation [90].
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2.2.2.4.2 Eptifiban - Eptifiban (Integrelin™) is a synthetic cyclic
heptapeptide based on the Lys-Gly-Asp (KGD) motif of the snake venom
disintegrin barbourin. It has shown high specificity and high affinity for
GPIIb/IIla and a short half-life [91]. Eptifiban (Figure 2.6) affords rapid,
competitive and reversible platelet inhibition when administered with
concomitant aspirin and heparin in-patients undergoing elective percutaneous
coronary intervention [88]. A large, multicentre study designed to assess the
use of eptifiban on patients undergoing coronary intervention supported the
notion that the drug does not increase the risk of bleeding [92]. During coronary
bypass surgery, eptifibatide did significantly decrease the incidence of

perioperative MI.

Figure 2.6 Chemical structure of Eptifiban
(Image adapted from www.pharmazeutische-zeitung.de)

2.2.2.4.3 Tirofiban - Tirofiban (Aggrastat™) is a tyrosine derivative that
inhibits fibrinogen binding to GP IIa/IIlb. This particular drug is an Arg-Gly-Asp
(RGD)-based peptidomimetic that effectively blocks the surface glycoprotein
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GPIIb/IIIa receptor reducing thrombin generation and subsequently platelet
aggregation and secretion [93, 94]. The drug is used intravenously
administered, together with heparin for coronary applications (unstable angina,
non-Q-wave MI, and angioplasty) but not in-patients who have hypertension or
have had haemorrhagic stroke or suffered trauma. The use of tirofiban (Figure
2.7) with heparin has resulted in a significant decrease in the composite
endpoints of death, MI and refractory ischemia [44, 95, 96]. However, the
benefit has been short term for patients with acute coronary syndromes. The
most common complication with this drug is excessive bleeding and in ~5% of

such patients pelvic pain and slowing of the heart rate together with dizziness.
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Figure 2.7 Chemical structure of Tirofiban

TOOO

(Image adapted from www.pharmazeutische-zeitung.de)

2.2.3 Anticoagulant agents

Anticoagulant drugs represent a wide group of natural agents, recombinant
agents’ equivalent to some of the naturally occurring proteins and synthetic
agents. This group of drugs is characterized by marked structural and functional
heterogeneity. The coagulation cascade reaction result in the formation of

thrombin and subsequently fibrin. The thrombogenic effects of thrombin can be
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inhibited by inactivation of the enzyme or by preventing thrombin generation
from precursor coagulation proteins (Figure 2.1). Agents can inactivate thrombin
indirectly, by activating naturally occurring thrombin inhibitors or directly by

binding to thrombin and preventing it from interacting with its substrates.

2.2.3.1 Coumarin derivatives

The coumarin compounds in common clinical uses are warfarin (Coumadin),
acenocoumarol and phenprocoumon. These oral anticoagulants induce their
anticoagulant effect by inhibiting the hepatic synthesis of 4 vitamin K-
dependent coagulation proteins: factors II (prothrombin), VII, IX and X that act
sequentially to produce thrombin (Figure 2.1) [97, 98].

Warfarin (Figure 2.8) is used to prevent and treat patients with venous
thrombosis and pulmonary embolism (Table 2). It is also used to treat and
prevent dangerous blood clotting in-patients with atrial fibrillation and in some
cases, to prevent stroke. Since warfarin is an oral anticoagulant, it is used for
long term anticoagulation therapy. However it has several disadvantages in use.
It interacts with a wide range of drugs, which inhibit or induce liver metabolism,
reduce binding to serum proteins, affect vitamin K dependent factors or
absorption of warfarin. Furthermore, risk of haemorrhage is significantly

increased in elderly patients and with concurrent administration of aspirin [99].
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Figure 2.8 Chemical structure of Warfarin
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2.2.3.2 Heparin

Heparin (Figure 2.9) is a family of glycosaminoglycans of various molecular
weights. A specific pentasaccharide in the heparin molecule is the crucial
structural element for the high-affinity binding of heparin to ATIII, and thus for
heparin anticoagulant activity. Heparin is an indirect thrombin inhibitor. ATIII is
the molecular target of heparin and when it is activated it binds either thrombin
(activated factor II) or activated factor X (Figure 2.1).

Low molecular weight heparins (LMWH) are produced by enzymatic or
chemical degradation of unfractionated heparin (UFH), and consist of smaller
polysaccharide chains with higher ratios of anti-Xa: anti-IIa activity than UFH
(Table 2.2) [91].

Figure 2.9 Chemical structure of Heparin (n = number of polysaccharide
chains)

UFH has been the established therapy for prevention and treatment of
thrombotic disorders for many years. Although safe and effective, there are
substantial problems, including the need for regular laboratory monitoring, wide
differences in responses between patients and the small risk of a potentially life-

threatening, heparin-induced thrombocytopenia (HIT). LMWH differ from those
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of UFH, because they have greater bio-availability after subcutaneous

administration (about 100%), longer half-life, dose-independent clearance and
more predictable anticoagulant response due to these factors as well as less
binding to plasma proteins and vascular cells. At a higher dose these drugs are
used to treat active thrombotic disease and at lower dose to prevent
thrombosis. The LMWHSs, dalteparin, enoxaparin, and tinzaparin were evaluated
in unstable angina and have been found to be safe and effective alternative to
heparin therapy or aspirin alone for patients with unstable coronary artery
disease [70, 88, 100]. Recent trials have shown, however, that differences exist
in safety and efficacy between different LMWHs [101, 102].

Although heparin (UFH and LMWH) can inhibit thrombin function, it has a
number of drawbacks as a therapeutic agent. Heparin requires ATIII as a
cofactor for anticoagulation. In addition, heparin has no affinity for clot-bound
thrombin and thus is ineffective in dissolving pre-existing clots [103]. A small
but important percentage of patients (1-10%) develop HIT, a potentially severe

complication that can lead to limb amputation or death.

2.2.3.3 Hirudin and its derivatives

Natural hirudin is not a single entity but rather a generic name for a group of
structurally similar single-chain polypeptides (‘hirudins') of a length of 65 or 66
amino acids. Initially it is isolated from the salivary glands of the medicinal
leech, Hirudo medicinalis [104, 105], and it is now available through
recombinant DNA technology (r-hirudins, including lepirudin and desirudin)
(Table 2.2)

Anticoagulant action of hirudin is the result of potent, direct and specific
inhibition of the enzymatically active site of thrombin. Hirudin inhibits free and
fibrin (clot)-bound thrombin (Figure 2.1). Several recent trials have evaluated
the safety and efficacy of hirudin when given in the setting of acute MI,

unstable angina, or percutaneous transluminal coronary angioplasty.
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The data from organisation to assess strategies for ischemic syndromes
(OASIS-2) suggest that r-hirudin is superior to heparin in preventing
cardiovascular death, myocardial infarction, and refractory angina with an
acceptable safety profile in patients with unstable angina or acute MI without ST
elevation [56].

Hirudin unlike heparin, the anticoagulant action is not dependent on
circulating ATIII or heparin cofactor II. Thus, r-hirudin can be used effectively in
ATIII- and heparin cofactor-deficient patients. In addition, anti-heparin proteins
do not inactivate hirudin, e.g. platelet factor 4, which neutralize the anti-
coagulant activity of heparin. Other benefits of hirudin include a more uniform
anticoagulant effect, much weaker allergenicity and a relative lack of effect on

the endothelium.

2.2.3.4 Bivalirudin

Bivalirudin (Hirulog™) is a 20 amino-acid peptide containing the two active
sites of hirudin separated by a (Gly) 4 bridge. It is a direct-acting irreversible
thrombin inhibitor (Figure 2.1), which can inactivate both soluble and clot-bound
thrombin. When bound to thrombin, all effects of thrombin are inhibited,
including activation of platelets, cleavage of fibrinogen, and activation of the
positive amplification reactions of thrombin XI. Advantages over heparin include
activity against clot-bound thrombin, more predictable anticoagulation, and no
inhibition by components of the platelet release reaction.

Drug-drug interaction studies have found no clinically relevant interactions
between bivalirudin and ticlopidine, abciximab, tirofiban or eptifiban. Bivalirudin
is well tolerated by patients previously receiving LMWH and switching from
heparin to bivalirudin reduces ischemic and bleeding event.

In patients undergoing percutaneous coronary interventions, bivalirudin has
been associated with equivalent efficacy but lower bleeding rates than UFH
[106, 107]. During coronary angioplasty for unstable angina, bivalirudin has

reduced ischemic complications and bleeding after angioplasty [108].
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2.2.3.5 Argatroban

Argatroban is a direct thrombin inhibitor that reversibly binds to the thrombin
active site. It is derived from L-arginine and is capable of inhibiting the action of
both free and clot-associated thrombin and it does not interact with heparin-
induced antibodies.

Argatroban is the first synthetic direct thrombin inhibitor approved for the
prevention and treatment of thrombosis in patients with HIT (Table 2.2).
Argatroban anticoagulation, compared with historical control subjects, improved
clinical outcomes in patients who had HIT, without increasing bleeding risk
(109].

The safety and efficacy of the drug as an adjunctive treatment is tolerated
well in patients with acute MI compared to heparin [110]. It is indicated that
argatroban is an effective and safe drug for the treatment of acute cerebral
thrombosis [111] and easy to monitor and control with little potential for
underdosing or overdosing, regardless of age, gender, or renal function [112].
Argatroban, as compared with heparin, appeared to enhance reperfusion with
tissue plasminogen activator (TPA) in patients with acute MI, particularly in
those patients with delayed presentation and the incidences of major bleeding

and adverse clinical outcome were reduced[113].
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2.3 Current applications of Antiplatelet and
Anticoagulant Agents in surface modification of
biomaterials

2.3.1 Biologically active coatings

The heparinisation of biomaterials was first reported in 1963[16]. As
heparin has a strongly anionic, ionic bonding is readily achieved on surfaces
pre-treated with a cationic substance such as colloidal graphite. A general
disadvantage of this method has been the rapid release of heparin upon
exposure to blood or plasma[114]. Despite this a number of studies on
heparin-coated biomaterial devices have been shown to enhance various
aspects of blood compatibility. Several coating techniques including covalent
immobilisation (Table 3) have been investigated and commercialized by
various companies.

The two most commonly used heparin-coated systems are the
Carmeda Bioactive Surface® and Duraflo II®. Heparin coating using the
Carmeda Bioactive Surface uses the so-called “End-point immobilization”.
This involves covalent binding of heparin to the substrate resulting in a
chemical modification[115]. The reaction in heparin occurs only at one end
so that the overall structure particularly on the antithrombogenic site is not
changed. This enables the heparin molecule to be tied to the surface only at
one end and the remainder is free and still relatively bioactive. Duraflo II
heparin coating is an ionically bound benzalkonium-chloride complex which
enables relatively firm connections with the surface compared to Carmeda.
Other techniques for heparin coating include the Bioline® (Jostra), AOThel®,
Corline® and 3M methods. The Bioline coating method employs natural
surface substances such as polypeptides to bind the heparin to the polymer.
As a result stable bonding of the heparin molecule is achieved by formation
of covalent bonds and ionic interactions between the heparin molecule and
the immobilized polypeptide[116]. The recent and newly developed heparin-
coated technique from the 3M company is processed in a similar way to the

Carmeda Bioactive coatings. It involves a covalent binding of an oxidized
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heparin to a layer of coated biomaterial. Currently this procedure is still
under preclinical evaluation and awaiting clinical introduction in the near

future.
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2.3.1.1 Extracorporeal circuits

In vitro, heparin-coated extracorporeal circuits (ECC) reduce formation of
C3 complement activation products and soluble C5b-9 complexes[117, 118],
granulocyte activation[119] and reduce leucocyte activation and
adhesion[120]. The Carmeda Bioactive heparin coated ECC has significantly
reduced platelet adhesion[121], platelet, granulocyte and complement
activation. In addition post operative blood loss during cardiopulmonary
bypass has been reduced significantly[122-124]. The heparin-coated (Duraflo
II) cardiopulmonary bypass circuit combined with full systemic heparinisation
was found to limit both pro-inflammatory responses and anti-inflammatory
responses to cardiopulmonary bypass (CPB) and ischaemia[45, 125-127].
This may significantly contribute to a reduction in myocardial ischaemia-
reperfusion damage that has been subsequently observed. It also showed
significant reduction of C3 and C4 complement activation[45-47] with
reduced systemic heparin[128] and the formation of kallikrein-C1-inhibitor
complexes (contact system activation) during cardiac operations[129]
compared with the control group.

An /n vitro study of heparin coated Duraflo II circuit showed higher
plasma heparin concentration than the Carmeda Bioactive Surface indicating
unstable heparin bonding this resulting in leaching of the coating[48].
However a comparison of the Carmeda Bioactive heparin-coated system and
the Duraflo II heparin-coated system showed no clinical differences after
coronary artery bypass operations in combination with reduced systemic
anticoagulation[44].

In low-risk coronary artery bypass surgery the heparin-coated circuit,
Bioline has significantly reduced inflammatory responses such as neutrophil
and complement activation and pro-inflammatory cytokine production.
However it did not affect platelet activation, coagulation or the fibrinolyis
cascade under full systemic heparinization. As a result, no improved clinical
outcome was observed[116]. The AQOThel coating method uses LMWH
instead of UFH. The clinical and coagulatory effects of AOThel coated ECC

have been studied randomly in patients undergoing cardiopulmonary bypass
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graft. Thrombin generation was elevated significantly and platelet activation
decreased. Significantly less post-operative bleeding and a correspondingly
lesser need for blood replacement occured only if AOThel coated ECC use
was combined with low doses of systemic heparin[130] being administered.
The Corline heparin surface is produced by means of a uniform
macromolecular heparin conjugate. This conjugate consists of multiple
heparin molecules, which are covalently bound by specific linkers to an inert
polyamine chain. The conjugate binds to those surfaces of the medical
device that come into contact with blood[131]. Corline-coated ECC systems
have been in clinical use, however it is still to early to comment on their

clinical outcomes.

2.3.1.2 Stents

For the past several years intravascular stents have been in use to
manage acute occlusion and restenosis after coronary angioplasty[132]. A
restenosis rate of 30-50% after balloon angioplasty has been reduced to a
current rate of 10-30% after stenting. One limitation of stent implantation,
however, is acute or subacute thrombotic occlusion. Research has shown
that successful therapy with antiplatelet drugs reduced stent thrombosis or
occlusion rates to 0.8-1.9%][133, 134]. In addition the application of bio-
compatible coating of stents was introduced to prevent thrombosis.

It has been hypothesised that heparin coating of stents lowers the stent
thrombosis rate, minimizes the adhesion and activation of platelets and
granulocytes, and decreases the activation of coagulation and complement.
Experimental studies have demonstated the ability of heparin coating stents
(such as Palmaz-Schatz, Duraflo II) to reduce platelet adhesion[135-137].
Correspondingly, clinical trials with heparin-coated stents showed a lower
rate of subacute thrombosis[138, 139]. However, comparison of the Corline
heparin coated stent versus uncoated stent, showed no influence on clinical
outcome and stent thrombosis or restonosis to the uncoated version of the
stent[48].
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The same techniques that have been applied to improve the blood
compatibility of vascular grafts have also been shown to enhance the quality
of stents. In addition to heparin coating, Phosphorylcholine-based polymer
(Biodiv Ysio™) and carbofilm (Sorin Carbostent™) coated stents provided
high biocompatibility and were developed to further reduce the risk of stent
thrombosis[140-143].

2.3.1.3 Bypass grafts

Synthetic conduits (especially those of <5mm diameter) used for blood
vessel replacement have certain disadvantages which greatly limit their
application for long-term usage as discussed earlier. Extensive research has
been carried out to overcome these problems. Covalent bonding or
immobilisation of heparin improved thromboresistance of polyethyleneimine
in vitrd115]. When heparin-bonded Dacron was used for a femoral-popliteal
bypass graft in human, improved patency was achieved compared to
uncoated ePTFE[144].

It has been shown in a number of /n vitro studies that a heparinised matrix
loaded with basic fibroblast growth factor (bFGF) improves proliferation of
human umbilical cord vein endothelial cell (HUVEC). This proliferation will
probably lead to a more rapid formation of a confluent monolayer of ECs on
a bypass graft surface /in vivg[145-147]. In a canine model ePTFE coated
with fibrin glue containing fibroblast growth factor type 1 (FGF-1) and
heparin improved retention of seeded ECs[148] and showed significantly less
platelet deposition than uncoated ePTFE[149, 150]. However, this decrease
in platelet deposition was suggested to be due to the fibrin glue rather than
the heparin[148] itself.

Biochemical experiments /in vitro have indicated reduced thrombogenicity
and lowered adhesion of blood platelets after the dipyridamole treatment of
a polyurethane vascular graft (Chronoflex)[50, 70]. In vivo experiments, in
goat and sheep models have not provide evidence for a beneficial effect of
the dipyridamole coating. Moreover covalent immobilisation of dipyridamole
to polyurethane graft via photo-modification showed a virtually undisturbed
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lumen, on which a confluent layer of endothelial-like cells was
observed[151] further studies also demonstrated improved
thromboresistance [152].

The direct thrombin inhibitor, r-hirudin has also been studied /n vitro for
surface modification of biomaterials. Whole blood sample containing hirudin
showed about 50% reduction in platelet deposition to tetrafluoroethylene-
propylene co-polymer during low-stress shear flow[153]. It has been found
that increasing Angstrom distance between a compound and the biomaterial
surface increased biological activities[154]. Based on this foundation, one
such approach has been the covalent binding of r-hirudin to an intermediate
“basecoat” compound, bovine serum albumin (BSA)[52, 53]. Binding sites
for r-hirudin were generated on BSA via the cross-linker sulphosucinimidyl 4-
(N-maleimidomethyl) cyclohexane-1-carboxylate [sulpho-SMCC] that was
reacted in various molar ratios (1:50) with BSA. These complexes, BSA-SMCC
were then covalently linked to a sodium hydroxide-hydrolysed Dacron
surface[53] or polyurethane surface containing surface bound carboxylic acid
groups[52]. Both studies demonstrated that /n wvitro, r-hirudin could be
covalently bound to a biomaterial surface while maintaining its ability to bind
and inhibit thrombin. In vivo assessment of the Dacron surfaces with
covalently bound r-hirudin, showed no gross thrombus and a thin
pseudointima of platelets and plasma proteins. In contrast, the control
patches without r-hirudin had a thick pseudointima composed of fibrin-rich
thrombus. It was found that covalently bound r-hirudin to Dacron patches,
helped its biological activity as well as preventing thrombus formation on the
graft surface[51].

Extensive research over the last decade has been performed on the
incorporation of adhesion promoting peptides onto biomaterial surfaces.
Since the identification of the RGD peptide sequence as mediating the
attachment of cells to several plasma and ECM proteins, including fibronectin
and vitronectin, researchers have been incorporating RGD-containing
peptides onto biomaterials to promote cell attachment.

An RGD-containing peptide, GRGD, in solution inhibited fibrinogen binding
to ECs and fibrinogen-induced ECs migration[155]. When this peptide was
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photochemically grafted onto the surface of polyethylene glycol modified
polyurethane (PU-PEG) to form PU-PEG-GRGD, it improved ECs adhesion and
growth on the surface. The enhancement efficiency was well correlated with
GRGD content[156]. It has also been shown that coating an ePTFE graft
surface with RGD-containing synthetic peptides significantly improved ECs
seeding of ePTFE grafts[157]. Other studies have shown that covalent
bonding of RGD-containing peptides based on cell-adhesive regions of
fibronectin, Arg-Gly-Asp-Ser (RGDS) and vitronectin, Arg-Gly-Asp-Val (RGDV)
to a polyurethane graft backbone via amide bonds enhanced cell adhesion
and spreading[158]. Another study showed that a Gly-Arg-Gly-Asp-Val-Tyr
(GRGDVY) grafted substrate supported a larger number of adherent cells and
a higher extent of cell spreading than a Gly-Arg-Gly-Asp-Ser-Tyr (GRGDSY) -
grafted substrate[159]. Recently covalent immobilization of RGD and heparin
onto the surface of a poly(carbonate-urea)urethane (MyoLink™) graft have
been shown to result in a significant improvement of cell retention of ECs
after seeding[37, 160, 161].

Percutaneous trans-luminal angioplasty (PTCA) has become a very
commonly practiced clinical procedure to treat diseased vessels. During PTCA
guide wires and catheters are required in order to deliver the required stent.
However, a high restenosis rate (30-50%)[162] post 6 months remains a
serious problem despite a variety of therapeutic schemes being
implemented[163]. The chronic complications include IH and mural
thrombosis[164]. The systemic administration of anti-thrombotic drugs post
PTCA has been widely advocated clinically and has reduced the restenosis
rates, but it is associated with systemic toxic effects and haemorrhage[165].
Local delivery of anti-platelet and anti-thrombogenic has become a means of
therapeutic manipulation of the angioplastic site[166].

Richey and co-workers[167] attached argatroban to two anionic
monomers to high-density polyethylene balloon catheters, acrylic acid at
70pg/cm? and 2(dimethylamino)ethyl methacrylate at 48ug/cm® by UV
polymerisation. Surface grafting was verified by contact angle, X-ray
photoelectron spectroscopy and zeta potential measurements. In the rabbit

common carotid artery animal model 280nmol/g tissue argatroban were
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found within the ballooned arterial segment immediately after angioplasty,

followed by a decrease after blood flow was restored[167]. Hydrogels have
been used to attach nadroparin, a low molecular weight heparin to balloon
catheters, and in a pig iliac artery model it was found that 98IU were
delivered to the angioplasty site and distal vessel[168]. A trend towards
decreased platelet deposition was observed but statistical significance was
not achieved (p=0.1563), coupled with medial SMC proliferation in nine of
ten pigs (p=0.0137). In addition heparin (40000U/ml) was attached in a
hydrogel to balloon catheters and it was found in a small clinical trial (n=33)
that a mean primary patency of (p=0.0174) was obtained at 143 days.
However, it was concluded that local delivery of heparin did not lead to a
significant reduction in restenosis[169].

The Carmeda process has been used to covalently attach heparin to the
surface of balloon catheters and in a rat jugular vein animal model it was
found that patency lasted 30 days, with fewer lesions at the site of
angioplasty being observed and lower levels of bacteremia. It was concluded
that covalent coating of heparin significantly prolonged patency compared to
either ionic or hydrogel type coatings[170]. In the HEPACOAT (Hepacoat and
an antithrombotic regimen of aspirin alone) study of two hundred patients
were the Carmeda covalently coated balloon catheter was used the primary
end point of stent thrombosis at 30 days occurred in 2 of 200 patients (1%)
and it was concluded that the procedure was safe in patients with de novo or
restenotic lesions in native coronary arteries and that the heparin coating
provided additional protection against stent thrombosis[171].

The guide-wires used in PTCA have also been coated a recent study by
Hanssen and colleagues showed that copolymers of N-vinyl-2-pyrrollidinone
and n-butylmethacrylate a type of hydrogel when incorporated with heparin
the release obeyed first-order kinetics and lasted >50m in a goat animal
model and left them virtually clear of thrombus[172].
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2.4 Usage in development of antithrombogenic
elastomers for novel scaffolds in tissue engineering

Scaffolds play a prominent role in tissue engineered cardiovascular
devices since they provide a three dimensional framework for cells to attach,
proliferate and lay down ECM. They also provide initial mechanical stability,
support tissue and may serve as carriers for cells, growth factors and other
biomolecular signals[173]. Biodegradable materials used as scaffolding for
tissue engineering fall into two main categories. The first category includes
natural ECM molecules such as collagen[174], chitosan[175], gelatine[176]
and alginate[177]. Secondly there are the synthetic materials, examples of
which include poly(ethylene glycol), dextran, poly(vinyl alcohol), polylactide,
polyester and polyacrylamide. Natural ECM molecules have the potential
advantage over the synthetic materials of inducing specific cell interactions.
However, they are not easily available in large amounts and are mechanically
weak which limits their biomedical applications[178]. On the other hand
synthetic materials are more reproducible in their manufacture and
microstructure. In addition their degradation rate can be manipulated and
controlled.

An ideal scaffold should bio-absorb in vivo at a pre-defined rate so that the
three-dimensional space occupied by the initial scaffold is replaced by
generated host. Thus the materials used in their fabrication serve as
temporal conduits whilst simultaneously allowing the complex interactions
between the arterial wall, host macrophges and biomaterial to occur. A
variety of natural and synthetic derived hydrogels have shown great promise
as scaffold for tissue engineering (providing growth factor and drug
incorporation and entrapment of viable cells). Hydrogels are formed by
modifying the mechanical and physical properties of the polymers. By
introducing various chemical crosslinkers[179, 180] (i.e. glutaraldehyde,
formaldehyde, carbo-diimide) by crosslinking with physical treatments[181]
(i.e. UV irradiation, freeze-drying, heating), and by blending it with other
polymers[182-185] (i.e. hyaluronic acid (HA), poly(lactic acid) (PLA),

53



poly(glycolic acid), (PGA), poly(lactic-co-glycolic acid) PLGA), chitosan and
PEO).

Adhesion proteins (fibronectin, collagen, albumin and fibrin), their peptide
motifs (RGD peptides), growth factors and polysaccharides and other closely
related anticoagulant-platelet agents (heparin, hirudin and salicyclic acid)
have been covalently bound to biomaterial surfaces. Matsuda and
Magoshi[186] derivatised heparin with a styryl or methacryloyl group by
condensation with either 4-vinylaniline or —benzoic acid. The vinylated
heparin was then copolymerised with styrenated gelatin and diacrylated
poly(ethylene glycol) (PEG) and photo-cured this resulting in a tubular
scaffold. Mizutani[187] used coumarin to end-cap tetra-branched copolymers
of e-caprolactone and trimethylene carbonate with pentaerythritol or four-
branched PEG as the initiator after, which UV irradiation resulted in photo-
cured solid biodegradable polymers. The group of Erdmann[188] synthesised
a degradable poly(anhydride-ester) by melt condensation polymerisation of
an acetylated monomer to, which was attached salicyclic acid. It was found
that at pH7 the salicyclic acid was released with 50% content by day 20 and
polymer degradation being complete by 90 days. It was found that these
polymeric materials resulted in reduced inflammatory reaction and so had
possibilities as scaffolds for engineering purposes.

The coating of adsorbed silyl-heparin, benzyl-bis(dimethylsilylmethyl)
oxycarbamoyl-heparin[189]has been shown to be a good system to attach to
polymer surfaces and allow local delivery of growth factors such as basic
fibroblast growth factor (bFGF). After only 4 days capillary tube formation
was observed in human ECs. In a similar study bFGF was immobilised and
shown to increase the proliferative potential of ECs when immobilised onto
albumin-heparin-poly(acrylic acid) constructs. Using UV irradiation this was
attached to a polyurethane surface[190]. This growth factor has also been
immobilised in heparin, poly(lactic-co-glycolic acid), alginate scaffolds[191,
192]and when implanted in a rat animal model shown to increase matrix
revascularisation, whereby at day 10 capillary density was 45+/-3/mm? and
it increased to 7045+/-3/mm? by day 21. It was concluded these scaffolds
showed promise as scaffolds for tissue engineering.
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It has been shown that the immobilization of r-hirudin with glutaraldehde
as a coupling agent improves the blood contacting properties of the
biodegradable polymer poly (D-L -lactide-co-glycolide) RG756[193]. The
polymer surface was first activated by incubation with glutarldehyde in
distilled water, followed by incubation with r-hirudin in phosphate buffered
saline. The results of this /n vitro study indicated that the effect of hirudin
was limited by the fact that the amount of hirudin directly bound to thrombin
reached saturation and therefore was unable to bind more in contrast to
heparin which acted as an indirect thrombin inhibitor. On the contrary,
hirudin immobilization may lead to a passivation of the surface, which is
restricted by thrombin generation on the artificial surface.

NSAIDS have also been used as starting materials for the development of
three-dimensional engineered scaffolds[192]. Liquid acrylate-endcapped
poly(e-caprolactone-co-trimethylene carbonate) was prepared the acrylate
group allowing the subsequent terminal capping attachment of the NSAID
indomethacin. This polymer was then converted into 3D constructs using
stereo-lithography and UV irradiation together with a computer aided design
programme. On implantation in a rat animal model histological haematoxylin
and eosin (H&E) and periodic acid-schiff (PAS) staining showed that the slow
diffusion of the NSAID into the surrounding tissue significantly reduced the
foreign body inflammatory reaction. It was concluded this approach showed
great promise as a scaffold for biomaterial and engineering
applications[192].

A summary of investigations into the surface modification of
cardiovascular polymers is included in Table 2.4 showing the type of
modification carried out, the polymer type, if the polymer was seeded with
cells or not and providing references to the appropriate publications. The
data showed that the surface modification will enhance cell adhesion and
product compatibility.
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2.5 Conclusions

Interest in surface modification is growing and the techniques
involved have applications in a wide variety of areas. The enhancement of
surface properties has rapidly become an essential element in the
developmental process for biomedical devices and scaffolds for tissue
engineering. This is especially true of devices used for cardiovascular
applications where the blood response to these artificial materials, including
thrombosis and platelet deposition, continues to limit the long-term efficacy
of these implants by causing vessel restenosis or wall reclosure. The surface
modification of these materials is an attempt to increase the working life
span of these implants by increasing the biocompatibility of the materials.

A wide variety of agents which prevent thrombosis or improve
biocompatibility have been investigated. Several research groups have
attempted to wuse antiplatelet and anticoagulant agents for surface
modification purposes. However, the chemical and pharmacokinetic
properties of these agents limit their uses for surface modification. For
example, antiplatelet agents such as the thienipyridine derivatives require
breakdown in the liver to become an active metabolite and induce
antiplatelet action. This can also be the case for anticoagulant agents like the
coumarin derivatives, which also induce their anticoagulation effects by
inhibiting the hepatic synthesis of coagulation factors in the liver. To date
heparin-coated devices are the only ones used in surgical practice. Although
heparin can inhibit thrombin function, it has a number of drawbacks. Heparin
requires antithrombin III as a cofactor for anticoagulation. In addition,
heparin has no affinity for clot-bound thrombin and thus is ineffective in
dissolving pre-existing clots. Finally heparin can degrade and be washed off
over time when immobilized on material surfaces and therefore is not
suitable for use on long-term blood-contacting devices. There is still scope
for much further investigation in this area.

Endothelial cell seeding or tissue engineering is attracting growing

interest and will have uses across a wide range of applications. In the case of
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blood-compatible bio-mimetic coatings, a key objective is to encourage the
growth of a layer of ECs over the device surface and prevent platelet
attachment and blood coagulation. Comprehensive research has been
performed on the incorporation of ECs adhesion promoting peptides into
biomaterial surfaces; such as including RGD-containing peptides and ECM
proteins including fibronectin and vitronectin.

In conclusion it can be said that no single approach, either through
the use of antiplatelet or anticoagulant therapies or for surface modification
or through cell seeding is likely to satisfactorily solve the problem of the lack
of long term patency of blood-contacting biomaterials. However a
combination of the various approaches may prove more successful in the

future.
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CHAPTER THREE:

MATERIALS AND METHODS
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3.1. Cell Culture

3.1.1 Endothelial cell extraction from human umbilical cord

Human umbilical vein endothelial cells (HUVECs) were harvested from
human umbilical cord vein [217]. All procedures were carried out using
aseptic techniques in a flow hood. Human umbilical cords were obtained
from the labour ward of the Royal Free Hospital, Hampstead and stored in
40ml of collecting medium consisting of 29.8ml basic medium, 10ml foetal
bovine serum (Invitrogen, Paisley, U.K.) and 0.2ml gentamycin (Sigma
Chemical Company, Dorset, U.K.). The basic medium was obtained from a
stock solution made up from 500ml M199 medium (Invitrogen, Paisley, U.K.),
15ml of 7.5% sodium bicarbonate solution and 5ml penicillin/streptomycin
solution consisting of penicillin 10,000U/ml and streptomycin 10mg/ml
(Invitrogen, Paisley, U.K.). Cords were collected within 24 hours of delivery
and used if free of clamp marks or needle holes. Each end of the umbilical
vein was cannulated with 4cm lengths of nasogastric tubing and then
secured with sterile silk ties. The cord was flushed several times with warm
PBS to remove all clotted blood prior to instillation of 25ml of warm, filtered
collagenase solution (consisting of 12.5mg collagenase A) suspended in 25ml
of basic medium). Both ends of the vein were clamped and the cord
incubated at 37°C for 10 minutes. The cord was massaged gently prior to
collecting the collagenase/cell suspension into a 50mi centrifuge tube. The
collagenase/cell suspension was then neutralised by the addition of an equal
volume of complete medium obtained from stock made up of 157ml basic
medium (40ml Foetal bovine serum and 3.6ml of 200mM L-glutamine
solution (Invitrogen, Paisley, U.K.). The cell suspension was centrifuged at
300g for 7 minutes after which the supernatant medium was removed and
the cell pellet resuspended in 6ml of warm complete medium. The cell
suspension was then transferred to a 25cm? tissue culture flask and
incubated at 37°C/5%CO0,. 24-hours later, the flasks were gently washed
with 8ml PBS to remove red blood cells and fed with éml of complete

medium. The flask was viewed daily under high power transilluminated
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microscopy and the presence of EC's verified by confirmation of their
characteristic cobblestone morphology. Once a confluent monolayer was
achieved cultures were passaged by removing the cell culture medium,
washing with 8ml PBS and then adding 3ml of 10% trypsin solution
(Invitrogen, Paisley, U.K.). The flask was then incubated for 3 minutes prior
to gentle tapping in order to loosen all the cells. The trypsin was then
neutralised by the addition of 10ml complete medium. The cell suspension
was spun at 300g for 7 minutes before discarding the supernatant,
resuspending the cell pellet in 10mi complete medium, and placing in a
gelatine coated 75cm?” flask. Cultures were passaged every 2-3 days at a

ratio of 1:2 and fed every other day.

3.2 Assessment of cell metabolism and survival
3.2.1 Alamar Blue™ assay

Alamar Blue™ (AB; Serotec Ltd., Kidlington, U.K.) is an assay
designed to measure quantitatively cell metabolism and viability by
incorporating resazurin and resarufin as colorimetric oxidation reduction
indicators that change in colour in response to chemical reduction resulting
from cell metabolism. The data may be collected with either fluorescence
based or absorbance-based instruments. In this study absorbance was
monitored at 570nm and 630nm. Resazurin has a much higher
electrochemical potential than the carriers on the cell membrane, and on
contact with the membrane, it is reduced to resarufin. Resazurin acts as an
intermediate electron acceptor in the electron-transport chain between the
final reduction of O, and cytochrome oxidase by substituting for molecular
oxygen as an electron acceptor.

The rate of bio-reduction is related to the level of redox potential on
the cell membrane, which in turn characterises the constitutive part of the
metabolic activity of a given cell type. AB has certain properties that make

this assay attractive. It is soluble in culture media, stable in solution, and
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minimally toxic to cells and produces changes that are easy to measure. AB
has been used as a measure of cell viability in tumor neurosis factor hyper-
sensitive cell lines [218], studies of apoptotic neuronal death [219], and
studies of lymphocyte proliferation [220].

Various approaches to the assessment of EC viability have been
undertaken. Foremost are methodologies looking for known morphological
factors, including ultrastructural studies that require substantial effort, skilled
personnel, and often expensive equipment but during the extensive
processing required do not yield quantifiable results and destroy the sample
[221]. The assessments of EC membrane integrity with dye uptake and vital
stains has been used as an indirect measure of viability, but they are
terminal assays that destroy the cell or interfere with its function [222-224].
Continuous monitoring of EC viability is achievable by the measurement of
glucose uptake and lactic acid release into an incubation medium, but such
methodologies are labour intensive and relatively insensitive [225]. The
reduction of colourless tetrazolium salts by mitochondrial succinate
deyhdrogenase activity into an intensively colored formazan product uses
hazardous reagents and requires washing, fixing, and extraction steps that
destroy the cell [226-228]. Furthermore, the insoluble, intracellular crystals
that disrupt the cellular membrane result in an extracellular precipitate
attached to the polymeric substrate that on polyurethanes remains bound to
the substrate even after extraction by detergent, thus affecting the outcome
of this particular assay [229]. [3H]-thymidine incorporation has been used as
a measure of viability and cell metabolism in EC [230] but radioisotopes have
many disadvantages, including the terminal nature of the measurement,
labour-intensive handling and disposal (along with expense), and excessive
processing time with 3H-thymidine incorporation.

AB is not a new assay because it was first developed to determine
how susceptible microorganisms are to various growth-inhibition products
and has been used to examine bacterial antibiotic susceptibility [231] and
yeast antifungal receptivity[232] and to analyze the cytotoxicity of drugs and
chemotherapeutic agents in mouse fibroblasts, macrophages, and human

tumour cells [233]. AB allows a continuous assessment of the metabolism
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and viability of seeded cells, is simple to perform, and does not destroy the
cells [217]. Limitations of AB are few. If prolonged incubation times are used
(>24 h), reversal of the reduction process occurs via a secondary redox step,
resulting in a colourless solution, particularly when very high cell
concentrations are used. Microbial contamination would also reduce AB, thus
yielding erroneous results, but this would affect any other assay of ECs as
well.

AB was added to cell culture medium at a concentration of 10%. At
each AB assay time point wells were washed with 1 ml phosphate buffered
saline (PBS) and 1 mi of the AB/medium mixture added to each well. After 4
hours a 100ul sample of the AB/medium mixture was removed and the
absorbance at 570 nm and 630 nm measured in a 96-well plate (Helena
Biosciences, Sunderland, U.K.) using a Multiscan MS UV Vvisible
spectrophotometer (Labsystems, Somewhere, U.K.). The absorbance at 630
nm (background) was subtracted from that at 570 nm and results expressed
as a percentage of the control (untreated) value. Four wells per treatment at

each time point were measured and each experiment repeated four times.

3.3 Assessment of peptide purity and characterisation
3.3.1 High performance liquid chromatography (HPLC)

RGD-containing peptides were prepared manually using a solid-phase
peptide synthesis and were assessed with reverse-phase HPLC for their
purity and fourier transform infrared spectroscopy for characterisation. HPLC
is a versatile form of chromatography used in a wide variety of applications
to separate individual compounds of a particular class of molecule on the
basis of size, polarity, solubility or adsorption characteristics. It is a very
sensitive technique which can detect small differences in either absorbance
or fluorescence as the elutate from the HPLC column passes through an
appropriate detector.

The purity of each peptide was assessed by reverse-phase HPLC. The

peptide sample (1mg/ml) was re-suspended in 0.1% TFA in water and
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injected into a Cig (semi-preparative) TSK ODS 120T column (Pharmacia,
Uppsala, Sweden) equilibrated in 100% buffer A (HPLC grade water
containing 0.1% TFA) and 0% buffer B [90% (v/v) HPLC grade acetonitrile
(Rathburn Scotland, UK) in water containing 0.1% TFA]. The peptide was
purified on a linear gradient of buffer B (from 0% to 70% in 30 minutes) at a
flow rate of 2.5 mi/minute. Sample peaks were detected
spectrophotometrically by monitoring the absorbance of the eluent at 220nm
using a Varian 5000 Liquid Chromatograph (Waters Limited, Hertfordshire, U.K.)

equipped with a variable wavelength UV detector.

3.3.2 Fourier transform infrared (FTIR) spectroscopy

Infrared spectroscopy is a well-established method for investigating
the secondary structure of proteins. The energy vibrations between chemical
bonds (for example stretching, rotating and twisting) can be linked to the
corresponding infrared (IR) regions of electromagnetic spectra. Vibrations
may be localised to particular groups or bonds, examples of which include
the O-H group or the C=0 bond. In most cases vibrational modes are not
caused by a single bond but are coupled to neighbouring bonds as well. In
the case of proteins IR spectra are characterised by amide modes (bands)
which represent set absorption regions. In the infra red region nine
absorption bands, known as A, B and I to VII are produced by proteins. The
most useful band for studying proteins is the amide I (~1630-1690 cm™) as
it is closely correlated with protein secondary structure. This band is seen
around 1650-1660 cm’! for an a-helical conformation and at 1630-1640 cm™
in the case of a B-sheet confirmation. Due to the fact that water absorbs
strongly in the 1640 cm™ region it is necessary to utilise a *H,O solution,
which does not cause such interference, when carrying out conformational
studies.

FTIR spectra were obtained using a Perkin-Elmer 1750 FTIR
spectrometer equipped with a fast recovery TGS detector and Perkin-Elmer
7300 computer for data acquisition and analysis. Samples were placed in a
Beckman FH-01 CFT micro-cell fitted with CaF, windows and a 50pum Teflon
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spacer for measurements in H,0. Temperature control of 30°C was achieved
by means of a cell jacket of circulating water. The spectrometer was
continuously purged with dry air to eliminate water vapour absorptions from
the spectral region of interest. A sample shuttle was employed to permit the
sample to be signal- averaged with the background. Measurements in 2H,0
at 30°C were recorded at a peptide concentration of 10mg/ml and 200 scans
were signal averaged.

All spectra were recorded at a resolution of 4 cm™’. Aqueous buffer
spectra were recorded under identical conditions as the sample spectra.
Absorption spectra were obtained by digitally subtracting the solvent
spectrum from the corresponding sample spectrum. Where appropriate,
water vapour contributions were subtracted from the absorption spectrum
using a previously recorded water vapour spectrum. Second derivatives were
calculated over a 13 data-point range (13 cm™) using the Perkin-Elmer
DERIV function to assign features of the composite amide I band to
structural features present in the polypeptides.

3.3.3 Mass Spectrometry

Mass spectroscopy by Fast-atom-bombardment mass analysis (FAB-MS) (VG-
70SE positive ion) was carried out by the UCL Mass Spectrometry Service
(Department of Chemistry, University College, London U.K.) on the peptides
synthesised.

3.4. Assessment of whole blood coagulation

3.4.1 Thrombelastography (TEG)

Thrombelastography (TEG) has been used in many clinical settings
since its introduction in 1948 and has been shown to be a reliable technique
for diagnosis and monitoring treatment of various blood disorders. The TEG
measurements correlate well with the coagulation profile (Zuckerman et al

1981)[234] and have the advantage of being a rapid technique which
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requires small blood volumes. Most blood clotting tests do not provide
sufficient information regarding the quality of the clot formed or the speed
and intensity of fibrin formation. A number of thrombelastographic patterns
have been correlated with abnormal blood clotting states such as clinical
thrombotic and haemorrhagic conditions.

TEG is carried out using venous blood rather than capillary blood with
the first few millilitres being discarded to reduce any effect due to tissue
thromboplastin which may be released on venepuncture. The blood or
plasma sample is placed in a pre-warmed cuvette fitted into a moving device
which is oscillated over an angle of 4 degrees 45 minutes (1/12 radian)
around a vertical axis in a 10 second cycle. A piston which is freely
suspended by a fine torsion wire and connected to a pen recorder chart, is
lowered into the blood, resulting in a uniform clearance of 1 mm between
the piston and cuvette. The blood is then covered with a thin layer of liquid
paraffin to prevent drying and a resulting pH change due to atmospheric
oxygen.

Initially the blood in the cuvette is in a fluid state and therefore the
piston remains stationary, producing a straight line on the thrombelastogram
(Figure 3.1). As the blood clots fibrin strands are formed between the
surface of the piston and the cuvette. The motion of the cuvette is coupled
to the piston causing it to oscillate along with the cuvette. The motion of the
piston is transmitted to the torsion wire which results in a deflection of the
pen recorder. During the course of coagulation the shear elasticity of the
fibre strands increases and the rotation of the cuvette enables the elasticity
of the clot to be measured without detaching the fibrin strand. As fibrin
formation and the elasticity of the coagulum progress the deflection of the
pen recorder increases progressively, providing a graphic representation of
the fibrin build up and subsequent fibrinolysis. This technique can therefore
be used to follow the entire process of blood coagulation from the initial fluid
state, through the gradual increase in clot strength and polymerisation of the
fibrin strands to the dissolution of the clot following fibrinolysis.
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CTEG Model # 3000

Figure 3.1 Thrombelastograph coagulation analyser

3.4.2 Interpretation of the thrombelastogram

The output from the TEG records the elasticity of the blood clot (Figure
3.2). A number of important parameters can be measured and quantified
which reflect the nature of the coagulum produced. In the TEG the reaction
time denoted “r° (TEG-r) is measured from the start mark (recalcification
point for a citrated sample) until an amplitude of 2mm is obtained. During
this time there is no resistance in the blood and so the piston remains
motionless. The r-time corresponds to the time taken for the formation of
the first fibrin strands, and is therefore indicative of the enzymatic sequence
of events which occur in the blood coagulation cascade prior to fibrinogen
conversion to fibrin. The time from the measurement of r (the beginning of
the clot formation) until a fixed level of clot firmness is reached (amplitude
20mm) is the k-time. It is @ measure of the speed or clot kinetics to reach a
certain level of clot strength. Angle (a) is closely related to k-time. The angle
is more comprehensive than the k-time, since there are hypocoagulable
conditions in which the final level of clot firmness does not reach an
amplitude of 20mm. The maximum strength or stiffness of the developed
clot is described as "ma’ (Maximum Amplitude).
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In general, the shape of the curve (k, a and ma) is determined by
fibrinogen and platelet activity whereas the r-time is highly dependent on the

functional aspects of the clotting factors.
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Time (min)

Figure 3.2 A typical TEG analysis tracing;
Where

R = Initial fibrin formation (a period of time from initiation of the test to the
initial fibrin formation

K = Dynamic clot formation (a measure of time from beginning of clot
formation until the amplitude of TEG reaches 20mm)

a = The acceleration of fibrin build up & cross linking (an angle between the
line in the middle of the TEG(r) tracing and the line tangential to the “body”
of the TEG® tracing)

MA = Maximum amplitude (reflect strength of a clot which is dependent on
number and function of platelets and its interaction with fibrin)
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