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Abstract

Vascular disease remains the leading cause of death globally. Bypass grafting is one of the common
surgical interventions to restore the blood flow. Autologous grafts, especially internal thoracic arteries
and saphenous veins are the gold standard bypass grafts, but the source can be limited. Synthetic grafts
have been extensively developed as alternatives to autografts. Despite the progresses in the past
decades, complications, such as thrombosis and intimal hyperplasia formation, persist in synthetic small
diameter vascular grafts (<6 mm), leading to their fast occlusion. Polyvinyl alcohol (PVA) is a
biocompatible material that has been extensively studied for various biomedical applications. PVA
hydrogels prepared by a food grade crosslinker, sodium trimetaphosphate (STMP), were shown to have
the potential to for use as small diameter vascular grafts due to its low thrombogenicity and tunable
mechanical properties. However, PVA does not support endothelialization due to the lack of cell
attaching sites and its hydrophilic nature. Endothelialization on synthetic surface is believed to be
crucial to prevent thrombus and intimal hyperplasia formation, and thus affecting the long-term
patency. Various approaches including biochemical and biophysical modifications can be employed to
improve endothelial cell responses. In this thesis, it is hypothesized that the combination of biochemical
and biophysical cues can enhance endothelialization on PVA and therefore improving the patency of
PVA vascular grafts. The thesis was set out to investigate the effects of a bioactive sulfated
polysaccharide and topographies on endothelial cell responses and develop modification methods to

improve endothelialization on PVA hydrogels for small diameter vascular graft application.

Fucoidan is a sulfated polysaccharide, isolated mainly from brown seaweeds. It has been known to
have multiple bioactivities, including anticoagulant and antithrombotic, anticancer, and anti-
inflammatory activities. In the first part of the thesis, we assessed the effect of fucoidan molecule on
hemocompatibility and endothelial cell adhesion. Fucoidan was mixed into PVA solution and co-
crosslinked by STMP. The endothelialization and hemocompatibility of fucoidan modified hydrogels
were evaluated in vitro, ex vivo and in vivo. The results demonstrated that fucoidan improved
endothelial cell adhesion on PV A both in vitro and in vivo without affecting the mechanical properties
of PVA. Additionally, in vitro and ex vivo hemocompatibility tests showed that modified PV A-fucoidan
hydrogels maintained good hemocompatibility with minimal platelet adhesion and activation and low
thrombin generation. The results suggest that fucoidan is a promising molecule that can be used to

improve endothelialization without sacrificing hemocompatibility.
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Cells are surrounded by a complex microenvironment with geometrically defined structures in vivo.
The extracellular environment provided three-dimensional (3D) physical cues in micron and sub-
micron scale, that plays an essential role in diverse cell processes. Many studies have demonstrated that
micro- and nano-topographies can be used to mimic the natural extracellular environment and thus
regulate cell processes and behaviors. PVA hydrogels can be topographically patterned using casting
methods. However, topography alone on PVA is not sufficient to support endothelial cell adhesion. In
the second part of the thesis, we developed a fucoidan conjugation method that is compatible with
topographical patterning. The conjugation was achieved through carbonyldiimidazole (CDI) reaction,
and fucoidan was aminated using ethylenediamine (EDA) to facilitate the conjugation. This fucoidan
conjugation method improved endothelialization on PVA significantly without affecting the
mechanical properties of PVA. It also yielded a surface that has a significantly lower thrombogenicity
compared to PVA modified by other fucoidan modification methods. Additionally, this conjugation
method can be applied to other material, such as expanded polytetrafluoroethylene (ePTFE), which is
the typical material for synthetic vascular grafts. The results in this section showed that the fucoidan
can be chemically conjugated on synthetic surfaces to improve endothelial cell responses. More
importantly, the study suggested that the methods to present fucoidan on the surfaces can significantly

alter the surface chemistry and the bioactivities for endothelial cell responses and hemocompatibility.

In the last part of the thesis, PVA hydrogels was modified with fucoidan and topographies of various
dimensions. The synergistic effect of fucoidan and topographies on endothelial cell adhesion and
functions as well as hemocompatibility were evaluated. The results showed that the topographies on
PV A-fucoidan hydrogels could affect endothelial cell adhesion, monolayer formation, and function,
while not affecting the hemocompatibility significantly. Among 6 isotropic and anisotropic
topographical patterns evaluated, the 2 um grating appeared to be the most promising topography and
was used for in vivo studies. The in vivo results showed a significantly improvement on the blood flow
in the fucoidan-conjugated PVA grafts and fucoidan-conjugated PVA grafts with 2 pum grating.
Furthermore, the luminal endothelialization on PVA small vascular grafts was achieved by fucoidan
and 2 um grating modification. Finally, we investigated the potential mechanism underlying the
improvement on endothelialization by the modification with fucoidan and topography. The results
indicated that fucoidan may function similarly as extracellular matrix (ECM) proteins. Fucoidan
provides binding ligands for integrins, Bi, o, as, as, and ofs, that are actively involved in endothelial
cell adhesion to ECM proteins. Vascular endothelial cells formed similar number and size of focal

adhesions on fucoidan compared to those on gelatin, although size of focal adhesions was smaller
vii



compared to those on laminin. Topographies further affected focal adhesion size and alignment, and 2

um grating promoted cell migration.

Overall, this thesis has demonstrated the hypothesis of presenting a sulfated polysaccharide and
topography as luminal modification to improve performance of PVA small diameter vascular graft. The
findings of the research work suggest that both fucoidan and topographical cues can benefit the
endothelial cell adhesion and regeneration of endothelial monolayer both in vitro and in vivo, and thus

are promising modification strategies for blood contact materials and vascular devices.
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Chapter 1

Introduction

1.1 Background

Cardiovascular disease remains the leading cause of death around the globe, accounting for more than
17.9 millions of death each year [1]. Atherosclerosis is recognized as one of the main pathogenesis of
cardiovascular diseases. The progression of atherosclerosis narrows the lumen of a vessel, slows down
the blood flow rate and eventually causes vessel blockage. Although the development of medications
and percutaneous intervention reduces the requirement of surgical interventions in treating
cardiovascular diseases, bypass surgeries are still required for severely affected patients to effectively
restore blood perfusion. Autologous arteries or veins, such as internal thoracic arteries and saphenous
veins from the patients, are common graft choices for replacing the damaged blood vessels or bypassing
blocked vessels. However, the autologous grafts are not always available, which has inspired the

exploration on prosthetic vascular grafts.

Synthetic bypass vascular grafts have been investigated to serve as alternatives to autologous grafts
since last century. Commercially available synthetic grafts, such as expanded polytetrafluoroethylene
(ePTFE) and polyethylene terephthalate (PET, better known as Dacron®) exhibit satisfactory long-term
patency in large diameter (>6mm) [2]. However, when being applied to replace small diameter vessels,
they occlude quickly due to acute thrombosis and intimal hyperplasia formation. Tissue engineered
vascular grafts have also attracted broad research interests. Degradable prosthetic grafts, made of
synthetic materials or natural materials, and decellularized vascular scaffolds from bovine have been
commercialized and applied to clinical studies. However, in small diameter vessels, these grafts did not

exhibit superior performance than conventional synthetic vascular grafts [3].

The low success rate of prosthetic and decellularized small diameter vascular grafts has been
associated with multiple factors, such as inherent thrombogenicity [4] and inadequate
endothelialization [5]. To this end, many researchers have investigated surface modification strategies
to improve the surface hemocompatibility and endothelialization. Immobilization of extracellular
matrix (ECM) proteins [6], peptides [7], and growth factors [8] on synthetic surfaces has proven
efficiency in promoting endothelial cell adhesion and proliferation. However, increasing
endothelialization while maintaining a low thrombogenicity remains challenging. Mismatch in

mechanical properties has been suggested to be another critical contributor to graft failure [9]. The



mismatched mechanical properties between a graft and its adjacent native artery induces blood flow
turbulence and disturbed fluid shear stress, which contribute to the formation of intimal hyperplasia
[10]. Polyvinyl alcohol (PVA) is a biocompatible and FDA approved material. PV A hydrogels prepared
by sodium trimetaphosphate have tunable mechanical properties that could match the mechanical
properties of native vessels. By using a dip casting method, small diameter tubular grafts with sufficient
mechanical strength can be easily fabricated [11]. However, the lack of endothelial cell adhesion limits
the application of PVA vascular grafts. Driven by the drawbacks of the current synthetic vascular grafts
and unmet need of a versatile modification strategy, this thesis aims to develop a surface modification
method that is capable of enhancing both endothelialization and hemocompatibility to improve the

performance of PVA small diameter vascular graft.

1.2 Hypotheses and objectives

Fucoidan is a sulfated polysaccharide with diverse biological functions. It plays an important role in
hemostatic system, by interacting with coagulation factor Xa, inhibiting thrombin generation, and
regulating platelet adhesion and activation [12]. The activity of fucoidan in mediating vascular cell
behaviors has been demonstrated. Fucoidan exhibits endothelial protective function [13] and
antiproliferative effect on smooth muscle cells [14] (see detailed review in chapte 2). These bioactivites

suggest that fucoidan could be promising molecules for cardiovascular application.

Topographical cues have demonstrated a regulatory effect on endothelial adhesion and proliferation
[15]. Grating and lens topographies have showed a promotion on endothelial cell attachment [16]. In
native blood vessels, endothelial cells are exposed to fluid shear stress. Cells adapt to the shear stress
and form an elongated and aligned morphology. This morphology has been reported to be beneficial
for the anticoagulant and anti-atherogenic activities of endothelial cells. Surface topographies, more
specifically anisotropic topographies, are capable of inducing aligned morphology of EC in vitro [17].
Our previous study showed that PVA hydrogels can be easily patterned using casting method or
nanoimprinting methods. The patterns on PVA hydrogels have good fidelity and are stable in both dry

and hydrated conditions.

These findings have led us to the hypothesis that luminal modification with fucoidan and
topographical patterning could improve the patency and endothelialization of PV A vascular grafts. This

can be divided into three sub-hypotheses:



1. Fucoidan could improve endothelial cell adhesion without sacrificing hemocompatibility of PVA

hydrogels.

2. The method of presenting fucoidan on PVA could affect the surface properties and bioactivity
of modified PVA hydrogels. Conjugation method that would preserve the fucoidan bioactivities
could improve the endothelialization and hemocompatibility, without affecting the surface

morphology, patterning and the graft mechanical properties.

3. Combination of fucoidan and topographical modification on PVA could promote the
endothelialization of PVA small diameter vascular graft. Fucoidan could enhance vascular

endothelial cells via integrin binding.
Based on the hypotheses, I have divided the project into three main aims:
1. Evaluate the effect of fucoidan molecule on endothelialization and hemocompatibility.

This aim will assess the change on endothelial cell adhesion and hemocompatibility of PVA caused by
presenting fucoidan in PVA. Fucoidan was mixed into PVA solution and co-crosslinked to form a
hydrogel. The endothelial cell adhesion on fucoidan modified hydrogel was tested. In vitro and ex vivo
hemocompatibility test were done to assess the effect of fucoidan on the hemocompatibility. /n vivo

endothelialization was examined in a rabbit right common carotid artery model.

2. Develop and optimize of fucoidan conjugation method with surface characterization and

biological assays.

This aim will address the need to develop a fucoidan conjugation method that is compatible with
topographical patterning while presenting favorable biological functions. Native and aminated fucoidan
were conjugated on PVA hydrogels. The effects of the modification method, amination reagents,
sterilization, and the species of seaweeds that fucoidan was isolated were assessed with surface
characterization and biological assays, including endothelial cell responses and hemocompatibility
tests. The effect of the modification on mechanical properties of PVA hydrogels were examined. The
possibility of conjugating fucoidan on other materials was examined with a conventional vascular graft

material, such as ePTFE.

3. Examine the synergistic effect of fucoidan conjugation and topographical patterning on the

performance of PVA hydrogels.



This aim evaluates the synergistic effects of PVA hydrogels modified by both fucoidan conjugation
and topographical patterning. PVA hydrogels with micro-sized isotropic and anisotropic patterns were
prepared, and subsequently modified with fucoidan through chemical conjugation. The cell adhesion,
function, and hemocompatibility of fucoidan modified PVA with different topographies were
examined. Topography that had best in vitro performance was selected for in vivo study. Small diameter
vascular grafts of unmodified PVA, fucoidan conjugated PVA and fucoidan conjugated PVA with
topographical patterns were implanted in rabbit right common carotid arteries to evaluate the in vivo
performance. Furthermore, the mechanism of the modulation activity of fucoidan and topography on
endothelial cells was studied by integrin and focal adhesion expression, and preliminary cell migration

was accessed via a wound healing assay.

1.3 Research contributions

This PhD thesis is motivated by the need of both durable off-the-shelf available small diameter vascular
grafts and an appropriate modification strategy to improve surface hemocompatibility and
endothelialization. The research work done in this thesis will expand the knowledge by four major
contributions. First, this work has demonstrated that fucoidan is a promising modification molecule for
vascular graft. The presentation of fucoidan molecule on synthetic materials could improve
endothelialization significantly without compromising the hemocompatibility. This could advance the
application of fucoidan in cardiovascular field and contribute to the development of surface
modification strategies for blood contact materials and vascular devices. Secondly, the fact that the
bioactivities of fucoidan are dependent on molecular weight and structural features has been well
accepted; however, the effects of immobilization method have not been explored. The findings from
this work revealed that the different modification methods with fucoidan could cause drastic changes
on the surface properties and the biological activities, which sheds light on the importance of selecting
proper modification methods in the further application of fucoidan. Thirdly, this work demonstrated
that the interaction of endothelial cells and fucoidan are through the formation of focal adhesion with
integrins Pi, oz, as, &, and ofPs, and the topographies could further regulate the focal adhesion
formation by endothelial cells on fucoidan. The topography also presented contact guidance to enhance
cell migration. Lastly, this study presented a promising modification strategy with fucoidan and
topography to improve endothelialization of PVA small diameter vascular grafts. This could benefit
the application of PVA in vascular engineering, and the modification method could be applied to other

synthetic materials for treating cardiovascular diseases.
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1.4 Organization of the thesis

This thesis is composed of 6 chapters.

Chapter 1 presents an overview on the research background of the thesis project and introduces the

thesis hypotheses, objectives and significance of the study.

Chapter 2 reviews the relevant literature including vascular biology, pathogenesis of cardiovascular
diseases, development progresses of vascular grafts, PVA hydrogels, bioactivities of fucoidan and

topographical cues on hydrogels for cell responses.

Chapter 3 describes the effects of fucoidan modification, by mixing fucoidan into PVA, on vascular

endothelial cell adhesion and hemocompatibility of PVA.

Chapter 4 outlines the development and optimization of fucoidan conjugation methods based on surface

characterization and biological assays.

Chapter 5 presents the synergistic effects of fucoidan conjugation and topographical patterning on

endothelialization and performance of PVA small diameter vascular grafts.

Chapter 6 concludes the major findings of the thesis and provides recommendations for future

directions to contribute the field of vascular engineering.



Chapter 2

Literature Review

Synthetic vascular grafts are commonly used in bypass surgeries to treat cardiovascular diseases.
Currently available synthetic vascular grafts have high success rate when the diameter is larger than 6
mm, however, small diameter (< 6 mm) synthetic vascular grafts are subjected to fast occlusion. In this
chapter, I will introduce the structure of vascular walls, pathogenesis of vascular disease and currently
available vascular grafts. Further, progresses to improve the performance of synthetic small diameter
vascular graft will be discussed. Polyvinyl alcohol (PVA) hydrogels will be introduced and their
potential and limitations for use as small diameter vascular grafts will be focused. An introduction on
fucoidan and topographical cues will be presented along with their potential uses in vascular graft

application.
2.1 Vascular system and vascular disease

2.1.1 Vascular system

Vascular system transports oxygen and nutrients to organs and tissue and remove waste through
different types of blood vessels, including arteries, veins and capillaries. Native blood vessels are
comprised of three layers: tunica intima, tunica media and tunica externa (adventitia) (Fig 2-1). The
tunica intima is the innermost layer formed by endothelium, a single layer of endothelial cells (ECs) ,
and an endothelial-specialized basement membrane, which contains laminin, collagen type IV,
glycosaminoglycans and proteoglycans, such as heparan sulfate proteoglycans [18-20]. Vascular
smooth muscle cells (SMCs), elastin tissue, and collagen formed the medial layer of native blood vessel
walls. Externa, the outermost layer of native blood vessel, consists of collagen-rich extracellular matrix,

loosely packed fibroblasts and a few quiescent resident inflammatory cells.
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Figure 2-1 The structure of blood vessels

The endothelium in tunica intima is indispensable for normal vascular development and homeostasis.
It serves as a non-thrombogenic barrier between blood and tissues and participates actively in
maintaining homeostasis [21]. In mature and healthy blood vessels, ECs are in quiescent state. They
secret various molecules, such as nitric oxide (NO) and prostacyclin (PGl,) to prevent platelet
aggregation [22]. Anticoagulant heparin-like glycosaminoglycans and thrombomodulin are present on
the surfaces of ECs, which reduce blood coagulation by inactivating thrombin [23]. ECs also synthesize
tissue factor pathway inhibitor and participate in fibrinolysis [24]. ECs are involved in inflammatory
and immunological processes. Quiescent ECs do not interact with leukocytes. Upon activation by
inflammatory stimuli, ECs change to pro-inflammatory phenotype and expressed adhesion molecules

which mediate tethering of leukocytes to the surface of ECs [25].

In addition to the roles in coagulation system and inflammation, ECs also control the tone of SMCs
by releasing vasoactive factors, such as NO and PGI,, or vasoconstrictive factors such as thromboxane
and endothelin-1 [26, 27]. SMCs are the major cells of tunic media. SMCs can sense the tensile stress
of the blood vessel walls directly and react to shear stress indirectly through the interaction with ECs
[28]. In normal blood vessel, SMCs are contractile, differentiated and quiescent, regulating blood vessel
tone and blood flow through dynamic cell contraction and relaxation. Upon vessel injury or vascular
interventional process, SMCs will change phenotype to a proliferating state and eventually migrate to

intima, causing atherosclerosis, restenosis of vascular intervention and failure of vascular grafts.

The fibroblasts are abundant in the tunica externa. They are commonly regarded as supporting cells

for the vessel structures. Research found out that fibroblasts could migrate from adventitia to intima
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and form myofibroblasts [29-32]. Many studies have also evidenced the presence of progenitor cells
and pericytes in the tunica externa [33]. Those cells have the ability to differentiate into ECs and SMCs
[34].

2.1.2 Pathogenesis of vascular disease

Cardiovascular disease is the leading cause of mortality across the globe. Atherosclerosis is known to
be the primary cause of various cardiovascular diseases, such as myocardial infarction and stroke.
Atherosclerosis describes the buildup of plaque, containing cholesterol, calcium and waste products,
inside the lining of the artery walls. The atherosclerotic plaque is exposed to pulsatile force from the
blood stream and is vulnerable to rupture, resulting in thrombosis and vessel occlusion. Atherosclerosis
progression involves endothelial dysfunction, smooth muscle cell proliferation, extracellular matrix

accumulation and complex inflammation responses, as shown in Fig 2-2.
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Figure 2-2 Pathogenesis of atherosclerosis [35]. Copyright © 2017, Nature Publishing Group.

Current evidence suggested that endothelial dysfunction is the initial step in atherogenesis and
contributes to the progression of atherosclerotic plaque [36]. Dysfunctional ECs accelerate reactive
oxygen species (ROS) formation and reduces the production of NO. NO plays an important role in

modulating SMC proliferation through ¢cGMP-dependent activation of the cAMP kinase [37, 38],
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regulating platelets aggregation through cyclic GMP[39, 40], and inhibiting leukocyte chemotaxis. The
endothelial dysfunction results in increased vascular permeability to lipoproteins and further leads to
the accumulation of low-density lipoproteins (LDLs) in the intima [41]. Furthermore, various
inflammatory cytokines induce the endothelial cells to express vascular adhesion molecules, such as
vascular cell adhesion molecule (VCAM) and intracellular adhesion molecule (ICAM), consequently
promoting the adhesion of monocytes to the endothelium and migration of monocytes to the
subendothelial space. Monocytes in the intima acquire the characteristics of proinflammatory
macrophages, augment the expression of scavenger receptor, internalize oxidized lipoproteins, and

eventually transform into foam cells [42].

Phenotype switching, proliferation and migration of SMCs has been revealed as the main
pathological processes in atherosclerosis. During the atherosclerosis development, SMCs migrate from
media to intima and change from contractile phenotype to synthetic phenotype. The synthetic SMCs
have high proliferation rate and synthesize 25 to 46 times more collagen than contractile SMCs [43],
leading to arterial wall fibrosis and thickening. Those activated SMCs have also been reported to
express scavenger receptors and uptake of oxidized LDLs, switching to macro-phage like cells and
enhancing the formation of foam cells [44]. Additionally, similar to ECs, SMCs in the intimal lesions
also expressed VCAM and ICAM and are capable to retain monocytes and macrophages within the

lesion [45].

Compelling evidence has demonstrated that the adventitia is also actively involved in atherosclerosis.
Adventitial fibroblasts proliferate, differentiate into myofibroblasts, and migrate to the intima after
intimal injury and during the atherosclerotic lesion formation. Activation of adventitial fibroblasts was
evidenced to contribute to early development of atherosclerosis [46]. The accelerated proliferation of
adventitial fibroblasts was observed in the early stage of atherosclerosis, followed by an increase on
collagen and elastin production in adventitia [47]. The deposition of adventitial extracellular matrix
(ECM) affects the stiffness of arteries, and in turn further contribute to the proliferation of fibroblasts.
Furthermore, the activation of adventitial fibroblasts induces their differentiation into myofibroblasts.
Myofibroblasts are capable of migrating from the adventitia to intima within a few days, and become
another source of intimal SMCs [32]. The contribution of adventitial progenitor cells to atherosclerosis
has also been reported [34, 48]. These cells exhibit the capability of differentiating into SMCs, ECs,
and myofibroblasts and macrophages [49]. In the atherosclerotic vessels, adventitial inflammation

occurs and results in the production of cytokines, such as stromal cell-derived factor-1, tumor necrosis
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factor-a, and transforming growth factor-p, which may lead to the differentiation of adventitial

progenitor cells [50].

2.2 Vascular graft as surgical intervention for cardiovascular diseases

Treatments of cardiovascular disease range from dietary to pharmaceutical and surgical interventions.
Early stage of atherosclerosis can be mitigated by taking therapeutic agents such as anticoagulant/
antiplatelets to reduce the blood clotting or angiotensin-converting enzyme (ACE) inhibitor and Beta-
blocker to decrease blood pressure [51]. As the atherosclerotic lesion deteriorates, vascular surgeries
may be required. Endovascular procedures, including angioplasty, stent insertion and atherectomy,
could be carried out to widen the stenosed vessels or remove the plaque. For damaged or occluded
vessels, vascular grafts are required to replace or bypass the blocked vessels to restore blood flow.
Choices of clinically available bypass grafts could be divided into two main categories: autologous

graft and synthetic graft.

2.2.1 Autologous graft

Autologous vessels, such as internal thoracic artery and saphenous vein from calf or thigh, have been
used as bypass grafts. Internal thoracic artery and saphenous vein have been reported to have a ten-year
patency rate of 90%-95% and 40%-60% [52, 53], respectively, and thus internal thoracic artery has
become the preferred vessel of choice for coronary artery bypass grafts. The high long-term patency of

internal thoracic artery graft is related to its low tendency of arteriosclerosis formation.

Although saphenous veins have lower patency rate, they are still extensively used as bypass grafts
due to the ease of harvest. The failure of saphenous vein grafts are associated with the formation of
intimal hyperplasia and accelerated atherosclerosis [54]. When being implanted as arterial bypass, vein
grafts are exposed to arterial pressure, turbulent blood flow and shear stress, which could damage the
endothelium, leading to platelet activation, macrophage migration and SMC proliferation. To improve
the patency, many researchers have focused on improving the mechanical properties of vein grafts.
Metal wire mesh has been used as external reinforcement around the saphenous vein grafts. With the
reinforcement, a twofold decrease in the percentage of stenosis was observed [55]. The reduction on
stenosis was proposed to be related to the controlling of dilatation of vein grafts by the wire mesh.
Despite the promising results observed with reinforced vein grafts, the wire mesh is not biodegradable
and may induce risk of complications. Additionally, about one-third of patients do not have suitable

veins for grafting due to pre-existing vascular diseases or vein striping. Significant morbidity and
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surgical costs associated with the harvesting of autologous vessels also combine to limit their

application for small-diameter vascular grafts.

2.2.2 Synthetic vascular graft

Synthetic materials have attracted broad attention in vascular graft design. Since mid-twentieth century,
development of a dependable and durable synthetic non-autogenous vascular conduit has experienced
tremendous growth in the application of bypass and native vessel replacement [56, 57]. Existing
synthetic materials for vascular graft are expanded polytetrafluoroethylene (ePTFE), polyethylene
terephthalate (PET, better known as Dacron®) and polyurethane. These synthetic grafts showed
sufficient long-term in vivo performance for large scale arterial reconstruction and larger diameter
vessels (>6 mm), where the rate of blood flow is high. However, they have been proven to display
inferior performance in small-diameter application (<6mm) [58-60]. The patency rate of ePTFE and
Dacron® small diameter bypass were reported to be 79% and 75%, respectively, at 6 months [61]; and
50% and 45%, respectively, at 5 years [62]. In small diameter settings, these grafts are susceptible to
inflammation, thrombosis and substantial development of intimal hyperplasia due to inherent

thrombogenicity, lack of functional endothelium and compliance mismatch [63, 64].

2.2.3 Failure of small diameter vascular graft

Despite the endeavors in the past decades, developing a durable off-the-shelf small diameter vascular
graft (<6mm) remains challenging. Small diameter synthetic vascular grafts have a high chance of re-
stenosis due to acute thrombus formation and intimal hyperplasia at the anastomotic junctions [58].
Thrombogenicity is inherent due to the lack of endothelial layer of synthetic materials, and the
development of intimal hyperplasia is attributed to a combination of the compliance mismatch between
the synthetic grafts and native vessels, the lack of endothelial coverage and the continuous interactions
of SMCs with non-typical cellular microenvironment [65]. Additionally, surgical trauma and the bio-
incompatibility of the synthetic materials also contribute to the failure of synthetic small diameter

vascular graft.

2.2.3.1 Lack of endothelial cells

In a native arterial wall, endothelium is in close contact with blood and intimately involves in preventing
thrombosis [66]. However, synthetic materials lack of endothelial cell lining and /or do not binding
sites for endothelial cells, and thus are exposed directly to blood flow. Upon implantation of the

vascular graft, plasma protein immediately adsorbs to the wall, presenting sites for integrin receptors.
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Platelet adhesion as well as platelet activation by the synthetic vessel walls cause thrombosis occurrence
and early occlusion of the grafts. Thus, patients with prosthetic vascular grafts require long-term
antithrombin mediations. Additionally, graft kinking, especially in bypass grafts, results in gross

turbulence, providing a highly thrombogenic environment.

2.2.3.2 Surgical trauma

During vascular surgeries, the blood vessels suffered from injuries including the damage of cell wall in
suturing and the removal of adventitia. The removal or denudation of endothelial cells causes
downregulation of nitric oxide synthase. The inadequate availability of NO increases smooth muscle
cell proliferation [67, 68], platelets aggregation [22, 69] and inflammation responses, and eventually
trigger the formation of IH. Adventitia was usually removed during the surgery to facilitate suturing,

which may trigger inflammation response [70] and initiate the intimal hyperplasia [71-73].

2.2.3.3 Material biocompatibility

Synthetic materials are prone to trigger vascular inflammatory responses. Previous study showed equal
contribution of inflammatory response and arterial injury to intimal hyperplasia formation [74].
Macrophages were observed in ePTFE graft stenosis [75], and studies showed suppressed IH by
depleting macrophages, indicating the macrophages may regulate IH formation [76]. Also, the
inflammatory mediator stimulate the metalloproteinases (MMPs) production, which facilitate the
migration and proliferation of SMCs [77, 78]. T-lymphocytes was also be observed in the intimal, and
T-lymphocytes secrets tumor necrosis factor-o (TNF-a), which is proven to induce migration of SMCs
[79]. In addition to inflammation, due to the lack of endothelial lining on the luminal surface of
synthetic materials, platelets aggregation and thrombosis formation will be triggered, which will narrow
down the lumen. Activated platelets and thrombin have also been well-studied as a mitogen of SMCs

and stimulates SMCs proliferation [80-82].

2.2.3.4 Mismatch of mechanical properties

The mismatch of mechanical properties between grafts and native blood vessels is the most important
factor that leads to intimal hyperplasia in vascular grafts. Compliant arterial wall acts as an elastic
reservoir, absorbing energy during systole and release in diastole. Introduction of a rigid segment, such
as stiff synthetic graft, even with relatively benign flow surfaces, interferes with the function. Due to
the configuration and mechanical mismatch of native vessel and graft, there is a turbulence or flow

separation around anastomosis area. The flow separation causes endothelial injury at the heel and the
12



toe, releasing growth factor and causing smooth muscle cells and myofibroblast proliferation [83, 84].
The disturb flow in downstream will trap platelets and cause platelets aggregation, and will also

promote fibrin thrombus formation [85].

Wall shear stress, derived from blood flow, regulates the function and composition of blood vessels
by affects phenotype and integrity of endothelial cells [86, 87]. Under physiological shear stress, the
phenotype of ECs changes from random orientation to aligned along with flow direction. With
increased steady shear force, ECs produced more NO, lowering the proliferation of SMCs and thus
control the formation of intimal hyperplasia [88]. However, in vascular grafts, ECs are exposed to
oscillatory shear stress and fail to produce NO. Distal anastomosis appears to have a sharp temporal
shear stress change, with directional change of shear force, which may lead to endothelial deformation
[89]. Wall shear stress also regulates SMC proliferation, protein synthesis, and mitogenic activity [90].
In contrast to ECs, SMCs have increased proliferation, DNA synthesis and cell survival in response to

oscillatory shear stress [91].

Vascular vessel stress also plays an important role in IH formation in vascular grafts. The high wall
stress in vascular grafts may serve as a initiator of inflammatory response, such as increased DGF and
MMP expression, followed by SMC proliferation [92-94]. Platelet-derived growth factors (PDGF) are
important for smooth muscle cells to proliferate. Studies on PDGF response to stress showed that upon

increased wall stress, PDGF secretion is promoted, leading to accelerated SMC proliferation [95].

The combination of all the complications lead to the clinical failures of synthetic small diameter
vascular grafts. There is an urgent need for an effective and long-lasting graft to overcome limitations

and fulfill the need from the market of vascular engineering.
2.3 Efforts to improve performance of small diameter vascular grafts

2.3.1 Surface modification

The luminal surface of vascular graft is in direct contact with blood stream, and the implantation of a
vascular graft may trigger protein adsorption, thrombogenesis and inflammatory responses. Thus,
developing a surface that is hemocompatible and supports fast endothelialization is a crucial step to

prevent acute thrombosis and improve long term patency.
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2.3.1.1 Anticoagulant and antiplatelet

Thrombosis following implantation of synthetic small diameter vascular grafts is a major cause of graft
occlusion. Heparin is one of the commonly used anticoagulant and has been frequently applied to
modify the synthetic surfaces to reduce thrombogenicity [96]. Heparin-bonded ePTFE vascular grafts
have been commercially available and applied to clinical studies. In clinical trials, the 1-year an d 2-
year patency rate of heparin-bonded ePTFE in femoropopliteal bypasses was 92% and 83%,
respectively, which was comparable to that of saphenous vein grafts [97]. Results also showed that
heparin immobilization on ePTFE diminished fibrin formation and thrombin-mediated platelet
activation [98]. Additionally, a significant reduction in neointimal cell proliferation and neointimal
area were observed in heparin coated ePTFE grafts [99]. The immobilization of heparin to aminated
poly(1,8-octanediol-co-citrate) modified ePTFE also improved the interaction between the surface of
ePTFE and blood and vascular cells. The immobilized heparin enhanced the adhesion, viability,
proliferation and NO production of primary EC and blood outgrowth EC were enhanced by heparin
and reduced the proliferation of SMC [100]. Inspired by the promising results on heparin modified
ePTFE grafts, heparin has also been used to other vascular graft materials. Heparin immobilization on
poly(L-lactic acid) [101], poly(e-caprolactone) [102, 103], and decellularized scaffolds [104] has
shown promoted the proliferation and adhesion of endothelial cells and inhibited the adhesion and
spreading of smooth muscle cells. Continuous release of heparin from synthetic grafts was also shown
to reduce platelet adhesion, prolong coagulation time, suppress thrombus formation as well as maintain

graft patency [105].

Although heparin modification on vascular graft materials has shown promising results, serious
shortcomings of heparin exist. The administration of heparin causes hemorrhage, and heparin-induced
thrombocytopenia can be fatal. Moreover, the stability of heparin modification may not be stable in
vivo. Degradation or desulfation of heparin by heparinase could result in loss of bioactivity. To
overcome the problems, development of heparin mimetic polymers has attracted broad interest. Low
molecular weight heparin (LMWH) prepared by degrading heparin with heparinase showed longer half-
life, and reduced side effect compared to heparin, and was proven to have anticoagulant, antiangiogenic
and antifibrotic activities [106]. Fucoidan is a bioactive molecule that has structure and anticoagulant
activities similar to heparin, and it does not cause hemorrhagic effects, making it a promising alternative
to heparin [107]. Bioactivities of fucoidan and its potential for cardiovascular application will be

introduced in section 2.5.
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2.3.1.2 Extracellular matrix proteins and peptides

ECM proteins in the vascular tissue support endothelial cell growth and function. The ECM proteins
can be recognized by cell receptors and present ligands for cells to bind to through integrins. Thus,
modification of small diameter vascular material with extracellular proteins has been extensively

investigated to encourage endothelial cell adhesion.

Collagen is the most abundant component in the basement membrane of ECs. Immobilization of
collagen on a PU-based vascular graft promoted EC adhesion and proliferation [108]. Vascular
scaffolds prepared by knitting of collagen blended poly(lactic acid) (PLA) yarn also exhibited promoted
recruitment and proliferation of endothelial cells [109]. Laminin modification on ePTFE grafts
exhibited accelerated neovascularization and endothelialization. The explanted graft showed coverage
of endothelial cells in the luminal surface. The presence of laminin also promoted the
neovascularization of the interstices of the grafts [110]. Coating fibronectin on ePTFE grafts at a
concentration of 20 pg/ml significantly endothelial attachment [111]. Small diameter polyester grafts
were coated with fibronectin and stem cell homing factor. The modification significantly improved
endothelial coverage from 27% to 48%, decreased the thickness of intimal hyperplasia from 1.03 mm

to 0.69 mm, and reduced thrombotic coverage from 2.21 mm? to 1.35 mm? [112].

Arginine-glycine-aspartate, or RGD, is widely studied adhesive peptide, and has been proven to be
effective in promoting cell attachment [113]. Covalent conjugation of RGD on poly(e-caprolactone)
biodegradable grafts increased endothelial cell viability in vitro and enhanced the formation of
endothelial cell monolayer in vivo after 1 month of implantation [114]. RGD-coating also facilitated
the formation of a confluent monolayer of ECs on ePTFE grafts. However, the RGD-coated grafts did
not exhibit different patency rate compared to unmodified grafts. Additionally, the modified grafts had
higher neointima to lumen area ratio compared to unmodified grafts [115]. REDV (Arg-Glu-Asp-Val)
sequence and YIGSR (Tyr-Ile-Gly-Ser-Arg) sequence bind to ECs while inhibit the adhesion of SMCs
and platelets [116, 117]. The effects of RGD, REDV and YIGSR modification on silk fibroin scaffolds
have been compared [118]. Only combination of YIGSR and RGD significantly enhances the
proliferation of endothelial cells. YIGSR improved EC migration more substantially than REDV and
RGD.

Although the ECM proteins and peptides are efficient in improving endothelialization, the direct
contact of ECM component with blood could induce significant acute thrombosis and platelet activation
[119].
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2.3.1.3 Other bioactive molecules

In addition to ECM components and anticoagulants, other bioactive molecules, such as growth factors
and antibodies, can also be applied to improve endothelialization. Vascular endothelial growth factor
(VEGF) and basic fibroblast growth factors (bFGF) regulate the angiogenesis, vascular growth and
maturation. They have been identified as promoters for endothelialization. Incorporation of VEGF and
RGD peptide were shown to be equally efficient in promoting endothelial cell attachment and
deposition of ECM proteins. Both modifications increased primary patency rate three-fold [120].
Modifying decellularized grafts with VEGF has been proven to enhance endothelial function and
revascularization. ECs culture on VEGF modified poly(g-caprolactone) grafts exhibited increased NO
production, PGI, release, uptake of LDL [121]. The modified grafts also had markedly improved
endothelialization, vascularization and smooth muscle regeneration compared to unmodified grafts
after being implanted in rat abdominal aorta for 1 month. bFGF is another growth factor that is
frequently used to improve vascularization of degradable vascular graft. Incorporation of bFGF in
poly(e-caprolactone) grafts have shown to promote the migration of SMCs and fibroblasts into the
grafts [122]. The same group later developed a two-layer vascular graft with VEGF in the inner layer
and bFGF and stromal cell-derived factor-la in the outer layer. The graft exhibited faster
endothelialization compared to grafts with VEGF alone and the bFGF induced a rapid formation of
SMC layer [123].

Antibodies can target and recruit ECs from the vasculature and capturing the circulating EC and
endothelial progenitor cells (EPCs) by engaging the antigens and receptors on the cell membrane.
Coating the lumen of vascular grafts with EC- or EPC-specific antibodies is efficient in improving
endothelialization. EC-specific antibodies, including platelet endothelial cell adhesion molecule
(CD31) and vascular endothelial cadherin (VE-cadherin), vascular endothelial growth factor receptor
2 (VEGFR2), and von Willebrand factor (vWF), were compared. The antibodies were conjugated to
poly(e-caprolactone) (PCL)/collagen scaffolds to compare their efficacy in capturing ECs. Scaffolds
modified with VEGFR2 alone showed significantly improved EC capture than unmodified surface, and
scaffolds conjugated with both VEGFR2 and CD31 and VEGFR2 and VE-cadherin captured more ECs
[124]. Several studies showed that CD34 antibody coating enhances the recruitment and adhesion of
ECs and circulating EPCs [125, 126]. However, CD34 antibody presented a risk of increased platelet
adhesion, protein adsorption and intimal hyperplasia [127, 128], thus alternative antibodies have been
investigated. CD133 is EPC-specific antibody. ePTFE grafts coated with CD133 antibody showed

accelerated endothelialization and higher patency after 7-day implantation in pig models [129].
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2.3.2 Tissue engineered small diameter vascular graft

Tissue engineered vascular graft can grow and remodel in vivo and eventually be integrated into blood
vessel configuration, and thus represents an attractive solution for vascular surgeries. The fundamental
requirement of tissue engineered vascular grafts is the ability to degrade and support rapid cell adhesion
and growth. Additionally, they should possess sufficient mechanical strength to withstand the pressure
produced by blood flow and bio- and hemo-compatible luminal surfaces to prevent immunogenic
responses and acute thrombosis before endothelial cell remodeling. A number of approaches have been
employed to produce tissue engineered vascular grafts. They can be categorized into biodegradable

polymers, decellularized ECM scaffolds and self-assembly cell sheets.

2.3.2.1 Biodegradable polymers

Both synthetic and natural biodegradable polymers have been used as degradable scaffolds for tissue
engineered grafts. Biodegradable synthetic polymers, such as polyglycolide (PGA), poly(lactic acid)
(PLA) and poly-e-caprolactone (PCL), have good biocompatibility but requires modifications with
bioactive molecules to improve cell responses to serve as long lasting small diameter vascular grafts.
Compared to synthetic degradable materials, natural biodegradable polymers, such as collagen, elastin
and silk fibroin, offers better biocompatibility and lower inflammatory and antigenic responses. Silk
fibroin is natural protein produced by silkworm and appears to be one of the most promising polymers
for tissue engineered graft. It has high biocompatibility, controllable biodegradability, and more
importantly, it possesses mechanical properties that are superior to other natural materials. Electrospun
silk fibroin grafts were reported to have higher compliance than ePTFE, Dacron and bovine
heterografts, and have burst pressure four times higher than the upper physiological pressure [130].
Small diameter vascular grafts made of silk fibroin exhibited significantly higher 1-year patency rate
(85.1%) compared to ePTFE grafts (30%) when being implanted in a rat abdominal aorta model. EC
and SMC remodeling were observed after 1 month and organized into endothelial and medial layers
[131]. Similar results were observed with silk fibroin grafts with 0.9 mm inner diameter. The grafts
remained patency up to 6 months in mice [132]. To improve the hemocompatibility of silk fibroin
grafts, sulfonation has been investigated to increase the EC attachment and prevent platelet adhesion.
Sulfated silk fibroin prepared by reacting with chlorosulphonic acid had significantly enhanced EC and
SMC attachment and anticoagulant activity compared to non-sulfated controls [133]. However, no large
animal study has been reported on silk fibroin grafts, and the silk fibroin suffers from batch to batch

variation and thus may result in inconsistent quality of product [134].
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In an effort to improve biocompatibility and cell adhesion of synthetic materials while providing
reinforcement of natural polymer scaffolds, hybrid polymer scaffolds have been widely investigated.
A bilayered scaffold with an inner layer of human elastin and an outer layer of PCL possessed
compliance and burst pressure comparable to those of human internal thoracic arteries. The elastin
component supported cell attached and reduced platelet attachment, and the graft exhibited 100%
patency rate with minimal thrombosis in a rabbit carotid artery model [135]. Promising results have
also been observed in PCL grafts combined with gelatin, collagen and silk [136]. Additionally, different
materials present different degradation profile, and thus hybrid scaffolds also offer an opportunity to
manipulate the in vivo degradation rate of the grafts. Therefore, the use of hybrid degradable scaffolds
has the potential to exploit the best of both synthetic and natural polymer scaffold systems to produce

tissue engineered vascular grafts.

2.3.2.2 Decellularized ECM graft

Decellularized ECM vascular grafts are promising strategy as they have no immunological rejection,
preserve native vessel architecture and allow for autologous recellularization. Common decellularized
grafts can be derived from allogenic or xenogenic sources. Decellularized vascular graft, derived from
bovine veins and arteries, have been used for hemodialysis and peripheral arterial bypass in clinical
trials. However, the decellularized xenogenic grafts did not show superior clinical performance
compared to established synthetic grafts due to thrombosis, infection and aneurysm. Alternative options
for decellularized grafts, such as human umbilical artery and veins and small intestinal submucosa,

have been continuously explored.

Decellularized scaffolds are mainly composed of collagen, elastin, fibronectin, laminin,
glycosaminoglycans and growth factors, providing a favorable environment for host cell attachment,
proliferation and migration [137]. However, the ECM components can also lead to platelet activation
and thrombosis, and thus surface modification is usually required. Heparinization of decellularized
ECM has shown to be effective to generate an antithrombotic surface both in vitro and in vivo [138].
Additionally, decellularized ECM grafts have a risk of incomplete endothelialization. Immobilization
of growth factors is beneficial for graft patency and in vivo remodeling. Effects of heparin and VEGF
functionalization on small intestinal submucosa small diameter vascular grafts have been investigated.
The modified grafts demonstrated high patency rate and significant host cell infiltration when being
implanted into the carotid artery of an ovine model. Endothelial cell monolayer was present in the
lumen and the vascular wall exhibited infiltration of SMCs after 1 month. After 3 months, the ECs
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showed alignment along the direction of flow and SMCs exhibited circumferential alignment.
Additionally, the grafts also demonstrated mechanical properties and contractility comparable to native

arteries [139].

The decellularized scaffolds offer several advantages for use in tissue engineered small diameter
vascular grafts. They have inherent mechanical strength and as the scaffolds remodel, they release
chemoattractants that stimulate host cell invasion and facilitate vascular graft integration and
remodeling. However, decellularized ECM scaffolds face the challenge of decellularization technique.
Insufficient decellularization has been associated with adverse immunes and failure, while aggressive

decellularization may lead to the loss of mechanical properties.

2.3.2.3 Self-assembly grafts

Tissue engineered vascular graft can also be fabricated from a cell sheet approach, where layers of cell
sheets will be cultured and matured in vitro, shaped into tubular constructs, and subsequently cultured
in dynamic condition to unify the layers into vascular structure. The first cell sheet-based tissue
engineered vascular graft used human umbilical vein SMCs and human skin fibroblasts [140]. The cell
sheets were cultured for 4 weeks and another 8-week of culture were allowed to fuse the layers together.
The generated grafts demonstrated burst pressure above 2000 mmHg, higher than commonly used
human saphenous vein grafts. In clinical trials, cell sheet-based grafts have been used as arteriovenous
grafts. The most promising cell sheet-based grafts are composed of autologous ECs and fibroblasts.
The grafts displayed patency rate of 60% at 6 months [141]. The development of 3D bioprinting has
also enabled the fabrication of cell-based vascular graft by using cell suspension as bioink. The major

challenge in bioprinting is to optimize the printing technique that will allow for high cell viability [142].

Self-assembly graft solved a number of drawbacks associated with acellular tissue engineered graft.
However, the fabrication of self-assembly grafts requires extended in vitro cell culture. Cells need
several weeks to grow and mature. Additional months will be necessary to yield sufficient integrity and
mechanical strength. The long-term in vitro cell culture may impair the functions of the cells.
Additionally, the adult vascular cells may have limited replicative and regenerative capabilities, which
may limit in vitro cell culture times. Alternative cell types, such as progenitor cells, stem cells and
induced pluripotent stem cells could be considered as sources for self-assembly grafts due to their

ability to differentiation into ECs and SMCs [3].
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2.4 Polyvinyl alcohol (PVA) hydrogels

Polyvinyl alcohol (PVA) is a hydrophilic polymer and has been FDA approved for clinical uses in
human. PV A is resistant to most organic solvent and has been described to have high oxygen and aroma
barrier properties [143]. It has been used as a component for tablet coating to protect active ingredients.
PVA-based hydrogels have been recognized as promising materials for various biomedical
applications, such as drug delivery [144, 145], tissue engineering [146] and wound dressing [147], due

to its low toxicity and biocompatibility.

2.4.1 Crosslinking of PVA

Fabrication of PVA hydrogels can be achieved by several crosslinking methods, including physical,
chemical and radiation crosslinking. Physical crosslinking of PVA can be performed by cyclic freezing
and thawing of aqueous PV A solution. The freeze-thaw crosslinking of PVA involves phase separation
and crystalline formation [148]. Hydrogen bonds form in the aqueous solution of PVA. During the
freezing of PVA solution, ice forms, which induces the growth of polymer crystals. The growth of
polymer crystals acts as physical crosslinking points. Subsequently, water-insoluble hydrogels are
formed in the later thermal cycles. PVA hydrogels crosslinked using freeze-thawing have been shown
to have tailored mechanical properties by varying the number of freeze-thawing cycles [149, 150], and

have shown promise for use as soft tissue substitutes [151] and artificial cartilage.

The abundant hydroxyl groups in the backbones of PVA polymer chains also provide reactive sites
for chemical crosslinking of PVA [152]. One of the most commonly used crosslinking agents for PVA
is glutaraldehyde (GA). It reacts with hydroxyl groups to form an ester bond to crosslink PVA [153].
However, the addition of GA may decrease the biocompatibility of PVA due to cytotoxicity of GA
[154].

PVA hydrogels can also be crosslinked by radiation. With the addition of photo-initiator, PVA can
also be crosslinked by UV irradiation [155]. Gamma irradiation of polyvinyl polymer generates free
radicals and promotes the formation C-C bonds for crosslinking [156]. Gamma irradiation on PVA has
been reported to successfully produce PVA hydrogels with different physical properties by changing
the radiation dose [157].

2.4.2 STMP-PVA small diameter vascular graft

Sodium trimetaphosphate (STMP) is a food-grade crosslinker with low toxicity and low adverse effects

on humans. STMP is able to crosslink polysaccharides in alkaline conditions, and it has been widely
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used to prepare food-grade starch phosphates [158, 159]. Several studies also reported STMP
crosslinking on hyaluronan [160], xanthan [161] and pullulan [162, 163]. Mechanism of STMP
crosslinking with polysaccharide (ROH) has been proposed by many studies and proven by *'P-nuclear
magnetic resonance [164]. The reaction involves: (1) alcoholate formation; (2) STMP ring open; (3)
monophosphate crosslink; (4) pyrophosphate crosslink; and (5) alkaline degradation [165]. The
physiochemical behaviors of the generated polysaccharide-STMP hydrogels were reported to vary with

different synthesis conditions, including polymer and STMP concentrations [163].

STMP crosslinking of PVA was reported by Chaouat et al. in 2008 [166]. Transparent and elastic
PVA hydrogel films were fabricated under mild fabrication condition at ambient temperature by casting
PVA-STMP mixture into petri dishes. The generated PVA-STMP hydrogels showed biocompatibility
with vascular cells and resistance to mechanical stress. The films were further sutured or glued to a 2
mm tubular graft and implanted in vivo in a rat abdominal aorta model using end-to-end anastomosis
for one week. Within the one-week period, the grafts did not exhibit mechanical or thrombotic
complications, and 5 out of 6 grafts remained patent, proved the compatibility of the resulted PVA
hydrogel with circulatory blood flow. Following up this study, our group developed a dip casting
method to prepare small diameter PVA tubular grafts [16]. By dip casting PVA-STMP mixture on
cylindrical molds with different sizes, we were able to fabricate PV A tubular grafts with diameter range
from 0.9 mm to 6 mm. Additionally, the mechanical properties of the PVA grafts can be adjusted by
changing the preparation parameters. We reported that the PVA grafts had a wide range of mechanical
properties with compliance ranging from 1 to 6 %/40 mmHg, burst pressure ranging from 200-800
mmHg, and Young’s modulus ranging from 200kPa to 2MPa [11, 167]. This flexibility of PVA
hydrogels allows us to fabricate PVA small diameter vascular grafts that match the stiffness of native

blood vessels.

In addition to tunable mechanical properties, the hemocompatibility of STMP crosslinked PVA
hydrogels was also evaluated. /n vitro hemocompatibility test using platelet rich plasma showed that
STMP-PVA induced similarly low platelet adhesion and activation and thrombin generation with
ePTFE, which is a classical material for vascular graft [168]. Later, the STMP-PVA grafts were tested
in a whole blood ex vivo shunt model. The grafts were reported to have platelet adhesion and fibril
accumulation lower than ePTFE clinical controls [169]. Recently, the thrombogenicity of PVA
crosslinked by STMP, GA and freeze-thawing was compared [170]. GA-crosslinked PVA increased

coagulator factor XII (FXII) activation with presence of cofactors prekallikrein and kininogen and
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induced significantly higher platelet attachment. Among the three groups, STMP-PVA hydrogels had

lowest FXII activation and platelet attachment and aggregation.

Overall, the studies indicated that the STMP crosslinked PVA could be a promising alternative for
synthetic small diameter vascular grafts with tunable mechanical properties and satisfactory blood
compatibility. Despite the promising in vitro and in vivo performances of STMP-PVA small diameter
vascular grafts, the hydrophilic nature and lack of cell binding site make PVA biologically inert.

Modification on PVA is required to improve endothelial cell adhesion on PVA.

2.4.3 Endothelialization of PVA

Vascular endothelium is supported by its ECM, which contains several adhesive proteins, such as
collagen, laminin and fibronectin. Endothelial cells adhered to the ECM proteins by forming integrin
and focal adhesions. In order to mimic the natural cellular niche, prior studies have modified PVA with
extracellular proteins and peptide sequences [169, 171]. Improved endothelialization was observed,
however, the modified surfaces also induced significantly higher platelet deposition [171]. We recently
conjugated gelatin, a denatured form of collagen, on PVA [172]. Endothelial cells formed focal
adhesions on gelatin modified PVA and had significantly better adhesion and monolayer formation.
Moreover, the modification did not induce noticeable change on the platelet adhesion and

thrombogenicity of PVA [172].

In addition to ECM protein modification, plasma treatment on PVA has also been demonstrated to
improve endothelial cell attachment [173, 174]. O,, N2 Ar and NH3 plasma were studied. All types of
plasma increased cell attachment on PVA, and N> and NH3 plasma treated PVA hydrogels had lower
platelet attachment compared unmodified PVA. However, the functional groups on plasma treated PVA
were shown to be stable for 30 days and had a significantly reduction at 77 days [174], indicating that

the treatment may not be suitable for long term storage.

Topographies cues have been elucidated to mediate cell behaviors. Our group previously fabricate
PVA films and tubular grafts with various of topographical patterns to improve the endothelial cell
responses on PVA [16, 174]. In vitro studies suggested that the attachment of endothelial cells on PVA
was significantly improved by 2 um gratings and 1.8 pm concave lenses. Additionally, topographically
patterned PVA tubular grafts with diameter of 2 mm and length of 1 cm were implanted in rat infrarenal
aorta. Only grafts with 2 um gratings showed endothelial cell attachment in the lumen [16]. However,

although the topographical modification on PVA is promising in improving endothelial cell responses,
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it is not sufficient to support endothelial monolayer formation. Thus, combination of biochemical

modification with topographical cues will be necessary to improve the endothelialization on PVA.

2.5 Fucoidan as a bioactive molecule

Fucoidan is a sulfated polysaccharide mainly isolated from the matrix of brown seaweeds. It is primarily
composed of sulfated (-fucose and different proportions of xylose, mannose, galactose, glucose and
uronic acid depending on the species of brown seaweeds [175-177]. The structure of fucoidan is
heterogeneous. Two main types of fucoidan backbone were identified as mono-(1-3)-a-r-fucopyranose
and repeated alternating (1-3)- and (1-4)-a-L-fucopyranose [178], with sulfate groups locating at C-2,
C-3 and/or C-4 of fucose ring (Fig 2-3). Fucoidan was first isolated from brown algae in 1913 by Kylin

and now fucoidan has been marketed as dietary supplement in food industry.
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Figure 2-3. Fucoidan structure with mono-(1-3)-a-.-fucopyranose backbone and repeated (1-3)- and

(1-4)-a-1-fucopyranose backbone

Since its discovery, fucoidan has attracted steadily increased research interest, attributed to its low
toxicity and diverse bioactivities, including anticoagulant, antitumor, anti-inflammatory and
antioxidant activities. Increasing numbers of studies have suggested that the bioactivities of fucoidan
could contribute to its application in cardiovascular area [12]. Fucoidan has been shown to alleviate
atherosclerotic lesions through its anti-inflammatory and anticoagulant effects. Fucoidan reduces
leukocyte and platelet adhesion on dysfunctional or damaged endothelium [179] and inhibits thrombin
generation [180]. It also inactivates free-radical processes [181], reduces level of cholesterol [182] and

inhibits lipid accumulation [183]. The ability of fucoidan to reduce thrombin generation in
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microvasculature [184] and to induce angiogenesis through recruitment of endothelial progenitor cells
[185] also attenuates myocardial infarction and stimulates revascularization in ischemic regions. In this
section, we will review the findings on bioactivities of fucoidan for cardiovascular application from
three main aspects: (1) the anticoagulant and antithrombotic activity; (2) the anti-inflammatory activity;

and (3) the modulation of vascular cell behaviors.
2.5.1 Anticoagulant and antithrombotic activities

2.5.1.1 Anticoagulant activities

Fucoidan was firstly reported to exhibit anticoagulant activity both in vitro and in vivo in 1957 by
Springer [186]. They found that fucoidan from Fucus vesiculosus significantly prolonged prothrombin
time (PT) when being injected intravenously to rabbits. Later, similar trend has been observed in other
animals [187]. The prolonging of activated partial thromboplastin time (APTT) by fucoidan has been
reported by many studies [188-191]. Fucoidans from three sea cucumbers have been shown to prolong
APTT is significant but not PT and thrombin time (TT) [192]. Fucoidan from Hizikia fusiforme has
been reported to prolong APTT distinctly but delay TT slightly [193]. The findings, showing that
fucoidan could prolong both APTT and PT, suggest that fucoidan exhibits anticoagulant activity
through both intrinsic and extrinsic pathways. The main targets of fucoidan have been identified as

factor Xa and thrombin, as shown in Fig 2-4.

Factor Xa (FXa) is an activated form of factor X, and it can cleave prothrombin to yield active
thrombin. The interaction of fucoidan with FXa is emphasized in the mechanism of the anticoagulant
activity of fucoidan. Fucoidan is a potent inhibitor of FXa generation in the intrinsic pathway [194,
195]. Furthermore, fucoidan has been shown to inhibit intrinsic coagulation factor Xase in a

concentration-dependent manner [192].

The anticoagulant activity and efficiency of fucoidan is highly dependent on the structure of
fucoidan. Among all of the structural features, sulfate content and molecular weight appear to be play
the most predominant role. A common consensus is that the anticoagulant effect is positively related to

the number of sulfate groups [196], while negatively related to the molecular size [197].
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Figure 2-4. Coagulation pathways and the role of fucoidan. Fucoidan exhibits anticoagulant activity
by inhibiting FXa formation in the intrinsic pathway [194, 195, 198]. Fucoidan improves the activity
of heparin cofactor II and antithrombin III in inactivating thrombin by binding to antithrombin III and
heparin cofactor II [199-201]. Fucoidan inhibits fibrinogen-thrombin reaction by binding to the
thrombin attacking site in fibrinogen [202, 203]. Fucoidan also promotes fibrinolytic effect by
simulating t-PA catalyzed plasminogen activation [204, 205].

2.5.1.2 Thrombin generation

Fucoidan has an inhibitory activity on thrombin generation. Injection of fucoidan inhibits thrombosis
by prolonging thrombin clotting time and lag phase of thrombin generation and slowing down the
thrombus occlusion caused by endothelial denudation [206]. The thrombin inhibition activity of
fucoidan is mainly mediated by heparin cofactor II- and antithrombin III-dependent pathways [201]
(Fig 2-4). Heparin cofactor II and antithrombin III inactivate thrombin by forming complexes with

thrombin, blocking the active site of thrombin. Fucoidan has a high affinity for heparin cofactor II and
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is potent in enhancing the rate of heparin cofactor II-thrombin reaction [207]. Fucoidan also bind to

antithrombin III, although to a less extent compared to heparin cofactor II [208].

Other mechanisms of the antithrombotic activity of fucoidan have been explored. Fibrin
polymerization can be suppressed by fucoidan. Fucoidan binds to fibrinogen, presenting a steric
hindrance, thereby inhibiting fibrinogen clotting by thrombin [203]. Plasminogen lyses fibrin once
activated and converted to plasmin. Tissue plasminogen activator (t-PA) is the primary activator of
plasminogen. Fucoidan was found to be capable of simulating t-PA catalyzed plasminogen activation
[209]. A recent study also showed that mixing fucoidan into recombinant t-PA (rt-PA) yielded a greater
fibrinolytic effect than rt-PA alone [205]. Richard et al. looked into the effect of fucoidan on Protease
nexin-I (PN-I), which has a inhibitory effect on thrombin [210]. They observed that fucoidan bound to
thrombin, PN-I and PN-I/thrombin complex. The resulting kinetic curve showed that the fucoidan
accelerated thrombin inhibition through PN-I.

Among all the studies on antithrombotic activity of fucoidan, little evidence showed that fucoidan
has a direct inhibitory effect on thrombin. Ustyuzhanina et al. reported that a high concentration of
fucoidan and a minimal of 16 saccharide units might be required to achieve a direct inhibition of

thrombin [208].

2.5.1.3 Platelets

In addition to the anticoagulant and antithrombotic activities, fucoidan also affects platelet adhesion,
aggregation, and activation. Fucoidan has been shown to inhibit thrombin-induced and adenosine
diphosphate (ADP)-induced platelet aggregation [177, 211]. Intravenous administration of fucoidan
has been shown to cause complete inhibition of platelet aggregation [187] and platelet adhesion to
damaged arterial surfaces [179]. Fucoidan has also been shown to inhibit platelet activation by reducing
platelet aggregation, decreasing the secretion endothelial microparticles and von Willebrand factor
(vWF), and suppressing the intracellular Ca*" influx [212]. However, fucoidan from Fucus vesiculosus
was also reported to induce irreversible platelet aggregation and cause platelet activation through Src
family kinase signaling pathways, which are critical initiators of platelet response to vascular injury

[213].

The contradictory results could be explained by the dose and molecular weight differences of the
fucoidans used in different studies. The irreversible induction of platelet aggregation by fucoidan from

Fucus vesiculosus has been shown to only appear at high concentrations (0.5-5 mg/mL). Additionally,
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low molecular weight fractions of fucoidan has been shown to induce lower platelet aggregation
compared to high molecular weight fucoidans [214]. Other studies have also found that high molecular
weight fucoidan caused pro-aggregation response of platelets, while low molecular weight fucoidan

inhibited thrombin-induced platelet aggregation [197].

2.5.2 Anti-inflammatory activities

Inflammation has been highlighted and evidenced to play a significant role in the development of
cardiovascular pathology, especially atherosclerosis. Fucoidan has been identified as a promising anti-
inflammatory agent to treat early-stage atherosclerosis [215]. The anti-inflammatory effect of fucoidan
is achieved mainly by inhibiting complement system, binding to selectins and suppressing the activities

of several inflammatory enzymes [12].

2.5.2.1 Complement

Fucoidan was first described as a potent inhibitor of complement activation by Blondin et al. in 1994
[216, 217]. Later, Zvyagintseva et al. showed that fucoidans caused 50% inhibition of alternative
complement activation at a concentration from 0.5 to 20 mg/mL, depending on the sources [218]. The
inhibition on complement activation by fucoidan is mainly through the classical pathway and to a lesser
extent through alternative pathway (Fig 2-5). Fucoidan binds to Clq and interferes the association of
the C1r2-C1s2 subunit, thus inhibiting the full activation of C1 [219]. Fucoidan also prevents C4
cleavage by forming a complex with C4 [220]. In addition, fucoidan directly inhibits the formation of
C3 convertase. By interfering the interaction between C4b and C2, fucoidan inhibits the formation of
C4b2a. Also, by decreasing the number of binding sites on factor B for C3b, fucoidan suppressed the
generation of C3bBb [216].

The anticomplement activities of fucoidan is structural dependent. High molecular weight has been
shown to favor a better anticomplementary activity [221]. The anticomplementary activity of fucoidan
has been shown to increase with increasing molecular weight until reaching a plateau [217]. A higher

sulfate content in fucoidan has also been shown to benefit the complement inhibition [221].
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Figure 2-5. Three complement activation pathways and the role of fucoidan in complement
activation. Fucoidan inhibits complement activation through the classical pathway by preventing
active C1 formation, inhibiting C4 activity by forming a complex with C4, and preventing the binding
of C4b and C2a [216, 220]. Fucoidan also inhibits complement activation through the alternative
pathway by preventing the binding of factor B to C3b [216].

2.5.2.2 Selectin

Selectins are a group of glycoproteins, playing a vital role in the leukocyte recruitment and
accumulation at the sites of inflammation and tissue damage. Fucoidan acts as a ligand to both P- and
L-selectin and inhibits their activities. Through binding to the selectins, fucoidan is efficient in
inhibiting leukocyte, neutrophil and platelet adhesion to damaged arterial surfaces [179, 184]. In
different animal models, pre-treatment of fucoidan has been shown to be efficient in reducing leukocyte
rolling and neutrophil migration [222-224]. In addition, fucoidan is able to bind to activated platelets
by targeting the P-selectin on the surfaces of activated platelets. Juenet et al. reported a nanomolar
affinity of fucoidan for the P-selectin expressed by activated platelets in thrombus, which suggests that
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fucoidan can be used as carriers for targeting thrombosis [225]. Fucoidan functionalized microcapsules
and microparticles can bind to activated platelet aggregates and locate specifically at the abdominal
aortic aneurysm thrombotic wall in a rat model [226, 227]. The ability of fucoidan to locate activated
platelets in thrombus enables fucoidan to work as a promising molecular imaging agent. Furthermore,
fucoidan also shows therapeutic potential in attenuating myocardial infarction by reducing selectin-

dependent adhesion of platelets [228].

2.5.2.3 Enzyme activity

Recent studies found out that in addition to the inhibition of complement and selectins, fucoidan also
suppresses the activity of several inflammatory enzymes. Dietary intake of low molecular weight
fucoidan from Saccharina japonica has been shown to markedly downregulate the matrix
metalloproteinase (MMP) level, reduce expression of interleukin 18, TNF-a and monocyte chemotactic
protein-1, and limit the growing of abdominal aortic aneurysm (AAA) [229]. MMP-2, also known as
type IV collagenase, is responsible for intimal hyperplasia [230, 231]. Fucoidan from Fucus vesiculosus
specifically inhibits MMP-2 activity and reducs the narrowing of the lumen of the damaged vessels
[232]. Administration of fucoidan has also been shown to attenuate MMP activities by suppressing the
activation of nuclear factor kB and c-Jun N-terminal kinase (JNK), therefore inhibiting AAA
progression [233]

2.5.3 Directing vascular cell behaviors

2.5.3.1 Endothelial cells

Vascular endothelial cells (ECs) serve as a barrier between blood and tissues and participates actively
in maintaining homeostasis. Endothelial dysfunction is a major contributor to cardiovascular diseases,
such as atherosclerosis, hypertension and diabetes [234]. Endothelial denudation is the primary factor

that causes restenosis after surgical interventions to treat cardiovascular diseases [235].

Several studies showed that fucoidan has a protective function for ECs. Chen et al. investigated the
EC protective activity of fucoidan by measuring the vVWF level and the number of endothelial
microparticles, which are important indexes of endothelial injury [212]. vWF level was significantly
suppressed in vitro and in vivo in an endothelial injury rat model, and the number of endothelial
microparticles stimulated by TNF-a was significantly decreased. Chen et al. later studied the

relationship between the structural features and EC protective activity of fucoidan from Saccharina
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japonica [13]. They found that low molecular weight fucoidan were more effective than medium
molecular weight fucoidan in protecting ECs. Furthermore, highly sulfated fucoidan appears to be more
effective at inducing EC proliferation in the presence of fibroblast growth factors (FGFs). A recent
study using dyslipidemia and atherosclerosis mouse models showed that the EC protective activity of
fucoidan may be related to its ability to reduce the expression of endothelial dysfunction marker,
endothelin-1, and proinflammatory cytokines, TNF-a and IFNy [236]. Other studies employing
fucoidan as functional molecules also suggested that fucoidan could enhance endothelialization on

synthetic materials or decellularized scaffold [237, 238].

2.5.3.2 Smooth muscle cells

Vascular smooth muscle cells (SMCs) play significant roles in atherosclerosis, hypertension and intimal
hyperplasia formation. Adding fucoidan in cell culture media has been shown to be potent in inhibiting
SMC proliferation [239, 240]. McCaffrey et al. compared the antiproliferative effect of fucoidan with
that of heparin, and fucoidan had significantly more effective inhibition than heparin [14]. This study
has also suggested that fucoidan suppresses SMC proliferation through the interaction with
transforming growth factor- B1 (TGF-B1). They have also reported that fucoidan can protect TGF-p1
from plasmin degradation and increase the steady state levels of TGF-B1 activity in SMCs in a later
study [241]. The inhibition of fucoidan on DNA synthesis, phosphorylation, and nuclear translocation
of mitogen-activated protein kinase (MAPK) also contribute to the anti-proliferative effect on SMCs
[242, 243]. The antiproliferative effect of fucoidan is affected by the structural features. Sulfation of
fucoidan [239] and a minimal of 30 saccharide units [244] have been found to be necessary to exhibit

the antiproliferative activity on SMCs.

In addition to inhibiting SMC proliferation, fucoidan suppresses SMC migration. In a recent study
in a pulmonary arterial hypertension mouse model, fucoidan (25 mg/kg) inhibited hypoxia and growth
factor-stimulated SMC proliferation and migration [245]. Fucoidan alters the synthesis and secretion
of fibronectin and thrombospondin substantially [239], which may contribute to the inhibition effect of
fucoidan on SMC migration. These inhibitory effects of fucoidan on SMC proliferation and migration
have contribute to its mitigating function on the formation of atherosclerotic lesions and suppress

intimal hyperplasia formation [246-249].

Overall, all these studies have suggested that fucoidan is a promising biomolecule for cardiovascular

application.
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2.6 Topographical cues for improved cell responses

Cells are surrounded by a complex microenvironment with geometrically defined structures in vivo.
The extracellular environment provided three-dimensional (3D) physical cues in micron and sub-
micron scale, which plays an essential role in diverse cell processes. To mimic natural extracellular
environment, micro- and nano-topographies have been fabricated on substrates and implants to

modulate cell processes in vitro and regulate cell behaviors in vivo.

2.6.1 Topographical cues on hydrogels

Hydrogels are attractive candidates for cellular studies and tissue engineering application. They can be
engineered to resemble native extracellular matrix and generate artificial organs. Hydrogels with
rigidity that matches body tissues can be developed as platform to study mechanobiology. In order to
provide specific cues to modulate cell responses, topographically patterning on hydrogels has been
extensively investigated. Surface patterning of a hydrogel can be achieved by various approaches, such
as casting, nanoimprinting, electrospinning, multiphoton patterning and 3D printing [250]. The
resolution of generated patterns ranging nanoscale to microscale depending on the technique being
employed. Different cell behaviors, such as improved cell adhesion, controlled cell migration, increased
or decreased cell proliferation and guided stem cell differentiation have been achieved by manipulating

the surface topography on the hydrogels.

2.6.1.1 Cell adhesion and morphology

Cell adhesion is essential in cell communication and signalling. However, adhesion of cells on
hydrogels that lack of cell binding anchorage or do not support ECM adsorption is challenging.

Topographical modification has demonstrated improve cell adhesion on non-adhesive hydrogels.

Poly(2-hydroxyethyl methacrylate) (pHEMA) is a commonly used hydrogel for contact lens. The
adhesion and growth of human corneal epithelial cell has demonstrated a significant increase on nano-
sized rippled patterned [131] and Lotus leaf topographies [132]. Our previous study on patterned PVA
hydrogels showed that ECs had substantially enhanced attachment on 2 um gratings both in vitro and
in vivo [22, 133]. The promotion effect of topographies on cell adhesion are dependent on topography
dimensions. Hepatocytes attachment on heparin hydrogels with gratings of different pitch sizes has
been were compared. Gratings with height of 300 nm and pitch of 400 nm supports markedly better
attachment than other patterns [134]. Fibroblasts exhibited good adhesion on polyethylene glycol
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hydrogels with 3 um pillars and grooves [135], and grooves with 10 um in width induced significantly
better cell adhesion and spreading [136].

In addition to cell adhesion, substrate topographies can also induce cell morphology change, cell
alignment and cytoskeletal re-arrangement. Hydrogels with aligned microfibers and nanofibers are well
documented to induce cell alignment along the fibers [251, 252]. Cells are able orient along with fiber
axis, form extended protrusions parallel or perpendicular to aligned fibers and form cell-matrix dual
alignment. [251]. Similar to aligned fiber, micro- and nano-groove structures on hydrogels are also
effective in inducing cell alignment parallel to the grooves. Dimension of grooves was shown to affect
cell alignment differently. Robert et al. showed that hydrogels with 1.9 pm of grooves by casting
method were effective in inducing cell alignment, but cells aligned poorly on grooves with depth less
than 1 pm [253]. Adipose-derived stem cells were also shown to exhibit alignment when the topography
width is larger than 0.60 um and height larger than 170 = 100 nm on elastin-based hydrogel [254]. Cells
on micro-well and micropillar structures exhibits distinct morphology compared to on grating
structures. Rat bone marrow mesenchymal stem cells have been shown to form a large spherical shape
in a pillar substrate but not in a grooved substrate [255]. Preadipocytes on poly(ethylene glycol) (PEG)
hydrogel with nano-well structures exhibited spherical but more confined shape compared to

unpatterned surfaces [256].

2.6.1.2 Cell migration

Substrate topographies, mainly groove structure or on aligned fibers provides contact guidance,
accelerating cell migration. Corneal epithelial cells on microgrooved PEG-based hydrogels have been
found to explore larger space and migrate on an average of 100 pum parallel to the ridge and groove
topographies. They have also exhibited 50% higher wound healing rate compared to unpatterned
surfaces [257]. The efficiency of grooved structure in promoting cell migration has been shown to be
affected by groove width and the slope of groove walls. Fibroblasts appears to adhere, align and
elongate more on denser patterns on polyurethane-amide (PUA) hydrogels with variable groove width
of 1-9 um [258]. Vicente ef al. found the orientation of migration tracks with pattern increased with the
decreasing of line width [259]. Cells migrate randomly inside wide channels that are larger than cell
size, while on narrow channels, cell migrate parallel to the pattern direction. Epithelial cells have shown
to increase their motility by 3-fold on the microgrooved PEG hydrogel [260]. By varying the slope of
the microgroove walls, the authors found that relatively upright walls may be necessary for increased
cell migration [260]. Mechanism underlying this phenomenon has been proposed to be topography-
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induced geometry constraint of cell adhesion sites, which results in cell alignment, polarization and

directional migration [261].

2.6.1.3 Cell proliferation

Cell proliferation is regulated by the extent and strength of cell adhesion and was reported to be
positively correlated with cell flattening [262]. Substrate topographies play a role in cell proliferation
through by affecting cell spreading on the substrates. Proliferation of multiple nerve cells has been
shown to be promoted by the aligned fibers on silk-graphene hybrid hydrogels [263]. Electronspun
fibrin nanofiber hydrogels with hierarchically aligned fibers were designed to promote peripheral nerve
regeneration [264]. The nanofibers have shown capability to direct Schwann cells migration and
proliferation and accelerating axonal regrowth. On the contrary, grating structures seem to hinder the
proliferation of smooth muscle cells. Human aortic smooth muscle cells exhibits significantly lower
proliferation on microgrooved tetronic-tyramine hydrogels than on unpatterned hydrogel, regardless of
the groove size [265]. Isotropic structures also affect cell proliferation. Human corneal endothelial cells
on 1 um pillar structures have been reported to have higher cell density compared to the unpatterned
control [266]. Our previous study on gelatin methacryloyl-based hydrogels showed that human corneal

endothelial cells had a higher density on 1 pum pillars [266].

2.6.1.4 Cell differentiation

Stem cells have emerged as important cell source for regenerative medicine due to their differentiation
and self-renewal capability. Stem cells have been demonstrated to respond to biophysical and
biochemical cues in their natural niche. Stiffness is considered as a key parameter in the
microenvironment that directs cell differentiation [267]. The stiffness of hydrogels can be adjusted by
changing parameters, such as polymer concentration and crosslinking density, and thus hydrogels have
been used as platforms for studying cell differentiation. Hydrogels with topographies have shown
potential for culturing stem cells and providing niche for directed stem cell differentiation in vitro and

in vivo.

Microgrooved structures and aligned fibers have been documented to induce neuron differentiation
[268, 269]. Neuron differentiation of human embryonic stem cells has been shown to increase as groove
pitch decreased, and 2 pm microgrooves can improve neuron growth by 1.7 fold [268]. Hierarchically
aligned fibrillar fibrin hydrogel prepared by electrospinning has been shown induce cytoskeletons

alignment of human umbilical cord mesenchymal stem cells (hUMSCs), upregulate neural linecage
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specific markers and encourage rapid neurite outgrowth [269]. In addition to groove structure and
aligned fibers, nanopillars were also found to be promising to enhance neural stem cell differentiation
and regulate neurite outgrowths [270]. In addition, micro- and nano-groove structures have been shown
to promote osteogenic differentiation [271, 272], myogenesis and myotube alignment [273], and

chondrogenic differentiation [274].

2.6.1.5 Mechanism

The mechanisms of regulation behaviors of topographies on cells have been studied. Topography
alters protein adsorption on hydrogels. This topography-directed protein adsorption has been reported
to contribute to the improved cell adhesion. The presence of serum proteins has been speculated for
improved cell adhesion on patterned PEG hydrogels [275]. The presence of serum proteins, especially
vitronectin, in culture medium appears to be essential for initial cell attachment and topography is
important for establishing durable adhesion and cell spreading. In addition, topography-induced
differentiation have also been observed to associate with changes in cell adhesion and morphology,
which could be due to geometry-dependent cytoskeletal arrangement [276], changes in actomyosin
contractility [277] and focal adhesion signaling [278]. Actin filaments preferentially form and elongate
along the directions with least resistance, and consequently leads to aligned cell shape. Similar to cells
on other patterned substrates, the role of focal adhesion formation has also been stressed when
investigating the mechanism of cell elongation on hydrogels with grating structures. Yip et al. reported
that fibroblasts formed protrusions in the grating grooves on a polyacrylamide (PAM) hydrogel with 2
um gratings [279]. Focal adhesions also aligned parallel to the gratings, which also resulted in aligned
actin stress fiber formation in the direction parallel to the grating, leading to polarized traction stresses
which drive cell elongation. Smooth muscle cells cultured on microgrooved tetronic-tyramine
hydrogels have been reported to form localized focal adhesions on the ridges of grooves and less
organized focal adhesions in the 2 pm depth of the grooves, which contributes to the alignment of actin
networks along the grooves [265]. Similarly, human mesenchymal stem cells also formed long and
aligned focal adhesion on 3D printed micro-channeled gelatin hydrogels, while formed small and
randomly distributed focal adhesions on unpatterned hydrogels [280]. In addition, the roles of integrins
have been emphasized in topography induced cell responses [281, 282]. Micro- and nano-sized
topographies have also been elucidated to promote integrin cluster formation between cells and the

extracellular matrix [283, 284].
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2.6.2 Topographical cues for improved endothelial cell responses

ECs are surrounded by their basement membrane. The vascular basement membrane presents a
complex network with pores and fibers that are in submicron and nanoscale [285], providing
topographical cue for the activities of ECs in the vascular system. Understanding the effects of these
topographies in EC responses and replicating these topographies in synthetic materials can facilitate

the development of vascular tissue engineering.

In our previous study, EC responses on 40 different type of topographies were compared [286]. We
found that cell density and proliferation were lower on nano- and micro-sized circular topographies,
such as pillars, wells, and lenses, compared to grating topographies [286]. Another study comparing
the responses of ECs and SMCs on pillar and groove structures also demonstrated that the 1 um pillars
inhibited the growth of ECs and SMCs while the 1 pm grooves promoted EC adhesion and inhibited
SMC growth [287]. The possible mechanism has been proposed to be the reduced focal adhesion
interaction with circular topographies. Vinculin staining demonstrated that focal adhesions formed by
cells on grooved surfaces were elongated and aligned. Only cytosolic vinculin was observed on cells

on pillars, which may give rise to disorganized cytoskeleton and decreased cell spreading [287].

ECs are subjected to the shear stress by the blood flow in vivo and exhibit elongated morphology and
aligned orientation. Aligned fibers and nano- and micro-grooved patterns can induce strong alignment
of the ECs. The alignment and elongation of ECs have been reported to be correlated with the re-
organization of cytoskeletal components and formation of aligned focal adhesions [288]. Orientation
of EC monolayer is beneficial for various endothelial functions. ECs cultured on grooves have been
demonstrated to exhibit improved antithrombotic activity with significantly increased production of
PGI; and t-PA [289]. Moreover, oriented ECs appeared to inhibit the activation of intrinsic coagulation
system more effectively compared to ECs on flat surfaces, as indicated by the prolonged TT and APTT.
Moreover, alignment of ECs decreases inflammatory signaling of ECS. ECs cultured on aligned
nanofibrillar collagen scaffolds have been shown to exhibit 50% less monocyte adhesion compared to
those on randomly oriented fibrils [290]. Downregulated expression of VCAM-1 and increased

expression of KLF-2 by oriented and elongated ECs have also been observed [291].

ECs respond to topographies differently depending on their origins. A recent study has compared the
effects of various topographies on the phenotype and function of venous ECs, arterial EC and stem cell-
derived ECs [292]. All ECs displayed similar morphology in response to the substrate topographies.
Expression of venous marker, COUP transcription factor 2 (COUP-TFII), in venous ECs was
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significantly improved by gratings and micro-pillars, while the expression of arterial marker, NOTCHI1,
was significantly decreased by gratings. Among all the patterns, 2 pm gratings appears to be the most
efficient in depressing the arterial phenotype and augmenting the venous phenotype of venous ECs.
Hierarchical micro-gratings with parallel nano-gratings promoted the arterial phenotype and functional
maturation of pluripotent stem cell-derived endothelial cells with increased NOTCH1 and Ac-LDL
expression. The study indicated that the selection of topographies may need to be customized to a

particular cell source.

Endothelial dysfunction can be cause by several diseases, such as diabetes and hypertension.
Diseased and healthy ECs have inherently different phenotype, genotype and metabolism [293], and
thus may react differently to topographical cues. Our group has previously compared the functional
responses of healthy and diabetic human coronary arterial ECs on various isotropic and anisotropic
topographies [294]. Concave microlens topography deteriorated the adhesion and angiogenic capability
of diabetic endothelial cells, but did not significantly affect the functions of healthy endothelial cells.
Grating structure decreased the expression of endothelial nitric oxide synthase (eNOS) and
immunogenic genes in healthy ECs, while increased monocyte adhesion and eNOS expression in
diabetic cells on grating structures. Additionally, gratings appeared to be more effective in promoting

the rate of wound healing of healthy cells compared to diabetic cells.

2.7 Summary

In summary, this chapter introduces the structure of blood vessels and the roles of vascular cells in the
pathogenesis of cardiovascular diseases. Currently available commercial vascular grafts and vascular
grafts under research and development were reviewed, and the failure mechanism of synthetic small
diameter vascular grafts were elaborated. A review on the progresses and strategies to improve the
performance small diameter vascular grafts was provided. These highlighted the unmet needs of an off-
the-shelf available synthetic vascular graft with improved clinical performance, and the motivation of
developing PVA hydrogel vascular graft. Subsequently, the potential of fucoidan as biochemical cues
was introduced and their potential in cardiovascular application was presented. Finally, the
topographical patterning on hydrogels was reviewed, and the topographical cues for endothelial cell
responses were discussed. The literature review presented in this chapter helps to understand the need
to develop durable small diameter vascular grafts. The vast research efforts in the field emphasize the

importance of surface modification to overcome the shortcomings of current synthetic vascular grafts.
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It also reveals the potential and drawbacks of PVA vascular grafts and sheds light on the values of

fucoidan and topographical cue for improving the performance of vascular devices.

Based on these findings, this PhD thesis focuses on the effects of fucoidan and topographies on
endothelial cell responses and hemocompatibility, and it aims to develop a versatile surface
modification method to improve performance of PVA small diameter vascular grafts and to understand

the mechanism on how the modifications could lead to the improvement.
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Chapter 3
Effect of Fucoidan on Endothelial Cell Adhesion and Hemocompatibility of
PVA

Poly(vinyl alcohol) (PVA) hydrogels have tunable mechanical properties and a low thrombogenic
surface, which suggests its potential value as a small diameter vascular graft material. However, PVA
does not support cell adhesion and thus requires surface modification to encourage endothelialization.
This chapter presents a modification of PVA with fucoidan. Fucoidan is a sulfated polysaccharide with
anticoagulant and antithrombotic properties, which was shown to potentially increase endothelial cell
adhesion and proliferation. By mixing fucoidan with PVA and co-crosslinked by sodium
trimetaphosphate (STMP), the modification was achieved without sacrificing mechanical properties.
Endothelial cell adhesion and monolayer function were significantly enhanced by the fucoidan
modification. In vitro and ex-vivo studies showed low platelet adhesion and activation and decreased
thrombin generation with fucoidan modified PVA. The modification proved to be compatible with
gamma sterilization. /n vivo evaluation of fucoidan modified PV A grafts in rabbits exhibited increased

patency rate, endothelialization, and reduced intimal hyperplasia formation.

3.1 Introduction

Vascular diseases remain the leading cause of death globally. Autologous artery or vein grafts are used
to bypass or replace occluded blood vessels to restore blood flow, but their availability is limited.
Synthetic vascular grafts have been an alternative to autologous grafts for a long time and benefited
millions of patients. Commercially available synthetic vascular grafts, such as ePTFE and Dacron®,
showed satisfactory long-term performance for larger diameter vessels (>6 mm), but displayed inferior
performance in small-diameter applications (<6mm) [58-60]. Yet at small diameter, these synthetic
grafts occlude either rapidly subsequent to surgery due to acute thrombosis formation or subsequently
due to substantial intimal hyperplasia development in the lumen of vascular grafts and at the
anastomoses sites, both of which were speculated to be caused by the lack of functional endothelial
coverage [63, 64]. To improve endothelialization, surface modification of synthetic materials is
frequently carried out with different strategies. Anticoagulant and antiplatelet coating and conjugations
are the most common approaches. Trials using heparin on artificial graft materials have shown
suppressed thrombin generation and improved patency rates in animal studies [100, 295, 296].

However, the hemorrhagic effect of heparin raises additional concerns.
38



Fucoidan has been extensively studied in the past decades for its various biological activities,
including anticoagulant, anti-inflammatory, antioxidant, and anticancer properties [297-299]. Despite
anticoagulant and antithrombotic activities similar to heparin, fucoidan does not cause hemorrhagic
effects [107], making it a promising alternative to heparin. Furthermore, the potentials in promoting
endothelial cell growth [300] and suppressing smooth muscle cell proliferation [243] combine to make

fucoidan a promising surface modification molecule for synthetic vascular grafts.

Sodium trimetaphosphate (STMP)-crosslinked PVA has tunable mechanical properties that can
match native blood vessels [11, 166]. However, the main barrier for developing PVA small diameter
vascular grafts is the absence of endothelialization on PVA due to the hydrophilicity and lack of cell
binding sites. Our group and other groups have been investigating surface modification strategies to
improve the endothelialization of PVA, including plasma treatment [174, 301], surface topographical
patterning [16], and peptide and protein coating [168, 169, 171]. However, developing a modification
method that both improves endothelialization and maintains a non-thrombogenic surface is still

challenging.

In this chapter, we hypothesized that modification of PVA with fucoidan could improve
endothelialization without compromising the desirable blood compatibility of PVA. Previous studies
using fucoidan to promote endothelialization required the presence of supplementary molecules, such
as growth factors and extracellular proteins, or some required multi-layer coating to achieve best
performance [237, 302, 303]. Our current study employed fucoidan alone without any supplementary
molecules, and the modification was carried out with a mild and simple procedure by mixing fucoidan
in aqueous PVA solution followed by STMP crosslinking in ambient conditions. Human vascular
endothelial cell adhesion and function on fucoidan modified PVA were studied by characterizing cell
density, cell monolayer formation, and cell marker expression. Platelet adhesion, activation, and
thrombosis were assessed in vitro using rabbit blood and ex-vivo in a non-human primate shunt model.
Furthermore, we tested the in vivo performance of fucoidan modified small diameter PVA grafts in a
rabbit carotid artery model. /n situ endothelialization, patency rate, and restenosis of the grafts were
analyzed. Overall, the study highlights the potential of the fucoidan modification to improve

endothelialization without compromising the hemocompatibility.
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3.2 Materials and methods

3.2.1 Preparation of PVA hydrogels

PVA hydrogels were prepared as previously published [16]. In brief, an aqueous solution of 10% PVA
solution was prepared by dissolving PVA powder (average Mw 85,000-124,000, 87%-89% hydrolyzed,
Sigma-Aldrich) in deionized (DI) water, followed by autoclaving at 121 °C for 20 min to facilitate
dissolving. To crosslink PVA, 15% (w/v) STMP solution was mixed with 10% PV A solution, and 30%
(w/v) NaOH was added dropwise to activate the functional groups of PVA and STMP. The obtained
solution was either cast on petri dishes to form PVA films or dip-coated on cylinder molds to form
tubular grafts. PVA films and tubular grafts were then kept in a cabinet with controlled temperature
(20°C) and humidity (60%-70%) until fully crosslinked. Solutions of 10X phosphate buffer solution
(PBS), 1X PBS, and DI water were used to rehydrate and de-mold crosslinked PV A hydrogels.

To modify PVA hydrogels, fucoidan (crude, from Fucus vesiculosus, Sigma-Aldrich) was mixed
with 10% PVA solution (PVA:fucoidan = 30:1 (w/w)) prior to adding STMP and stirred for 24 hours
to homogenize. The fucoidan-PVA mixture was then co-crosslinked by STMP as described above

(PVA-F).

3.2.2 Sterilization of PVA hydrogels

PVA and PVA-F tubular grafts were sterilized by gamma irradiation before implantation. The gamma
sterilization was done at Southern Ontario Centre for Atmospheric Aerosol Research in University of

Toronto. The irradiation was carried out with a Co-60 source (G.C. 220) at a dose of 25 kGy.

3.2.3 Scanning electron microscope (SEM) measurement

The PVA and PVA-F samples were dried overnight and mounted on aluminum stubs and imaged by
an environmental scanning electron microscope (FEI Quanta FEG 250 ESEM) with energy dispersive

X-ray (EDX) microanalysis in high vacuum mode at 20 kV. No coating was applied prior to imaging.

3.2.4 Static water contact angle (WCA) measurement

Water contact angle of PVA and PVA-F films were measure with a JC2000D3 contact angle meter.
A 2 pl water drop was deposited onto the hydrated PVA films, and images were captured after the

droplet remained stable on the PVA surfaces. The angle value was calculated using ImagelJ.
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3.2.5 Fucoidan concentration determination

The density of fucoidan on PVA-F films were determined using a metachromatic dye, toluidine blue
O (TBO) (Sigma-Aldrich), adopted from a previous published procedure[304]. 1 cm? films of PVA and
PVA-F were immersed in 500 pl of TBO solution with a concentration of 50 pg/ml and shaken for 1
hr. The absorbance at 631 nm of the supernatant was then measured using Synergy 4 multi-detection
microplate reader (BioTek). To quantify the density of fucoidan on PVA-F samples, a calibration curve
(as shown in Fig 3-1) was generated from free fucoidan solutions with a concentration range from 1.0
pg/ml-1.0 mg/ml. Hexane was added to the free fucoidan solution to remove the fucoidan-toluidine
blue complex from the aqueous phase before reading the absorbance. To evaluate stability of the
modification, PVA-F samples were stored in PBS at 37 °C for 15 days, 30 days and 60 days, and the

density of fucoidan was compared against freshly prepared PVA-F samples.
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Figure 3-1. Absorbance of Toluidine blue staining at 631 nm with different concentration of free

fucoidan solution.

3.2.6 Crosslinking density measurement

Crosslinking density of PVA and PVA-F hydrogels was determined by measuring phosphate
concentration with a phosphate assay kit (Abcam). Briefly, around 200 mg of the hydrogel was
degraded in 10% nitric acid at 105°C for 1 hour. The solution was diluted with double distilled water.
An aliquot of 200 pl sample was then mixed with 30 pl phosphate reagent and incubated for 30 min at
room temperature protected from light. The phosphate concentration was measured at 650 nm

wavelength using different concentrations of phosphoric acid solutions as standards.
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3.2.7 Water content measurement

Hydrated PVA and PVA-F hydrogels were weighed to get initial weight, Wyx. The samples were then
dehydrated in 60°C oven until reaching stable weight, Wp. The water content was determined by

equation: Water content = (Wu-Wp)/Wux100%.

3.2.8 Mechanical property test

Compliance test of PVA and PVA-F grafts was carried out by measuring outer diameter change of
the grafts at 80 mmHg (Dgo) and 120 mmHg (D120) internal pressure. Grafts were clamped at one end
and the other end was connected to a bag of saline solution through a catheter. The inner pressure of 80
mmHg and 120 mmHg were achieved by changing the height of the saline bag. The diameters of the
graft with different inner pressures were measured and the compliance was calculated by Compliance
(%/40mmHg) = (D120-Ds0)/Dsgox100%. Burst pressure was measured by exposing the grafts to
increasing intramural pressure until failure. A segment of the graft was clamped at one end and the
other end was linked to a nitrogen gas cylinder through a catheter. A pressure regulator was used to
control the pressure supply. Uniaxial tensile tests were measured using a Universal Mechanical Tester
(UNMT-2MT, T1377, Center for Tribology, Inc.) at an extension rate of 10 mm/min with a load cell
of 10 kg for circumferential test and 100 kg for longitudinal test. The cross-sectional area of the sample

was measured by ImagelJ.

3.2.9 Endothelial cell adhesion and function assay

Human umbilical vein endothelial cells (HUVECs, passage 3-5, Lonza) were maintained in EGM-
2MV medium (Lonza) and seeded on PVA, PVA-F, and glass coverslips with a seeding density of
50,000 cells/cm?. Cells were cultured for either 2 days until confluent for cell functional marker staining
or 24 hours until sub-confluent for extracellular matrix (ECM) protein staining. Cells were fixed with
4% paraformaldehyde (PFA), permeabilized with 0.1% Triton X-100, and blocked with 5% goat serum
and 0.3% Triton X-100. Following blocking, the cells were immune-stained with platelet endothelial
cell adhesion molecule (PECAM-1, mouse-anti-PECAM-1 at 1:100, monoclonal, Abcam, ab9498),
vascular endothelial cadherin (VE-Cad, rabbit anti-VE-Cad at 1:100, polyclonal, Cell Signaling
Technology, 2158S), endothelial NOS (eNOS, mouse anti-eNOS at 1:100, monoclonal, Abcam,
ab76198), collagen IV antibody (rabbit anti-collagen IV at 1:100, polyclonal, Abcam, ab6586), or
laminin antibody (rabbit anti-laminin at 1:100, polyclonal, Alfa Aesar, J65295) with the corresponding

AlexaFluor labeled secondary goat antibodies, and counterstained with DAPI to label nuclei. Images
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were taken using Zeiss fluorescence microscope (Axio Observer Z1) and analyzed using Imagel

software.

3.2.10 In vitro hemocompatibility test

In vitro hemocompatibility was performed on flat samples by incubating samples with rabbit platelet
rich plasma (PRP) under orbital shaking condition. Briefly, blood samples were collected from healthy
male New Zealand rabbits in polypropylene tubes and primed with 3.8% sodium citrate (1ml per 9 ml
blood). Whole blood was centrifuged at 200 g for 10 min to collect PRP. 200 pl of PRP was then
incubated on PVA and PVA-F samples for 1 h on an orbital shaker at 200 rpm. Glass coverslips, coated
with 500 pul of 0.1 mg/ml bovine collagen type I, were included as positive control, while ePTFE grafts
with carbon lining (CARBOFLO®, Bard) were cut open to expose the lumen and used as a negative
control. Non-adherent PRP solution was subsequently collected for a real-time thrombin generation
assay, while the adhered platelets on PVA samples were washed with ice-cold PBS to remove
unattached red blood cells and platelets, and then kept for either SEM or a lactate dehydrogenase (LDH)

assay.

Adhered platelets on PVA were fixed with 2.5% glutaraldehyde in PBS for 20 min, and then
gradually dehydrated using increasing ethanol concentration. Dehydrated samples were left to dry at
room temperature before SEM imaging. To quantify platelets adhered on PVA samples, adherent
platelets were lysed with 1% Triton X-100 by incubating at 37°C for 1 hour. The lysate was analyzed

with LDH kit (Roche) and the absorbance was measured with a microplate reader at 490 nm.

Realtime thrombin generation assay was done with Technothrombin® Thrombin Generation Assay
(TGA) kit (Diapharma) according to the manufacturer’s protocol. In brief, after a 1-hour incubation,
PRP was collected and diluted with supplied buffer. 40 pl of PRP dilution was added into a 96 well
plate, and 50 pl of supplied substrate was added to each sample to initiate the thrombin reaction. The
supernatant fluorescence (390 nm/ 460 nm) was measured by the plate reader for 2 hours at 37°C.
According to the thrombin generation curve, the starting time of the thrombin generation (Lagtime),
maximum thrombin generation rate (Peak), and total amount of generated thrombin (ETP) were

analyzed by the manufacturer provided software.

3.2.11 Ex vivo shunt assay

Ex-vivo hemocompatibility test was done on tubular samples with whole blood under flow condition

in a non-human primate ex-vivo shunt model. PVA tubular grafts, 4 mm diameter and 5 cm in length,
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were tested in a flowing, whole blood model of thrombosis as described previously [169]. Four juvenile,
baboons (Papio Anubis) had a chronic, arteriovenous shunt with radiolabeled platelets and fibrin. The
graft was placed between silicone tubing extensions to test over a Brivo NM615 nuclear imaging
camera (GE) with 1 hour of blood flow, controlled at 100 mL/min without any antiplatelet therapies.
Platelet accumulation was tested dynamically during this time while fibrin accumulation was quantified
at the end of the study. Patency in the ex vivo shunt model was measured as described previously [305].
In brief, samples were fixed with 3.7% paraformaldehyde, rinsed, and rendered radiopaque. Samples
were imaged using X-ray microcomputed tomography (microCT). Data was imported into Amira®
and the luminal volume was quantified. This volume was divided by the sample length to give the

average luminal area.

These studies were approved by the Oregon National Primate Research Center (ONPRC)
Institutional Animal Care and Use Committee. Baboons were cared for at ONPRC according to the
““‘Guide to the Care and Use of Laboratory Animals’’ prepared by the Committee on Care & Use of
Laboratory Animals of the Institute of Laboratory Animal Resources, National Research Council

(International Standard Book, Number 0-309-05377-3, 1996).

3.2.12 Implantation of fucoidan modified small diameter vascular grafts

Implantation of the small diameter vascular grafts was done as previously published [306]. Briefly,
New Zealand White rabbits (male, weight 3.5-4.0 kg, Charles River laboratories) were anaesthetized
by giving 400-800 ml/min oxygen and gas isoflurane (1-3%) through endotracheal intubation. Heparin
(200 IU/kg) was given intravenously prior to arterial clamping. Segments (2 cm) of unmodified PVA
grafts (n=5) and PVA-F grafts (n=6) with inner diameter of 1.7 mm (parameters are as shown in Table
3-1) were anastomosed onto the right carotid artery, with end-to-side anastomosis, using 8-0 Nylon
suture (AD Surgical). Aspirin (15 mg/kg) was administered post-surgery until endpoint. ePTFE grafts
(2 cm, n=4, Zeus) with 2 mm inner diameter were included as positive controls. Ultrasound doppler
imaging and measurements were done using SonixTouch (Analogic Ultrasound, Peabody) and 10.0
MHz probe at midpoints (14 days) and endpoints (28-31 days) to detect blood flow and check graft
patency. At endpoint, rabbits were euthanized with sodium pentobarbital (100 mg/kg). The grafts
altogether with native arteries and corresponding left carotid arteries were explanted and fixed in 4%
PFA for 72 hours. The fixed grafts were serially dehydrated, parafilm embedded, and sectioned in the

middle of the grafts and at the proximal and distal anastomoses. H&E, immunohistochemistry and
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immunofluorescence staining were carried out to measure luminal patent area, analyze intimal

hyperplasia and detect endothelial cells, respectively.

All rabbit studies were approved (#AUPP 16-09) by the Animal Care Committee according to the
Canadian Council on Animal Care’s Guidelines, the requirements of Province of Ontario’s Animals for
Research Act, and the University of Waterloo’s Guidelines for the Use of Animals in Research and

Teaching.

3.2.13 Statistics

For ex vivo shunt study, PVA samples (n=4-8 per group) were tested along with a collagen-coated
expanded polytetrafluoroethylene (ePTFE, n=2) positive control and a clinical ePTFE control (W.L.
Gore, n=2). Platelet data were analyzed using a multi-way repeated measures linear mixed effects
model against PVA type and time. In order to increase model precision a fractional polynomial term
(time x In(time)) and all relevant interactions were added as model fixed effects. Fibrin data were tested
for normality using a q-q plot and homogeneity of variance with a Levene’s test. After determining that
these data failed these ANOVA assumptions, fibrin and platelet data were natural log transformed, with
0.01 added to each value to avoid exclusion of any zero values. Luminal patent area was analyzed with

a one-way ANOVA to compare only the three PVA test samples.

Other statistical analysis was performed using GraphPad Prism 7. The values of all data were
presented as mean + Standard Deviation (SD). To determine statistical significance, t-test, one-way
ANOVA test with Tukey’s post hoc test and two-way ANOVA with Sidak’s post hoc test were used.

Statistical significance criterion was set at p value of <0.05.

Table 3-1. Parameters and mechanical properties of implanted ePTFE, PVAg, PVA-Fg grafts and
rabbit common carotid arteries (Rb CCA). Human saphenous vein (SV) and internal thoracic artery

(ITA) were included as clinical comparisons.

Outer Inner Wall
) Compliance Burst pressure
diameter diameter thickness
(%/40mmHg) (mmHg)
(mm) (mm) (mm)
ePTFE 2.09+0.05 2.07+0.05 0.13+0.04 0.70+0.18 -
PVAg 2.08+0.06 1.70£0.05 0.39+0.05 1.26+0.17 780+71
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PVA-Fg 2.10£0.07 1.71+0.08 0.40+0.09 1.59+0.52 906=£76

2.00+0.31
Rb CCA - ~0.22 [308] 2.57+0.04 [309] -
[307]
Human 4.2+0.6 8.8+4.2%/100 mmHg
- 0.45 [310] 1599+877 [311]
SV [310] [311]
Human 2.05-2.19 0.50-0.51 11.543.9%/100 mmHg
- 3196+1264[311]
ITA [312] [313] [311]

3.3 Results

3.3.1 Characterization of fucoidan modified PVA hydrogels

The fucoidan modification of PVA was achieved by mixing fucoidan into PVA solution and co-
crosslinked by STMP, as shown in Fig 3-2A. SEM images showed the structures on the surface of PVA
and PVA-F hydrogels (Fig 3-2B). The unmodified PVA hydrogels had a smooth surface, while PVA-
F hydrogels exhibited irregular structures on the surfaces. Surface energy of PVA and PVA-F was
determined by measuring static water contact angle. PVA-F surface showed a slightly lower water
contact angle possibly due to the hydrophilicity of fucoidan (Fig 3-2C). The presence of fucoidan on
PVA-F was visually verified from the purple color change of toluidine blue staining, as shown in Fig
3-2D. Fucoidan density on PVA-F samples was quantified to be an average of 53.4+2.0 pug/cm?*. PVA-
F films were stored in PBS at 37°C for up to 60 days to determine to stability of fucoidan modification.
Fucoidan density after incubation for 15 days, 30 days and 60 days was 43.5+15.4 pg/cm?, 42.2+12.4
pg/cm® and 36.8+5.5 pg/cm?, respectively. No significant differences of fucoidan density were
observed over time (p=0.3025) (Fig 3-2E). EDX was also carried out to analyze the element
composition on PVA-F samples. The atomic percentage of sulfur is 0.12+0.03%, confirming the

presence of fucoidan (Fig 3-2F).
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Figure 3-2. (A) Schematic diagram of polyvinyl alcohol-fucoidan (PVA-F) preparation procedure.
(B) Scanning electron microscopy (SEM) images showed the structures on PVA (left) and PVA-F
(right) surfaces. (C) Static water contact angle of PVA and PVA-F surfaces. (n=6, p=0.0554). (D)
Fucoidan density on PVA-F samples was determined by toluidine blue staining. (E) Stability of
fucoidan modification was determined by toluidine blue staining at day 0, 15, 30 and 60. n=3, no
significant decrease was observed. (F) EDX spectrum of PVA-F samples showed sulfur element,
confirming the presence of fucoidan. The table shows the atomic percentage of carbo, oxygen,

sodium and sulfur and SD (n=3).
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3.3.2 Biomechanical properties of fucoidan modified PVA hydrogels

PVA-F showed significantly higher phosphate content (Fig 3-3A), indicating a significantly higher
chemical crosslinking density. Water content of PVA-F hydrogels (66.07+1.69%) was not significantly
different from unmodified PVA hydrogels (64.27+2.22%) (Fig 3-3B).

Mechanical properties of PVA and PVA-F hydrogels were characterized. Compliance was
determined in vitro by measuring the diameter increase of PVA and PVA-F tubular grafts from 80
mmHg to 120 mmHg internal pressure. PVA and PVA-F grafts had a compliance of 1.6340.15 (%/40
mmHg) and 1.73+0.10 (%/40 mmHg), respectively (Fig 3-3C). With higher crosslinking density, PVA-
F hydrogels were significantly stronger with a burst pressure of 831.50+75.43 mmHg, while
unmodified PVA hydrogels had a burst pressure of 752.55+56.16 mmHg (Fig 3-3D, p<0.05, n=3). The
tensile Young’s modulus of PVA and PVA-F hydrogels were measured in both longitudinal and
circumferential directions. Longitudinal Young’s modulus for PVA hydrogels was 1.28+0.25 MPa and
was increased to 1.57+0.29 MPa for PVA-F hydrogels (Fig 3-3E). Similarly, the circumferential
Young’s modulus was higher for PVA-F hydrogels (1.22+0.09 MPa) compared to PVA hydrogels
(1.08+£0.03 MPa) (Fig 3-3F), and a significant increase was observed (p<0.05, n=3).
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Figure 3-3. Mechanical properties of PVA and PVA-F samples. (A) Crosslinking density of PVA-F
samples is significantly higher than PVA samples (n=5). (B) Water content of PVA and PVA-F
hydrogels (n=3). (C) Compliance of PVA and PVA-F samples (n=3). (D) Burst pressure of PVA and
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PVA-F samples (n=5). (E) Longitudinal tensile Young’s modulus of PVA and PVA-F samples (n=3).
(F) Circumferential tensile Young’s modulus of PVA and PVA-F samples (n=3). * denotes statistical

significance using t-test with p < 0.05, n=3.

3.3.3 Endothelial cell adhesion on fucoidan modified PVA hydrogels

To evaluate the potential of PVA-F hydrogels for endothelialization, HUVECs adhesion on PVA, PVA-
F, and glass coverslips was analyzed. HUVECs exhibited good attachment and spreading and formed
confluent monolayers on PVA-F hydrogels and glass coverslips, while only few cells were attached on
unmodified PVA hydrogels and failed to form monolayers (Fig 3-4A and Fig 3-5). The cell density on
PVA-F hydrogels (816 + 217 cells/mm?) was significantly higher than that on unmodified PVA (48 +
16 cells/mm?, p<0.0001), and was comparable to that on glass (965 + 80 cells/mm?, p=0.3076) (Fig 3-
4B).

HUVECsSs on all substrates were immuno-stained with CD31, VE-Cadherin, and eNOS to examine
the cell monolayer function. As shown in Fig 3-4A and Fig 3-5, strong eNOS expression was presented
from cells on PVA-F and glass coverslips. The CD31 and VE-Cadherin were expressed strongly at the
cell boundaries of the HUVECs on PVA-F and glass coverslips, while only in the cell cytoplasm on
unmodified PVA. The quantification of protein expression of HUVECs on PVA-F and glass coverslips
was as shown in Fig 3-4C, cells on unmodified PVA were not taken into calculation due to low cell
numbers. Cells on PVA-F showed similar CD31 and VE-Cadherin expression levels as those on glass,
the eNOS expression on PVA-F was significantly higher than on glass (p<0.05). Extracellular matrix
protein, collagen IV and laminin, produced by HUVECs were also stained and as shown in Fig 3-4D.
Both collagen IV and laminin were deposited by HUVECs on PVA-F, and the expression levels of both

proteins was similar to those on glass coverslips (Fig 3-4E).
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Figure 3-4. Endothelial cell adhesion on PVA and PVA-F samples. (A) Representative fluorescence
images of human umbilical vein endothelial cells (HUVECs) on PVA and PVA-F samples after 48 hr
culture. Scale bar = 50 pm. (B) Average cell density on PVA and PVA-F samples. **** denotes
statistical significance using one-way ANOVA with p < 0.0001, n=5. (C) CD31, VE-cadherin and
eNOS expression of HUVEC monolayer on PVA-F samples (data normalized to glass). HUVECs on
glass cover slip were included in analysis as a positive control. HUVECs on PVA samples were not
taken into analysis. * denotes statistical significance using t-test with p <0.05, n=5. (D)
Representative fluorescence images of collagen type IV (COL 1V) and laminin (LM) deposited by
HUVECs on PVA and PVA-F samples after 24 hr culture samples (data normalized to glass).
HUVEC:s on glass cover slip were included in analysis as a positive control. Scale bar = 50 um. (E)
Collagen type IV and laminin expression of HUVECs on PVA-F samples (data normalized to glass).
HUVECs on PVA samples were not taken into analysis due to low cell number. No statistical

significance was observed, n=3.
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Figure 3-5. Representative images of human umbilical vein endothelial cells (HUVECs) on glass
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coverslips, PVA and PVA-F samples at a high magnification. (Scale bar =50 um).

3.3.4 In vitro hemocompatibility of fucoidan modified PVA hydrogels

To examine the platelet behaviors on PVA and PVA-F hydrogels, we performed an LDH assay to
measure the platelet adhesion and SEM to examine the morphology of attached platelets. The platelets
on collagen coated glass were well spread, while the platelets on PVA and ePTFE were rounded (Fig
3-6A). More platelets were attached on PVA-F, and the platelets appeared to form more pseudopods
compared with those on ePTFE and PVA. The LDH absorbance of collagen coated glass samples was
significantly higher than ePTFE, PVA, and PVA-F, but no significant difference was observed among
ePTFE, PVA, and PVA-F groups (Fig 3-6B). The results indicated that fucoidan modification did not

increase platelet adhesion or activation.

Thrombogenicity of the PVA-F hydrogels was examined by a real-time thrombin generation assay.
As the kinetic thrombin generation curved shows in Fig 3-6C, thrombin was generated at much faster
rate and a larger amount on collagen coated glass compared to ePTFE, PVA, and PVA-F. The
quantitative parameters, lagtime, peak, and ETP (Fig 3-6D-F) confirmed the observation in the kinetic
curves. Collagen coated glass had a significantly shorter lagtime, higher peak thrombin generation, and
more thrombin generation in total. Also, PVA-F had lower thrombin generation compared to PVA and

ePTFE, though no statistical significance was observed.
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Figure 3-6. In vitro hemocompatibility tests of PVA and PVA-F samples. (A) Platelet adhesion and
morphology on collagen coated glass cover (positive control), ePTFE (clinical control, platelets are as
indicated with arrows), PVA and PVA-F. (B) Quantification of platelet adhesion determined by
lactate dehydrogenase (LDH) assay. (C) Real-time thrombin generation assay. Lag-time (D)
represents the time taken to start forming thrombin. Peak (E) represents the maximum thrombin
generation rate. (F) represents endogenous thrombin potential (ETP). n=5, *, **and *** indicate a

significant difference using one-way ANOVA with p < 0.05, p <0.01, and p < 0.001, respectively.

3.3.5 Gamma sterilization of fucoidan modified PVA hydrogels
Sterilization is required for implantation. To examine if gamma irradiation would affect the fucoidan
modified PVA hydrogels, we compared the compliance, water contact angle, cell adhesion, and

thrombin generation of fucoidan modified PVA hydrogels before and after gamma irradiation.
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Compliance, burst pressure and contact angle of both PVA and PVA-F grafts were not significantly

changed after gamma irradiation (Fig 3-7).
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Figure 3-7. Compliance (A), burst pressure (B), and water contact angle (C) of PVA and PVA-F
samples with and without gamma sterilization. No significant difference was observed among all

groups of samples.

HUVEC:s attached well on both non-gamma treated (PVA-F) and gamma treated samples (PVA-Fg)
(Fig 3-8), and the cell density was significantly higher on PVA-Fg samples (Fig 3-9A). Moreover, the
expression levels of CD31 and eNOS from ECs on PVA-F and PVA-Fg showed no significant
difference (Fig 3-9B and C). The gamma irradiation also did not significantly change the thrombin
formation on both unmodified PVA and PVA-F samples (Fig 3-9D-F). Overall, the properties of PVA-

F hydrogels were not significantly altered by the gamma irradiation.
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Figure 3-8. Representative images of HUVECs on non-gamma treated PVA-F and gamma sterilized

(PVA-Fg) samples. Glass coverslips were included as positive control. (Scale bar =50 um).
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Figure 3-9. Gamma sterilization effect on PVA-F samples. (A) Average cell density on PVA-F
samples non-treated (PVA-F) and gamma sterilized (PVA-Fg). CD31 (B) and eNOS (C) expression
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of HUVECs on before and after gamma sterilized PVA-F sample (data normalized to glass). n=5, *
and ** denotes statistical significance using one-way ANOVA with p < 0.05 and p <0.01,
respectively. Lagtime (D), Peak (E) and ETP (F) of real-time thrombin generation on non-treated and

gamma sterilized samples (n=3).

3.3.6 Ex-vivo shunt study of fucoidan-modified PV A grafts

PVA, PVA-F, and PVA-Fg tubular grafts were tested in an ex-vivo baboon shunt model, with collagen
coated ePTFE grafts and normal ePTFE grafts as controls. The platelets (Fig 3-10A) fibrin
accumulation (Fig 3-10B), and average luminal patent area (Fig 3-10C) during the 1-hour testing period
did not exhibit any significant differences, though there was a borderline insignificance in platelet
accumulation among PVA, PVA-F and PVA-Fg groups (p=0.0523). PVA-F and PVA-Fg grafts had
the lowest amount of platelet and fibrin accumulation, although after gamma sterilization, PVA-Fg had
slightly increased fibrin accumulation, but still lower than PVA and the ePTFE control groups. PVA-

Fg had the highest average luminal area.

A B

15 - 35
=-Collagen ePTFE

ePTFE 3.0 4

~«PVA
PVA-F

=-PVA-Fg

12 A
25 A
0.9 A
2.0 A

15

1.0 4
05
T T 1 I
0 10 20 30 40 50 60 00 -

Time (min) Collagen ePTFE PVA PVA-F PVA-Fg

C =

0.6

Fibrin/length (mg/cm)

0.3 A

Platelets (x10° per cm)

= -
~ s

=
5]

o

Average Luminal Area (mm?)
» oo

~

o

collagen ePTFE PVA PVA-F PVA-Fg

55



Figure 3-10. Ex-vivo shunt study. Platelet accumulation (A), fibrin accumulation (B) and average
luminal patent area (C) data are displayed as mean + SD for all samples. Collagen and ePTFE
controls are shown for comparison but were not included in the statistical comparison due to low
sample size. No significant differences were observed between the various PVA samples for the
platelet (p=0.0523), fibrin (p=0.201 for the 1-way ANOVA), or patent area (p=0.109 for the 1-way
ANOVA) data.

3.3.7 In-vivo study of fucoidan modified PVA small diameter vascular graft

Sterilized PVAg, PVA-Fg, and ePTFE grafts were implanted in a rabbit right carotid artery model with
end-to-side anastomosis, as shown in Fig 3-11. The dimensions of the implanted grafts were shown in
Fig 3-12A. The PVA and PVA-F grafts were 1.7 mm in diameter and 2 cm in length with curvature of
1.4 cm radius in the middle. The ePTFE grafts were straight with 2.0 mm in diameter and 2 cm in
length. Parameters of the implanted grafts with comparisons to native arteries were shown in Table 3-
1. The grafts were implanted in an end-to-side anastomotic technique, as shown in Fig 3-12C. After 1-
month implantation, ePTFE (n=4), PVAg (n=5), and PVA-Fg (n=5) grafts had a patency rate of 75%,
40%, and 80%, respectively (Fig 3-12B). The ultrasound detection showed that PVA-Fg grafts still
maintained strong flow after 1 month while PVAg grafts were either occluded or had minimal flow
(Fig 3-12D). It was also observed that the blood flow inside ePTFE grafts had big animal variations
(Fig 12E).
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Figure 3-11. Implantation of PVA-based small vascular graft (2 mm in diameter and 2 cm in length)

in rabbit right common carotid artery model with end-to-side anastomosis.
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Figure 3-12. Implantation of ePTFE, PVAg, and PVA-Fg grafts. (A) Dimensions of implanted grafts.
(B) Patency rate of ePTFE (n=4), PVAg (N=5), and PVA-Fg (n=5). (C) Representative images of
ePTFE graft, PVAg graft, and PVA-Fg graft after implantation. Scale bar=1cm. (D) Ultrasound
images of PVAg, PVA-Fg and ePTFE grafts and corresponded arteries and peak systolic flow
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velocity inside the grafts and arteries after 14 days and 30 days implantation. (N.D. indicates not

determined). (E) Peak systolic velocity (PSV) inside the grafts and arteries at day 14 and day 30.

Non-detectable PSV was regarded as 0.

After 1 month of implantation, the grafts and contralateral native artery were harvested. The grafts

were sectioned at the anastomotic sites (P and D) and the middle (M) as shown in Fig 3-13A, for H&E

and immunofluorescent staining. As shown in Fig 3-13B, the PVA-Fg grafts had a layer of cells on the

luminal surfaces, while no cells were presented on plain PVAg surfaces. Immunofluorescent staining

showed that the cells on PVA-Fg lumen expressed endothelial cell marker (CD31 and eNOS),

indicating endothelial cell coverage on PVA-Fg lumens (Fig 3-13 C and D). Immunofluorescent

staining of P,D, and M sections revealed the adhesion of endothelial cells at both anastomosis and in

the middle of the graft (Fig 3-14). The ePTFE grafts used in this study had a porous structure, the CD31

and eNOS positive staining in ePTFE graft may likely have come from the endothelial cells trapped

inside the porous structures.
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Figure 3-13. In-vivo endothelialization of PVA-Fg grafts. (A) Schematic diagram of sectioning

positions of the grafts. (B) H&E staining of middle section of explanted vascular grafts. PVA-Fg

showed a layer of cells on the luminal surfaces. Scale bar = 50 pm. (C) Immunofluorescence staining
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of the middle section of explanted vascular grafts. Arrows indicate luminal surfaces. Scale bar = 100
um. CD31 positive signals in PVA-Fg samples indicated the presence of endothelial cells. (D)
Immunofluorescence staining of the middle section of explanted vascular grafts. Arrows indicate

luminal surfaces. Scale bar = 100 um. The eNOS positive signals indicated that the endothelial cells

inside PVA-Fg samples expressed eNOS proteins.

DAPI/eNOS DAPI/CD31

Figure 3-14. CD31 and DAPI staining showed endothelial cells at the proximal anastomoses (P) and
distal anastomoses (D) and in the middle of the PVA-Fg graft (M). Arrows indicate luminal side of
graft. (C) eNOS and DAPI staining showed the endothelial cells expressed eNOS. Arrows indicate

luminal side of graft. Scale bar = 50um.

The H&E stained cross-sections of the grafts were pictured (Fig 3-15A) and the stenosis percentage
at the anastomotic junctions was quantified by dividing the area of stenosis to the luminal area of the
grafts. PVA-Fg grafts showed a lower percentage of stenosis than PVAg grafts at both proximal and
distal anastomotic sites, while the stenosis percentage for ePTFE grafts varied from 10% to 90% (Fig
3-15B and C). The intimal hyperplasia inside the lumens of ePTFE, PVA and PVA-F grafts all showed
a-SMA positive staining (Fig 3-15D), which indicates the presence of smooth muscle cells in the
intimal hyperplasia. Ki67 staining showed the presence of proliferating cells presented in the intimal
hyperplasia, but the density of proliferating cells was low (Fig 3-15E). In general, the PVA-Fg grafts

showed a better in-vivo performance than plain PVAg grafts and exhibited in sifu endothelialization.
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Figure 3-15. Proximal and distal anastomotic stenosis of ePTFE, PVAg, and PVA-Fg grafts. (A)
Representative H&E staining images of patent ePTFE, occluded ePTFE, PVAg, and PVA-Fg grafts.
IH indicates intimal hyperplasia. (B) Stenosis percentage of ePTFE, PVAg, and PVA-Fg grafts at
proximal anastomoses. (C) Stenosis percentage of ePTFE, PVAg, and PVA-Fg grafts at distal

anastomoses. (Graft sections with missing pieces were not taken into calculation.) PVA-Fg grafts
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showed lower percentage of stenosis at both proximal and distal anastomosis than unmodified PVAg

grafts. (D) a-SMA staining of patent ePTFE, occluded ePTFE, PVAg and PVA-Fg grafts confirmed

the presence of smooth muscle cells in the intimal hyperplasia. Scale bar=200 um. (E) Ki67 staining
of patent ePTFE, occluded ePTFE, PVAg and PVA-Fg grafts showed the presence of proliferating

cells, but in a low density. Scale bar=50 um.

3.4 Discussion

Despite decades of development for synthetic vascular grafts, the performance of synthetic vascular
grafts with diameters smaller than 6 mm is still disappointing due to the poor patency rate. One of the
main reasons for failure is the lack of endothelialization of the synthetic materials, which leads to severe
thrombosis formation and intimal hyperplasia formation. Surface modification of synthetic vascular
grafts is required to reduce early-stage blood clotting formation and to enhance in situ endothelialization
for long term patency. Proteins, such as ECM components, and anticoagulants, such as heparin, are
frequently used molecules to encourage better vascular graft performance, however, these
modifications both cause other complications [314, 315]. Many protein modifications improve the
endothelial cell attachment but at the same time promote platelet attachment and activation [316-318],
which further increases the chance of thrombus formation and graft occlusion. Coating and
immobilizing heparin on synthetic vascular grafts has been shown to reduce platelet adhesion and
thrombin generation [100, 105, 319, 320], but with the risk of hemorrhagic effect and heparin-induced
thrombocytopenia [321, 322]. To develop a reliable modification, our work studied the ability of a
fucoidan modification to promote endothelial cell adhesion and blood compatibility of PVA hydrogels.
Fucoidan was chosen due to its ability to de-activate thrombin and inhibit thrombin generation without
causing hemorrhagic effect [107, 194, 323]. Other studies also showed that hydrogels functionalized
with fucoidan could dictate the release of vascular endothelial growth factors from the hydrogel and
promote re-endothelialization [237, 302]. In our study, fucoidan was used to modify STMP-crosslinked
PVA hydrogels. The fucoidan modification of PVA was achieved by simply mixing fucoidan with the
PVA solution, and then crosslinked by STMP in the presence of NaOH. Due the viscosity of PVA
solution and decreased solubility of fucoidan in a basic solution, the dispersion of fucoidan in PVA
solution may not be even, and thus the generated PVA-F hydrogels had rougher surfaces compared to
plain PVA. In addition, the difference of viscosity and solubility may have caused a change in the

evaporation rate of water during PVA-F hydrogel fabrication, which would also lead to a rougher
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surface [169]. We found that the surface structures of PVA-F samples were around 10-20 pm. Our
previous study compared the cell adhesion on 10 pm pillars and lenses with unpatterned surfaces, and
the cell adhesion did not show a significant difference [286]. Also, we found that topographies without
other biochemical modifications do not support endothelial cells to form monolayers on PVA [16].
Thus, we speculate that the surface roughness of PVA-F was not a significant contributor to the
improved endothelialization. Previous studies have shown that platelets and thrombogenicity can be
manipulated by topographies with the same size range as platelets or below, and submicron sized pillars
had more exhibit significant effects on platelet response [324]. Additionally, our previous studies using
PVA/gelatin also observed uneven surfaces, but no significant difference of platelets adherent was
observed [168]. Thus, we speculate that the surface roughness on PVA-MF samples did not
significantly affect the thrombogenicity of PVA-MF samples. Modifications of hydrogels by mixing
with functional molecules has been extensively studied [168, 171, 315], however, the main problem of
physically mixing is the low stability. Slow leaching of the functional molecules from the
grafts/scaffolds was shown [325] and will gradually decrease the activity of the biomolecule and change
the mechanical properties of the material. To assess the stability of the fucoidan mixing modification
presented in this study, we stored the PVA-F hydrogels for up to 2 months and measured the fucoidan
density using toluidine blue staining. During the 2-month storage, minimal change of fucoidan
concentration was found (Fig 3-2E). This is because that fucoidan was not only physically mixed into
PVA hydrogels, but also chemically linked to PVA chain by the STMP crosslinking. STMP
crosslinking of pullulan has been studied elsewhere, and the reaction mechanism has been proposed
[163, 165]. Herein, we propose a similar crosslinking process as shown in Fig 3-16, and the phosphate
assay proved the presence of phosphate crosslinking bonds in both PVA and PVA-F hydrogels (Fig 3-
3A).
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Figure 3-16. Proposed crosslinking process of PVA and PVA-F hydrogels by sodium
trimetaphosphate (STMP).
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One of the main advantages of the STMP-crosslinked PV A for small diameter vascular grafts is their
tunable mechanical properties. According to our previous studies, by adjusting the crosslinking density
and fabrication parameters, we were able to fabricate PVA grafts with compliance up to
4.00£3.41%/40mmHg [11, 166], matching that of rabbit carotid artery (3.1%/40mmHg) [326] and
human brachial artery (1.3-3.3%/40mmHg) [327]. In this study, we examined the effect of fucoidan
modification on the mechanical properties of PVA grafts. Results showed that the PVA-F grafts
exhibited a higher chemical crosslinking density compared to plain PVA as measured by phosphate
density, further proving that fucoidan is not only physically mixed into PVA, but also chemically
crosslinked to PVA through STMP. The higher chemical crosslinking density of PVA-F also yielded
stronger grafts with higher burst pressure (Fig 3-3D) and Young’s modulus (Fig 3-3E and F).
However, the compliance was not significantly altered by fucoidan modification (Fig 3-3C). Our recent
study found that the compliance of PVA vascular graft was affected by the overall crosslinking of PVA
[167]. During the fabrication procedure, STMP was used to chemically crosslink PVA and the residue
OH groups in PVA chains could contribute to physical crosslinking of PVA. In this study, although
chemical crosslinking density was increased after fucoidan modification, we did not see a significant
difference in water content, which indicates that the overall crosslinking density may not be
significantly altered. Additionally, the compliance of PVA vascular grafts fabricated with the lay-by-
layer dip casting method could also be affected by the interlayer adhesive shear stress. The increase in
interlayer adhesion could increase the burst pressure without sacrificing the compliance. The effect of

fucoidan on the interlayer adhesive force will need to be further confirmed.

Unmodified PVA does not support cells adhesion, and our previous studies have tried different
modifications, including plasma treatment [174, 301] and incorporation of proteins and peptides to
enhance endothelial cell adhesion [168, 169, 171]. Fucoidan was previously found to stimulate
endothelial proliferation and potentiated endothelial cell growth and migration with the presence of
fibroblast growth factor-1 (FGF-1) [300]. Other studies also suggested that fucoidan binds to integrin
ampP2 and promotes the FGF-2-induced overexpression of integrin o in human umbilical endothelial
cells, which could further promote neovascularization [185, 328-330]. In this study, after modifying
PVA with fucoidan, HUVECs displayed a substantially enhanced adhesion on PVA-F, while without
modification, PVA had minimal cell attachment, which was consistent to our previous observations
[16, 171]. HUVECs on PVA-F and glass coverslips had similar densities and showed cobblestone
morphology. Other than adhesion and spreading, endothelial cells are required to form into a tight-knit

and confluent monolayer to maintain its function as a semipermeable barrier. Platelets/endothelial cell
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adhesion molecule-1 (PECAM1), also known as CD31, is expressed at endothelial cell-cell junctions,
and is shown to be important to restore endothelial integrity [331]. Vascular endothelial cadherin (VE-
cadherin) is an important type of adherens junctions, which is critical to control endothelial
permeability and maintain cell-cell adhesion [332]. The HUVECs on PVA-F expressed strong CD31
and VE-Cadherin at the cell boundaries, indicating the integrity of endothelial cell monolayer.
Endothelial nitric-oxide synthase (eNOS) is expressed in vascular endothelial cells and produces nitric
oxide, which is known to regulate the vascular tone as well as smooth muscle cell proliferation [333].
HUVECs on PVA-F expressed eNOS, and the amount of eNOS is higher than HUVECsS on glass cover
slips. All of these cell marker expression measurements indicated that the HUVECs not only attached

to the PVA-F surfaces, but also functioned as mature endothelial monolayers.

Hemocompatibility is an essential property of vascular grafts to prevent acute thrombosis formation
after implantation. In our study, both in vitro and ex-vivo hemocompatibility tests were performed. In
vitro hemocompatibility test was done with rabbit platelet rich plasma under shaking condition to
prevent platelet aggregation and sedimentation. Ex vivo shunt study was done in a non-human primate
model, which has similar physiology to human, to study the thrombogenicity of the grafts under
physiological flow. PVA has low platelets attachment and low thrombin generation [168, 169], and
fucoidan-modified PVA showed similar or slightly better hemocompatibility compared to plain PVA.
We speculate that the good hemocompatibility was due to the ability of fucoidan to inhibit thrombin
generation and platelets aggregation. Fucoidan has antithrombotic activity as tested in different in vivo
models [107, 333]. It was found that the antithrombotic activity of fucoidan was mediated by heparin
cofactor II [323], and fucoidan molecules inhibit thrombin generation by blocking the formation of
intrinsic factor Xa [194]. Our real-time thrombin generation test observed slower and less thrombin
generation on PVA-F compared to PVA samples (Fig 3-6C-F), supporting the antithrombotic activity
of fucoidan. The fucoidan we used here is crude fucus vesiculosus fucoidan, with a molecular weight
range from 20 kDa to 200 kDa and a sulfate content of 32% [334]. In previous studies, fitcus vesiculosus
fucoidan displayed anticoagulant properties, but did not prevent thrombin-induced platelet aggregation
[177]. Durig et al. also found fiucus vesiculosus fucoidan could induce irreversible platelet aggregation
[335]. However, in our study, slightly more platelets were attached on PVA-F samples, but no platelet
aggregation was observed (Fig 3-6A) after 1-hour incubation with rabbit platelet rich plasma. Ex-vivo
shunt results in a non-human primate model also showed a low number of platelet and fibrin
accumulation after 1-hour of whole blood flow with no antiplatelet or anticoagulant therapies (Fig 3-

10).
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Sterilization is required to remove micro-organisms before implantation, and gamma irradiation is
one the most commonly used sterilization methods for biomaterial clinical use. Gamma irradiation is
known to be able to cause chain scission [336], and studies also found that gamma irradiation could
cause branching and crosslinking [337, 338], which combine to raise the concern that mechanical
properties of the implants may be altered due to gamma sterilization. Our compliance and burst pressure
measurement of PVA and PVA-F grafts before and after gamma sterilization did not show a significant
difference (Fig 3-7). Previous studies also revealed that gamma irradiation changes the surface and
biological properties of biomaterials [339, 340]. Srinivas et al.[339] found that gamma treated gels had
a decreased surface hydrophilicity with increased dose, and cell adhesion and proliferation were found
to be enhanced. A similar trend was observed from our PVA and PVA-F hydrogels. Although contact
angle was not significantly increased (Fig 3-7C), HUVEC density on gamma treated PVA-F hydrogels
was significantly higher than non-gamma treated samples (Fig 3-9A-C). Denizli et al. showed that
gamma irradiation drastically increased the blood protein adsorption on polycarbonate films, which
could increase the risk of thrombus formation and platelet accumulation and activation [341]. Our
studies also showed that after gamma irradiation, the thrombin generation was slightly increased for
both unmodified PVA and PVA-F (Fig 3-9D-F). Ex-vivo shunt study also exhibited a slightly higher
fibrin accumulation on gamma treated PVA-F (PVA-Fg) compared to non-gamma treated PVA-F,
however, the difference was not significant, and the accumulation level was still lower than plain PVA
(Fig 3-10). Overall, the ex-vivo shunt results were in line with the in vitro hemocompatibility test results
that fucoidan modification did not increase platelets activation and thrombin generation, and gamma

sterilization did not significantly change the hemocompatibility of PVA-F samples.

After confirming the in vitro and ex vivo performance of PVA-F, in vivo performance of PVA-F
grafts was evaluated in a rabbit right carotid artery model with an end-to-side anastomotic technique.
Previous studies have shown that when positioned in rabbit carotid artery with an end-to-end
anastomosis, ePTFE grafts had a failure rate of 11.2% in the first 2 weeks due to thrombotic occlusion,
or lost patency after 16 weeks due to intimal hyperplasia formation [342, 343]. We observed similar
results in our ePTFE implantation with end-to-side anastomosis. Occluded ePTFE was occluded by the
time of first ultrasound detection at day 14, as shown in Fig 3-12D, which was caused by thrombus
formation, while patent ePTFE remained good flow until the endpoint. Similarly, most unmodified
PVA grafts occluded by day 14, which could also be due to the thrombus formation. Gamma sterilized
PVA-F grafts (PVA-Fg) yielded a much higher patency rate (Fig 3-12B) and maintained a stronger

flow after 1 month compared to PVAg grafts (Fig 3-12D and E), which could be benefitted from the
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endothelial cell attachment (Fig 3-13). In addition to endothelial coverage on the surface, low intimal
hyperplasia formation is also essential to maintain long term patency. The anastomotic junctions of
graft and artery are prone to generate intimal hyperplasia due to the abnormal smooth muscle cell
proliferation and migration. In our study, the majority of the cells in the intimal hyperplasia regions of
all types of implanted grafts was identified as smooth muscle cells (Fig 3-15D), however, the Ki67
staining showed that most of the smooth muscle cells were not in proliferating state (Fig 3-15E).
Previous study reported the time course of cell proliferation in the intimal hyperplasia using an
angioplasty model [344], and found out that the cellular proliferation in the intimal hyperplasia largely
subsided by day 14 after injury, which was in line with our observation that there were low number of
proliferating cells in the intimal hyperplasia at one month after implantation. Fucoidan was shown to
be a potent inhibitor of smooth muscle cell proliferation through inhibiting mitogen-activated protein
kinase pathway in a similar manner as heparin [239, 243]. In our study, PVA-Fg grafts had a lower
stenosis percentage at both proximal and distal anastomoses compared to PVAg grafts (Fig 3-15),
which could be attributed to the inhibition effect of fucoidan on smooth muscle cell proliferation at an
early stage after implantation. ePTFE grafts are the gold standards for large diameter vascular grafts,
however, ePTFE grafts with small diameters are not suitable due to the frequent intimal hyperplasia
formation and blood clotting. The ePTFE grafts with 2 mm diameter were included in this study as
clinical controls, and most of the ePTFE grafts showed strong blood flow after 1-month implantation.
However, significant intimal hyperplasia was observed on the ePTFE grafts and the patency varied
from sample to sample. It is worth mentioning that the ePTFE grafts we used for implantation have
thinner wall and porous structure compared to other clinical available ePTFE grafts as shown in Table
3-1. Although the performance of PVA-F grafts and ePTFE grafts cannot be compared due to the

differences in grafts size and wall thickness, the ePTFE grafts are still valuable clinical controls.

This study has demonstrated that the fucoidan modification was capable to improve
endothelialization and hemocompatibility of PVA, and also enhanced the in vivo performance of PVA

small diameter vascular grafts.

3.5 Conclusions

This chapter presented a fucoidan modification on PVA hydrogels to enhance endothelialization and
hemocompatibility. The presence of fucoidan on PVA substantially improves the endothelial cell
adhesion and coverage on PVA while maintaining the hemocompatibility of PVA. The in vivo test of

the fucoidan modified PVA small diameter grafts exhibited promising results with a higher patency
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rate and remarkably lower intimal hyperplasia formation. The results suggest the potential of fucoidan
as surface modification molecule for small diameter PVA grafts as well as broader application to

development of other vascular implants and devices.
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Chapter 4
Development and Optimization of Fucoidan Conjugation for Enhanced

Endothelial Attachment and Hemocompatibility

Bioconjugation is a useful technique to incorporate bioactive molecules to synthetic and natural
materials. The study in this chapter developed a versatile fucoidan conjugation method for vascular
graft application. Fucoidan and aminated fucoidan were conjugated to PVA hydrogels through
carbonyldiimidazole (CDI) chemistry. The conjugation method was compared with other modification
approaches for their effects on surface properties, endothelialization and hemocompatibility.
Conjugation with aminated fucoidan on PVA significantly improved endothelial cell adhesion while
maintaining low platelet adhesion, activation and thrombin generation. The conjugation method did not
affect surface topography or mechanical properties. The amination of fucoidan was achieved using
ethylenediamine (EDA), and the bioactivities of aminated fucoidan on endothelial cells and
hemocompatibility can be optimized by adjusting EDA ratio. The performance of fucoidan conjugated
PVA was also altered by the species of fucoidan source and amination methods of fucoidan. The
developed fucoidan conjugation method can also be applied to ePTFE, and significantly improved the

endothelial cell adhesion on ePTFE both in vitro and in vivo.

4.1 Introduction

Fucoidan is a sulfated polysaccharide with versatile bioactivities, such as anticoagulant, anticancer, and
anti-inflammatory activities [178]. It has attracted broad research interests in pharmaceutical and
biomedical areas. The bioactivities of fucoidan are modulated by various factors, including species of
the source that fucoidan is isolated from, molecular weight, and chemical structures [345]. Increasing
number of studies have identified the potential of fucoidan in cardiovascular applications. Fucoidan is
capable of reducing leukocyte and platelet adhesion on dysfunctional or damaged endothelium [179],
inhibiting thrombin generation [180], and inactivating free-radical processes [181]. These functions
have been showed to alleviate atherosclerotic lesions. In addition, fucoidan exhibits endothelial
protective function by reducing the expression of endothelial dysfunction marker, endothelin-1, and
proinflammatory cytokines, TNFa and IFNy [236]. Employing fucoidan as a surface modification
molecule has also demonstrated the ability of fucoidan to improve endothelialization on synthetic and
decellularized scaffolds [237, 238, 346]. Surface modification of fucoidan has been mainly achieved

by coating. A fucoidan coated metal stent has shown inhibited smooth muscle cell proliferation and
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reduced restenosis [347]. In addition, a layer-by-layer coating of fucoidan and laminin has shown
reduced platelet adhesion and increased endothelial adhesion [238]. However, researchers found that
the fucoidan coating could result in the changes of surface morphology of the material and even
distribution of fucoidan molecules [348]. Furthermore, the short stability of the coating may limit the

long-term storage and affect the long-term in vivo performance.

Surface conjugation of bioactive molecules on a synthetic material is another important surface
modification approach in biomedical and tissue engineering applications. Reaction with
carbonyldiimidazole (CDI) is a promising strategy for bioconjugation. CDI can activate carboxylic acid
groups, hydroxyl groups and amine groups, forming imidazole active intermediates. These
intermediates can further conjugate to other nucleophiles [349]. We have previously explored the CDI
reaction between polyvinyl alcohol hydrogels (PVA) and amine-containing molecules [172, 350]. The
success of the conjugation was evidenced by X-ray photoelectron spectroscopy and Fourier-transform

infrared spectroscopy.

Inspired by these findings, in this study, we aim to develop a fucoidan conjugation modification
through CDI reaction. We hypothesize that fucoidan can be presented to enhance endothelial cell
attachment without affecting the hemocompatibility, surface topography or mechanical properties, and
the methods to present fucoidan will significantly affect the surface chemistry and bioactivities for
vascular endothelial cells and hemocompatibility. Fucoidan could be conjugated to PVA via its
hydroxyl groups. In addition to the conjugation via hydroxyl group, conjugation via aminated group
was also investigated. Fucoidan was aminated with ethylenediamine (EDA), and the effect of EDA
was examined. Other methods to incorporate fucoidan on PVA, including mixing and coating, were
studied and compared. Their effects on the surface property, endothelialization, and hemocompatibility
of PVA were compared. Lastly, the conjugation of fucoidan was applied to ePTFE and the function of

conjugated fucoidan on endothelialization of ePTFE was evaluated both in vitro and in vivo.
4.2 Materials and methods

4.2.1 Preparation of PVA hydrogels

Unpatterned PVA hydrogels were prepared as described in Section 3.2.1. Patterned PVA hydrogels
were prepared as previously published [16]. Briefly, polydimethylsiloxane (PDMS; Sylgard 184, Dow
Corning) with various topographies was used as molds for PVA hydrogels. All PDMS molds were
treated with air plasma for 1 min to increase surface energy. To prepare patterned PVA films,
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crosslinking PVA solution was casted on plasma treated PDMS molds and centrifuged at 1500 rpm for
1 hour. To prepared PVA tubular grafts, a thin layer of patterned PDMS film was rolled around a
cylinder rod prior to plasma treatment. The cylinder rod was then plasma-treated and immersed in
crosslinking PV A solution, followed by sonication for 1 hour at 49 kHz. Afterwards, crosslinking PVA
solution was dip-coated on the cylinder rod to form tubular grafts. PVA films and tubular grafts were
kept in cabinet with controlled temperature and humidity until fully crosslinked. Solutions of 10X
phosphate buffer solution (PBS), 1X PBS, and DI water were used to rehydrate and de-mold crosslinked
PVA hydrogels.

4.2.2 Amination of fucoidan

Amination of fucoidan using ethylenediamine (EDA, Sigma-Aldrich) was adopted from a previously
published method [351]. Briefly, fucoidan (Fucus vesiculosus, Marinova) was aminated using
ethylenediamine through carbonyldiimidazole (CDI, Sigma-Aldrich) reaction. Fucoidan (100 mg) was
dissolved in 5 ml formamide, followed by the addition of 4 mg of CDI. After 1 hour of stirring, different
amount of EDA was added into the mixture and reacted under stirring overnight. The solution was then
dialyzed in 3500 Da cut-off dialysis tubes against DI water for 5 days at room temperature and freeze

dried.

Amine group on fucoidan was determined using fluorescamine adopted from a previous protocol
[351]. Briefly, 0.5 mg/ml aminated fucoidan was dissolved in PBS. 1.5 ml of aminated fucoidan
solution was mixed with 0.5 ml of 3 mg/ml fluorescamine solution and incubated in darkness for 30
min. The fluorescence was measured at the excitation wavelength of 400 nm and the emission

wavelength of 460 nm using a plate reader. Ethylenediamine was used as a standard.

4.2.3 Modification of PVA hydrogels with fucoidan

PVA hydrogels were dried overnight at 60°C to remove moisture. The hydrogels were then activated
in 100 mg/ml CDI solution in dimethyl sulfoxide (DMSO) for 1 hour at room temperature with 100
rpm shaking. The CDI-activated PVA hydrogels were then wash 3 times in 1X PBS to remove excess
CDI and incubated in 10 mg/ml aminated fucoidan (PVA-CDI-aF) or 10 mg/ml native fucoidan (PVA-
CDI-F) solution at 37°C overnight. As a comparison, PVA hydrogels was directly incubated in 10
mg/ml native fucoidan solution at 37°C overnight (PVA-SF). The fucoidan modified PVA hydrogels

prepared as described in Section 3.2.1 were also included as a comparison (PVA-MF).
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4.2.4 Toluidine blue staining

Toluidine blue staining of fucoidan modified PVA hydrogels was done as described in Section 3.2.5.

4.2.5 X-ray photoelectron spectroscopy (XPS) measurement

X-ray photoelectron spectroscopy (XPS) was used to study the element composition on the surfaces of
the samples. XPS survey spectra were measured in a Thermo-VG Scientific ESCALab 250 microprobe
equipped with a monochromatic Al Ka source (1486.6 e¢V) at Waterloo Advanced Technology
Laboratory (University of Waterloo, Waterloo, ON). The measurement is carried out under ultra-high
vacuum (UHV) conditions with pass energy of 50eV. The incidence angle of X-ray to sample was set

at 45°, and the take-off angle was set at 90°. The atom percentage was calculated in CasaXPS software.

4.2.6 Water contact angle measurement

Water contact angle of PVA and fucoidan modified PVA films were measured either with a JC2000D3
contact angle meter or using a captive bubble method with an optical contact angle system (OCA20,
Future Digital Scientific Corp). For the measurement with contact angle meter, a 2 ul water drop was
deposited onto the hydrated PVA films, and images were captured after the droplet remained stable on
the PVA surfaces. The angle value was calculated using ImagelJ. For captive bubble method, PVA film
samples were immersed in DI water, and an air bubble (4 ul) was injected into water through a syringe.
The bubble was allowed to attach to the surface of samples and imaged by a camera. The contact angle

was then calculated by a SCA20 software.

4.2.7 Mechanical property test

PVA vascular grafts (2 mm inner diameter) modified with fucoidan by different methods were

fabricated for compliance and burst pressure tests, as described in Section 3.2.8.

4.2.8 Sterilization treatment

Sterilization with gamma irradiation was done as described in Section 3.2.2. Sterilization with ethylene
oxide (EtO) was done at Oregon National Primate Research Center (ONPRC) with the following
procedure: sterilization with ethylene oxide (EtO) gas was performed with the following process
parameters: preconditioning phase for 90 minutes at 55°C and minimum relative humidity (RH) of 70%
at puncture, EtO exposure phase for 60 minutes with EtO concentration of 759 mg/L at pressure range

400-650 mbar, and aeration phase for 12 hours at 55°C.
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4.2.9 Endothelial cell adhesion assays

Human umbilical vein endothelial cells (HUVECs, p 3-5, Lonza) were maintained in EGM-2 medium
(Lifeline). HUVECs were seeded on PVA samples at a seeding density of 50,000 cells/cm? and cultured
overnight to allow adhesion before live/dead staining. Live/dead staining was done according to
supplier’s protocol (ThermoFisher scientific). Briefly, cells were washed once with 1x Dulbecco's
phosphate-buffered saline (DPBS) and incubated with the mixture of calcein AM and ethidium

homodimer-1 for 30 min. The cells were then washed once with 1x DPBS before imaging.

Immunofluorescence staining of endothelial cells was done as described in Section 3.2.9. Briefly,
HUVECs (p 3-5) or human coronary artery endothelial cells (HCAECs, p 3-5) were seeded on PVA
samples at a seeding density of 50,000 cells/cm” and cultured for 3 days until confluent. Confluent cells
were washed once with 1x DPBS, fixed with 4% paraformaldehyde (PFA), permeabilized with 0.1%
Triton X-100, and blocked with 5% goat serum and 0.3% Triton X-100. Following blocking, the cells
were stained with vascular endothelial cadherin (VE-cad, 1:100, Cell Signaling Technology) and
counterstained with DAPI to label nuclei. Images were taken using Zeiss fluorescence microscope

(Axio Observer Z1) and analyzed using Image] software.

4.2.10 In vitro hemocompatibility test

In vitro hemocompatibility test was done as described in Section 3.2.10

4.2.11 Ex-vivo hemocompatibility test

Ex-vivo hemocompatibility test was done in an ex-vivo shunt model as described in Section 3.2.11.

4.2.12 Fucoidan modification on ePTFE

To activate ePTFE surface for modification, ePTFE films was heated in oven at 120°C for 3 hours,
followed by treatment with air plasma for 10 min. The plasma-treated ePTFE was then directly put in
1M NaOH solution and stir for 2 hours at room temperature. The samples were subsequently washed
with DI water and dried in oven for 1 hour at 120°C, followed by reaction in CDI solution for 1 hour.
The CDI activated ePTFE was washed three times with 1X PBS, and subsequently incubated in
aminated fucoidan solution overnight (ePTFE-plas-NaOH-aF). ePTFE samples that were not treated

with NaOH after plasma treatment were also included as a comparison (ePTFE-plas-aF).
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4.2.13 Implantation of ePTFE vascular graft

Fucoidan-modified ePTFE tubular graft was prepared by suturing the ePTFE films with interrupted
stitches along the tube. The graft was EtO sterilized prior to implantation. ePTFE graft (2 mm inner
diameter, 5 mm in in length) was implanted in rabbit right common carotid artery with end-to-end
anastomosis. The surgery was done as described in Section 3.2.12. Ultrasound doppler imaging and
measurements were done using Siemens Acuson X300 ultrasound system with a VF 8-3+ (8-3
MHz) linear transducer and imaging frequency of 10 MHz at midpoints (14 days) and endpoints
(28 days) to detect blood flow and check graft patency. The explanted graft was section into 3 segments

and immunofluorescently stained against VE-cadherin and CD31.

4.2.14 Statistics

All statistical analysis was performed using GraphPad Prism 8. The values of all data were presented
as mean + Standard Deviation (SD). To determine statistical significance, t-test, one-way ANOVA with
Tukey's post hoc test and two-way ANOVA with Sidak's post hoc test were used. Statistical

significance criterion was set at p value of <0.05.
4.3 Results

4.3.1 Comparison of fucoidan conjugation with other fucoidan modification methods

4.3.1.1 Preparation of fucoidan modified PVA with conjugation and other methods

As discussed in chapter 3, PVA hydrogels could be modified by mixing fucoidan in PVA solution
followed by STMP crosslinking (PVA-MF). However, PVA-MF samples displayed rough surface
morphology with irregular micro-sized structures and were not compatible with topographical
patterning, as shown in Fig 4-1. The results demonstrated that PVA-MF is not appropriate to fabricate
topographically patterned PV A hydrogels

Unpatterned 2um grating 1.8um concave lens
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Figure 4-1. SEM images of unpatterned PVA-MF and PVA-MF with 2 um gratings and 1.8 p

concave lenses.

In order to develop a fucoidan modification method that does not sacrifice surface roughness, other
fucoidan modifications of PVA were done by several methods as shown in Fig 4-2. PVA-SF was
prepared by soaking PVA films in fucoidan solution. To conjugate fucoidan directly to PVA, PVA was
first activated with CDI (PVA-CDI), followed by incubation in native fucoidan solution (PVA-CDI-F).
To conjugate aminated fucoidan, PVA-CDI was incubated in aminated fucoidan solution (PVA-CDI-
aF). In this section, the surface properties and biological activities of PVA-MF, PVA-SF, PVA-CDI-F,
and PVA-CDI-aF were compared.

Fucoidan solution
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/OH 9” /OH OH /OH - )
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Figure 4-2. Schematic diagram of preparation procedure of PVA-SF, PVA-CDI-F and PVA-CDI-aF.

4.3.1.2 Amination of fucoidan

To facilitate conjugation reaction, fucoidan was aminated by EDA through CDI reaction. To prove the
success of fucoidan amination, 'H NMR spectroscopy was done to characterize fucoidan, CDI-activated
fucoidan (fucoidan-CDI), and aminated fucoidan (Fucoidan-CDI-EDA) (Fig 4-3). The spectrum of
fucoidan showed a-anomeric protons (H-1) at 5-5.6 ppm, ring protons (H-2 to H-5) at 3.1-4.8 ppm, O-
acetyl groups at 2.1-2.2 ppm, and methyl protons (H-6) at 1-1.4 ppm. The spectrum of fucoidan-CDI
showed the characteristic peaks of imidazole at 7.4-8.5 ppm. Methylene protons from EDA was
observed at 3.05 ppm and 3.3 ppm in the spectrum of Fucoidan-CDI-EDA. Furthermore, after CDI

reaction, the signals from a-anomeric protons at 5-5.6 ppm and ring protons around 4.5-4.8 ppm
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decreased, which indicated that the CDI not only reacted with the functional groups at the sugar ring

but also caused a ring open reaction.
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Figure 4-3. Chemical structure of fucoidan (A) and 'H NMR spectra of fucoidan, CDI-activated

fucoidan and EDA aminated fucoidan (B and C).
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4.3.1.3 XPS characterization of fucoidan and aminated fucoidan conjugated PVA

XPS survey scan was used to confirm the conjugation reaction between fucoidan, aminated fucoidan
and PVA. PVA-CDI, PVA-CDI-F, and PVA-CDI-aF samples showed significant N1s peaks, and PVA-
CDI-F and PVA-CDI-aF showed S2p peaks (Fig 4-4), confirming the presence of fucoidan on
conjugated PVA samples. Fucoidan conjugation on PVA also induced changes in surface atom
percentage. Comparing to unmodified PVA, 0% of PVA-CDI-F and PVA-CDI-aF increased from
25.5% to 32.4% and 31.4%, respectively, while C% decreased from 74.8% to 63.4% and 64.3%,
respectively. The difference was not statistically significant. The C% and O% did not show a big
difference between PVA-CDI-F and PVA-CDI-aF samples.

01s — PVA-CDI-aF
— PVA-CDI-F f\/\/\N
— PVA-CDI J\,_W
cw T J\/Jx/».

T T T T T T 1
N 15 410 405 400 395

)
- %

1 1
& S S . ;
170 165 160
Binding Energy Binding Energy
Atom % C N (0] S
PVA 74.8+1.6 N.D. 25.2+1.6 N.D.
PVA-CDI 71.4+0.69 4,7+0.4 23.9+1.9 N.D.
PVA-CDI-F 63.412.2 3.5+0.2 32.4+2.0 0.8+0.1
PVA-CDI-aF 64.3+2.3 3.4+0.3 31.4+1.9 0.9+0.1

Figure 4-4. X-ray photoelectron spectroscopy (XPS) survey scan of PVA, PVA-CDI, PVA-CDI-F,
and PVA-CDI-aF. The table shows the atomic %age of carbon, nitrogen and oxygen and sulfur. SD (n
= 3). N.D. = not detectable.
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4.3.1.4 Surface characterization of fucoidan modified PVA

The surface properties of fucoidan modified PVA hydrogels with different methods were compared.
SEM imaging was used to examine the surface morphology (Fig 4-5). PVA-MF showed significant
increased roughness on the unpatterned samples, while the other groups all had smooth surfaces. 5 pm
gratings were fabricated on PVA hydrogels to assess the compatibility of fucoidan modifications with
topographical patterning. PVA-MF samples did not show clear patterned structures PVA, while PVA-
SF, PVA-CDI-F, and PVA-CDI-aF all had good fidelity of the topography.

PVA PVA-MF PVA-SF PVA-CDI-F PVA-CDI-aF

Unpatterned
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Figure 4-5. SEM images of unpatterned and 5 um gratings PVA, PVA-MF, PVA-SF, PVA-CDI-F
and PVA-CDI-aF.

Surface energy of PVA and fucoidan modified PVA was determined by measuring static water
contact angle (Fig 4-6A). PVA-SF had an average contact angle value of 48°, significantly higher than
PV A modified by the other methods. None of the fucoidan modified PVA had significant difference in
contact angle compared to unmodified PVA. Fucoidan concentration was measurement by toluidine
blue staining. PVA-MF had significantly higher fucoidan concentration (52.4 pug/cm?) on the surfaces
compared to PVA modified by other methods (p<0.0005) (Fig 4-6B). Among all the modification
methods, PVA-SF had the lowest fucoidan concentration, with an average of 5.2 pg/cm”. PVA-CDI-F

and PVA-CDI-aF did not exhibit significant difference in fucoidan concentration.
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Figure 4-6. Effect of fucoidan modification methods on the surface properties. (A) Water contact
angle. N=4, * and ** indicate a significant difference using one-way ANOVA with p <0.05 and p <
0.01, respectively. (B) Toluidine blue staining. N=3, * | ** *** gnd **** indicate a significant

difference using one-way ANOVA with p<0.05, p <0.01, p <0.005 and p < 0.0005, respectively.

4.3.1.5 Mechanical properties

The effects of fucoidan modification methods on the mechanical properties of PVA grafts were tested
by measuring compliance and burst pressure of PVA vascular graft with 2 mm inner diameter. As
shown in Fig 4-7, no significant difference on compliance and burst pressure was observed among all

the tested groups, indicating that the fucoidan modification did not alter the mechanical properties of

PVA significantly.
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Figure 4-7. Compliance (A) and burst pressure (B) of PVA, PVA-SF, PVA-CDI-F and PVA-CDI-aF

grafts. N=3, no significant difference was observed.

4.3.1.6 Endothelial cell adhesion

ECs were seeded on fucoidan-modified PVA to determine the influence of fucoidan modification
methods on EC adhesion and function. Live/dead staining of HUVECs showed significantly more live
cells on all fucoidan modified PVA samples compared to PVA (Fig 4-8A). Cell viability results also
demonstrated that the cell viability was significantly improved by fucoidan modification (Fig 4-8C).
Cell density, spreading and monolayer formation function were evaluated by staining HUVECs with
DAPI, CD31 and VE-cadherin. Endothelial monolayers were formed on all fucoidan modified PVA
samples as shown in Fig 4-8B, with significantly higher cell density compared to unmodified PVA (p
<0.0005) (Fig 4-8D). Expression of cell-cell junction markers, CD31 and VE-cadherin, was compared
among all the modified PVA samples. Unmodified PVA was not included in the comparison due to
low number of adhered cells. All cells on fucoidan modified PVA expressed strong CD31 and VE-
cadherin, and the expression was seen at the cell boundaries (Fig 4-8B). The quantification results
showed PVA-CDI-F and PVA-CDI-aF had higher CD31 expression than PVA-MF and PVA-SF, as
shown in Fig 4-8E. The expression of VE-cadherin did not demonstrate a significant difference among

all the groups.
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Figure 4-8. Endothelialization on fucoidan modified PVA with different modification methods. (A)
Representative live/dead staining of cells on PVA and fucoidan modified PVA samples. Scale bar =
200 um. (B) Endothelial cell monolayer formation on PVA and fucoidan modified PVA.
Representative immunofluorescent images of endothelial cells on PVA and fucoidan modified PVA.
Scale bar = 50 um. Blue denotes nuclei, green denotes VE-cadherin and red denotes CD31. Cell
viability (C), cell density (D) and VE-cadherin and CD31 expression (E) of endothelial cells on PVA
and fucoidan modified PVA. N=6, *, ** *** and **** indicate a significant difference using one-

way ANOVA with p <0.05, p <0.01, p <0.005 and p < 0.0005, respectively.
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4.3.1.7 Hemocompatibility

To examine the effects of modification methods on the hemocompatibility of PV A-fucoidan hydrogels
and tubular grafts, in vitro hemocompatibility test with rabbit platelet rich plasma and ex vivo

hemocompatibility test using a non-human primate shunt model were carried out.

Platelet morphology and adhesion on PVA and fucoidan modified PVA samples were assessed by
SEM imaging and LDH assay. SEM images (Fig 4-9A) showed that platelet adhesion was significantly
higher on collagen coated glass, PVA-SF, and PVA-CDI-F, which was in line with the quantification
results from LDH assay (Fig 4-9B). Adhered platelets on collagen coated glass were spread and
activated, while the platelets on ePTFE, PVA, and fucoidan-modified PVA remained rounded
morphology. No significant difference was seen among the ePTFE, PVA, PVA-MF, and PVA-CDI-aF
groups. Real-time thrombin generation assay did not exhibit a significant difference in lagtime (Fig 4-
9C). Peak thrombin generation rate and total thrombin generation was significantly higher on collagen-
coated glass, PVA-SF and PVA-CDI-F (Fig 4-9D and E). ePTFE, PVA, PVA-MF, and PVA-CDI-aF

exhibited comparable thrombogenicity.
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Figure 4-9. In vitro hemocompatibility of fucoidan modified PVA. (A) Representative SEM images
of platelets on PVA and fucoidan modified PVA. (B) Quantification of platelet adhesion determined
by lactate dehydrogenase (LDH) assay. (C) (D) and (E) Realtime thrombin generation. Lag-time (C)
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represents the time taken to start forming thrombin. Peak (D) represents the maximum thrombin
generation rate. ETP (E) represents endogenous thrombin potential. n=5, *, ** and **** indicate a

significant difference using one-way ANOVA with p < 0.05, p <0.01 and p < 0.0005, respectively.

PVA and fucoidan modified tubular grafts were then exposed to flowing blood for ex vivo thrombosis
testing. Unmodified PVA samples had low platelet and fibrin accumulation compared to the positive
and clinical controls. The PVA-SF and PVA-CDI-F grafts had high platelet adhesion, slimier to a
collagen coated ePTFE graft control (Fig 4-10A and B). We observed a significant decrease in platelet
attachment and fibrin accumulation onto PVA-CDI-aF grafts when compared to PVA-SF and PVA-
CDI-F grafts. Additionally, PVA-CDI-aF grafts had significantly higher patent luminal area after 1
hour of blood flow (Fig 4-10C), and 3-dimensional and cross-sectional images of the PVA-CDI-aF
grafts also exhibited less thrombi (Fig 4-10D).
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Figure 4-10. Ex vivo hemocompatibility of plain PVA and fucoidan modified PVA vascular graft.
Platelet accumulation (A), fibrin accumulation (B) and average luminal patent area (C) data are
displayed as mean + SD for all samples. Collagen—coated ePTFE, (n=2), ePTFE (n=2), PVA (n=2)
and fucoidan modified PVA (n=6) grafts were tested. Statistical analysis was performed using a one-
way ANOVA with Tukey’s HSD post hoc testing (p < 0.001). * indicates statistical significance. (D)
Three-dimensional surface volume renderings of microCT cross-sectional ROI selections showing

thrombi in the lumen of tested samples.

Overall, the results showed that the modification methods to present fucoidan on PVA could lead to
different surface and biological activities on endothelialization and hemocompatibility. Both PVA-
CDI-F and PVA-CDI-aF exhibited significant improvement on endothelial cell adhesion without
changing the surface chemistry and topography, but PVA-CDI-F induced more severe platelet adhesion
and thrombin generation. Thus, PVA-CDI-F was not further pursued. In next two sections, the effects
of preparation parameters on the properties of PVA-CDI-aF and the optimization of PVA-CDI-aF were
studied.

4.3.2 Characterization of aminated fucoidan-conjugated PV A hydrogel with various

preparation methods

4.3.2.1 Comparison with reduction amination method

Reduction of carboxylic acid with borane has been applied to aminate fucoidan by targeting the
reducing end. Here, we compared the aminated fucoidans prepared by EDA reaction and borane
reduction. Fluorescamine reaction showed that borane-prepared fucoidan had higher number of amine
groups in the fucoidan molecules compared to EDA-prepared fucoidan (Fig 4-11A). Thrombin
generation assay showed that borane-prepared fucoidan induced a significantly higher thrombin
generation (Fig 4-11C and D). This suggests that aminated fucoidan prepared by EDA may have a

better antithrombin activity.
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Figure 4-11. Comparison of amination methods. (A) Amine quantification of fucoidan aminated by
EDA and borane reduction reaction. N=3, ** indicates a significant difference using unpaired t test
with p <0.01. (B)(C)(D) Hemocompatibility of PVA modified by aminated fucoidan using different

amination methods. N=2, * indicates a significant difference using unpaired t test with p < 0.05.

4.3.2.2 Comparison of sources of fucoidan

Fucus vesiculosus (fv) and Undaria pinnatifida (up) seaweeds are two main sources for fucoidan. We
aminated fucoidan from both sources and compared their bioactivities. PVA-CDI-aFy, exhibited a
significantly better EC adhesion compared to PVA-CDI-aF,;. Although PVA-CDI-aF,, had a higher
cell density compared to unmodified PVA, the cells failed to form monolayers on the PVA-CDI-aF,,
samples (Fig 4-12A). Thrombin generation assay did not exhibit a significance among all the tested

groups (Fig 4-12B).
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Figure 4-12. Comparison of fucoidan from Fucus vesiculosus and Undaria pinnatifida. (A)
Endothelialization on PVA-CDI-aFs and PVA-CDI-aFy,. Scale bar = 200 um. Blue denotes nuclei,
and red denotes F-actin. N=3, *, *** and **** indicate a significant difference using one-way
ANOVA with p <0.05, p <0.005 and p < 0.0005, respectively. (B) Thrombin generation on PVA-
CDI-aFx and PVA-CDI-aF,,. N=2, no statistical significance was observed.

4.3.2.3 Effect of sterilization

Gamma irradiation and EtO treatment are two commonly used sterilization approaches for implants.
We examined the effect the sterilization on the biological activities of fucoidan conjugated PVA. EC
adhesion on PVA-CDI-aF hydrogels were not affected by the sterilization. HUVECs adhered well and
formed monolayers on unsterilized, gamma-treated and EtO-treated PVA-CDI-aF samples, and the cell
density was significantly higher than unmodified PVA samples (p<0.0005) (Fig 4-13A and B).
Thrombin generation assay showed that gamma irradiation on unmodified PV A has significantly higher
peak thrombin generation rate compared to unsterilized PVA and all PVA-CDI-aF samples. EtO
treatment on both unmodified PVA and PVA-CDI-aF exhibited a slightly lower thrombin generation,
however, the difference was not statistically significant (Fig 4-13C-E).
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Figure 4-13. Effect of terminal sterilization methods on endothelial cell adhesion and thrombin
generation of PVA-CDI-aF. (A) Representative immunofluorescence staining images of HUVECs on
PVA-CDI-aF sterilized by different methods. Scale bar = 200 pm. Blue denotes nuclei, and red
denotes F-actin. (B) Cell density on PVA and PVA-CDI-aF samples with different sterilization
methods. N=3, **** indicate a significant difference using two-way ANOVA with p < 0.0005.
(C)(D)(E) Thrombin generation on PVA and PVA-CDI-aF samples with different sterilization
methods. N=3, ** indicate a significant difference using two-way ANOVA with p <0.01.

4.3.3 Optimization of fucoidan conjugation based on surface and biological characterization

Fucoidan amination was achieved using ethylenediamine (EDA). Adjusting the amount of EDA used
in the amination reaction of fucoidan could result in fucoidans with different amine groups and in turn
affect the surface properties and biological functions of modified PVA. A series of aminated fucoidans
were prepared by adding different amount of EDA (Fig 4-14A). Among all the aminated fucoidans,
aF25 had the highest amine groups on the fucoidan molecules. Moreover, the effects of the number of
amine groups on surface properties of fucoidan conjugated PVA were compared. PVA-CDI-aF10 had
a higher water contact angle compared to PVA-CDI-aF2 and PVA-CDI-aF25 (Fig 4-15A). The

concentration of conjugated fucoidan in PVA was also altered by the number of amine groups, and
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PVA-CDI-aF25 had a significantly higher fucoidan concentration compared to PVA-CDI-aF5 (Fig 4-

14B).
A Sample Mass fucoidan  Mass CDI EDA  Molarratio B g — 0.4- s
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Figure 4-14. Preparation of aminated fucoidan with different EDA ratio. (A) Preparation of aminated
fucoidan (aF) using different concentration of ethylenediamine (EDA). (B) Quantification of amine
groups on aminated fucoidan. N=3, *, ** *** and **** indicate a significant difference using one-

way ANOVA with p <0.05, p <0.01, p <0.005 and p < 0.0005, respectively.
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Figure 4-15. Effect of EDA ratio on the surface properties of PVA-CDI-aF samples. (A) Water
contact angle of PVA-CDI-aF. N=4, * and ** indicate a significant difference using one-way
ANOVA with p <0.05 and p < 0.01, respectively. (B) Toluidine blue staining of PVA-CDI-aF. N=3,
* indicates a significant difference using one-way ANOVA with p <0.05.
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The effect of EDA ratio on the EC responses were determined by live/dead staining of HUVECs and
immunofluorescence staining of HCAECs against VE-cadherin. As shown in Fig 4-16A, PVA-CDI-aF
samples exhibited a better cell adhesion and viability compared to unmodified PVA. More adhered
cells were seen on PVA-CDI-aF2 and PVA-CDI-aF25 groups. The cell viability of PVA-CDI-aF2 and
PVA-CDI-aF25 was significantly higher than unmodified PVA (Fig 4-16C). Furthermore, endothelial
monolayer formation was examined. Although a significantly higher cell density was seen on all PVA-
CDI-aF samples compared to unmodified PVA (Fig 4-16D), only PVA-CDI-aF25 supported a
confluent endothelial monolayer formation (Fig 4-16B). VE-cadherin expression on PVA-CDI-aF5 and
PVA-CDI-aF10 was mainly in the cytoplasm, while cells on PVA-CDI-aF25 expressed strong VE-

cadherin at the cell-cell junctions.

A PVA PVA-CDI-aF2 PVA-CDI-aF5 PVA-CDI-aF10 PVA-CDI-aF25

C D

—_—
o~ KAk
E 1200, —_—
~ 100 £ — ]
s = A
< D 900 -
—
£ < M
= ; —
3 Z ool |
(] 7] L—
L. ] |
> S 300
3 o
© % > el \ed
© K\ A S\
T 5% &

Figure 4-16. Effect of EDA ratio on endothelial cell adhesion on PVA with aminated fucoidan (PVA-
CDI-aF). (A) Representative live/dead staining images of HUVECs on PVA-CDI-aF. Scale bar =200
pm. (B) Representative immunofluorescent images of HCAECs on PVA-CDI-aF. Scale bar = 100
um. Blue denotes nuclei, green denotes VE-cadherin and red denotes F-actin. Cell viability (C) and

density (D) of endothelial cells on PVA with aminated fucoidan. N=3, *  ** *** and **** indicate a
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significant difference using one-way ANOVA with p <0.05, p <0.01, p <0.005 and p < 0.0005,

respectively.

Hemocompatibility tests of PVA and PVA-CDI-aF samples were done with rabbit platelet rich
plasma. SEM images showed that the platelets on both PVA and PVA-CDI-aF samples had rounded
shape (Fig 4-17A). SEM and LDH assay did not demonstrate a significant difference in platelet
adhesion among all the groups (Fig 4-17B). In the real-time thrombin generation assay, PVA-CDI-aF2
and PVA-CDI-aF5 induced thrombin generation significantly faster than unmodified PVA. PVA-CDI-
aF25 had a lagtime longer than PVA-CDI-aF2. Moreover, PVA-CDI-aF 10 has significantly higher peak
thrombin generation rate and total thrombin generation compared unmodified PVA (Fig 4-17C-E).
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Figure 4-17. Effect of EDA ratio on hemocompatibility of PVA with aminated fucoidan (PVA-CDI-
aF). (A) Representative SEM images of platelets on PVA-CDI-aF samples. Scale bar = 10 um. (B)
Quantification of platelet adhesion determined by lactate dehydrogenase (LDH) assay. (C) (D) and

(E) Realtime thrombin generation. N=4, * and ** indicate a significant difference using one-way

ANOVA with p <0.05 and p <0.01, respectively.
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Overall, the results showed that the conjugation of aminated fucoidan has a significant enhance on
endothelialization on PVA while maintaining a good hemocompatibility. The EDA ratio used in the
preparation of aminated fucoidan play a role in mediating the surface characteristics and the biological
functions of PVA-CDI-aF. aF25 appeared to exhibit the most favorable bioactivities, and thus was

chosen for the following studies.

4.3.4 Fucoidan conjugation on ePTFE

In order to further explore the potential application of fucoidan conjugation on other synthetic materials,
in this section, we investigated the effect of fucoidan conjugation on ePTFE, which is a typical material
for synthetic vascular graft. ePTFE is inert and plasma treatment on ePTFE was done to activate the
surfaces prior to fucoidan conjugation. Treatment of ePTFE with NaOH was shown to increase the
number of OH functional groups on ePTFE [352]. As shown in Fig 4-18A, the presence of fucoidan on
ePTFE surfaces was confirmed by the color change in the toluidine blue staining. However, without
NaOH treatment, ePTFE-plas-aF showed light and uneven staining, indicating that the fucoidan
concentration on ePTFE was low and the distribution was not uniform. ePTFE-plas-NaOH-aF samples

exhibited a darker color and a more homogeneous fucoidan distribution on the surfaces.

The endothelialization on ePTFE and fucoidan modified ePTFE was evaluated by live/dead staining
of HUVECs. The majority of the cells on ePTFE samples were dead. ePTFE-plas-NaOH-aF samples
had more adhered cells compared to the other groups (Fig 4-18B). Density of live cells on the ePTFE
samples was calculated, and ePTFE-plas-NaOH-aF had significantly higher cell density compared to
the other groups. The cell density on ePTFE-plas-aF samples also exhibited a statistical significance
compared to ePTFE, but was not significantly higher ePTFE-plas samples (Fig 4-18C). ePTFE-plas-

NaOH-aF samples were selected to proceed hemocompatibility test and in vivo study.
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Figure 4-18. Characterization and cell adhesion on fucoidan conjugated ePTFE. (A) Toluidine blue
staining of ePTFE and fucoidan modified ePTFE. (B) Representative live/dead staining images of
HUVECs on ePTFE and fucoidan modified ePTFE. Scale bar = 200 pm. (C) Cell density of
endothelial cells on ePTFE and fucoidan modified ePTFE. N=3, **, *** and **** indicate a

significant difference using one-way ANOVA with p <0.01, p <0.005 and p < 0.0005, respectively.

Hemocompatibility of fucoidan conjugated ePTFE was evaluated with rabbit platelet rich plasma.
SEM images showed that both ePTFE and fucoidan conjugated ePTFE (ePTFE-plas-NaOH-aF) had
low platelet adhesion, and the adhered platelets remained in rounded shape. Collagen coated glass had
induced more platelet adhesion and severe platelet spreading (Fig 4-19A). LDH absorbance further
confirmed the results from SEM that the collagen coated glass had significantly more platelet adhesion
than ePTFE and ePTFE-plas-NaOH-aF samples (Fig 4-19B). Thrombin generation assay showed the
ePTFE-plas-NaOH-aF had significantly prolonged lagtime of thrombin generation and significantly
lower total thrombin generation compared to collagen-coated glass. The thrombin generation on
ePTFE-plas-NaOH-aF was also slightly but not significantly lower than unmodified ePTFE (Fig 4-19
C-E).
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Figure 4-19. In vitro hemocompatibility of fucoidan modified ePTFE. (A) Representative SEM
images of platelets on collagen coated glass, ePTFE and ePTFE-plas-NaOH-aF. Scale bar = 10 pm.
(B) Quantification of platelet adhesion determined by lactate dehydrogenase (LDH) assay. (C) (D)
and (E) Realtime thrombin generation. Lag-time (C) represents the time taken to start forming
thrombin. Peak (D) represents the maximum thrombin generation rate. ETP (E) represents
endogenous thrombin potential. n=3, * indicates a significant difference using one-way ANOVA with

p <0.05.

ePTFE graft modified with fucoidan conjugation was implanted in rabbit right common carotid
artery. The ultrasound imaging showed that the graft remained patent throughout the 4-week
implantation (Fig 4-20A). The cross-sections of the graft were stained with H&E staining. Cell
attachment was observed at the proximal end of the graft, middle of the graft and the distal end of the
graft (Fig 4-20B). To further analyze the cell adhesion, the cross-sections of the graft were

immunofluorescently stained against VE-cadherin and CD31. Cells exhibited positive staining of VE-

cadherin and a weak signal of CD31.
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Figure 4-20. In vivo study of fucoidan modified ePTFE graft. (A) Blood flow inside the fucoidan

modified ePTFE graft at week 1, week 2, and week 4 detected by ultrasound imaging. (B) Cell
attachment in the luminal surfaces of fucoidan modified ePTFE grafts. Scale bar = 50 pm. (C)
Representative immunofluorescent images of cells in the lumen of fucoidan modified ePTFE graft.

Scale bar =200 um.

The results in this section indicated that the fucoidan conjugated method developed in this study could

also be applied to other synthetic materials to improve the endothelialization.
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4.4 Discussion

Fucoidan has attracted broad attention for its diverse bioactivities [353], and various factors, including
dose, molecular weight and structural features, affect the biological performance of fucoidan drastically
[345]. Most applications of fucoidan have been focusing on coating or mixing. Immobilization of
fucoidan on plasma treated polyethylene terephthalate surfaces has exhibited success in promoting
thrombin time, however, the surface morphology was significantly altered [348]. In our study, we
developed a chemical conjugation method to immobilize fucoidan on synthetic surfaces based on CDI
chemistry. The conjugation is applicable to different materials and did not affect the surface

morphology.

Both native fucoidan and aminated fucoidan was used for the conjugation. CDI can react with the
hydroxyl groups on PVA and form imidazole active intermediates. The CDI-activated PV A can further
conjugate native fucoidan through hydroxyl groups or aminated fucoidan via amine groups. To prepare
aminated fucoidan, CDI was used to activate fucoidan and EDA provided the amine groups. In the 'H
NMR spectra, we observed the characteristic peaks from fucoidan, CDI and ethylenediamine, proving
the success of the amination reaction. We also noticed that peaks at 5-5.6 ppm and around 4.5-4.8 ppm
decreased after CDI reaction with fucoidan. Many studies on the structure of fucoidan have identified
the peaks around 5-5.6 ppm and 1-1.4 ppm as a-anomeric protons and methyl protons, respectively
[354, 355]. However, the broadening and overlapping of the peaks from 3.1-4.8 make it difficult to give
a complete description of the structural characteristics. Previous studies have used both *C NMR and
'H NMR, as well as 2-dimensional NMR to identify the corresponding protons [356]. However, the
fucoidan used in our study has limited solubility in water and is not soluble in most organic solvent.
The "*C NMR of fucoidan did not exhibit clear peaks of fucoidan due to the insufficient concentration

of fucoidan.

The effects of fucoidan modification methods on the surface properties and bioactivities of fucoidan
modified PVA have been studied. EC adhesion was substantially promoted by all fucoidan modification
compared to unmodified PVA, while the hemocompatibility showed drastic differences among
different groups, which indicates that in the current experimental setting, cell adhesion may be less
sensitive to the modification methods of fucoidan, compared to the coagulation system. The
anticoagulant and antithrombotic activities of fucoidan are dependent on multiple factors, such as
concentration, molecular weight and sulfate content. Fucoidan with a higher degree of sulfate inhibits

coagulation, complement and cytokines more effectively [221]. In addition to anticoagulant activity,
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fucoidan also exhibited procoagulant activity depending on the concentration and structure. Typically,
procoagulant activity of fucoidan is observed at low concentration, while anticoagulant activity occurs
at a high concentration [357]. In our study, PVA-SF had a significant lower fucoidan concentration on
the surface compared to PVA-CDI-F and PVA-CDI-aF. This low concentration may have caused the
fucoidan on PVA-SF to exhibit procoagulant activity, and thus induced significantly more thrombin
generation in vitro and higher platelet and fibrin accumulation ex vivo. PVA-CDI-F samples had
comparable fucoidan concentration with PVA-CDI-aF, however, the PVA-CDI-F had much higher
thrombin generation. We speculated that this phenomenon could be attributed by several factors.
Firstly, the amine groups on the PVA-CDI-aF samples may contribute to its better hemocompatibility.
Addition of aminated groups to fucoidan has been shown to increase its anti-coagulant property.
Aminated derivative of fucoidan from Fucus vesiculosus was found to be more effective in promoting
the stimulation of t-PA-induced plasma clot lysis, and it also exhibited 2.3 times more potent efficiency
in accelerating heparin cofactor II-mediated thrombin inhibition than native fucoidan [358]. The
beneficial effect of aminated fucoidan on anticoagulant activity was reported to be through the intrinsic
pathway, and the change on charge density of fucoidan was suggested to be the potential reason [359].
Secondly, the introduction of EDA on the fucoidan may function as a space molecule and thus enable
a more flexible conformation of fucoidan. The flexible conformation has also been shown to benefit
the antithrombotic activity of fucoidan [178]. Overall, the conjugation of aminated fucoidan has

demonstrated significantly improved endothelialization without affecting hemocompatibility.

We observed that by adjusting the amount of EDA in the amination reaction of fucoidan, the PVA-
CDI-aF samples exhibited different surface properties and biological activities. Among all the tested
groups, aF25 (EDA:fucoidan=25:1) has the most amine groups on the fucoidan molecules, while aF2
has the least amine groups. However, both PVA-CDI-aF2 and PVA-CDI-aF25 exhibited high
concentration of fucoidan on the PVA surfaces as detected by toluidine blue assay. The results
suggested that the reduction in amine groups on fucoidan did not necessarily decrease the probability
of reaction between CDI-activated PVA and aminated fucoidan. In the hemocompatibility test, PVA-
CDI-aF10 exhibited a higher thrombogenicity which could be attributed to its increased water contact
angle and lower fucoidan concentration. EC attachment was enhanced by all PVA-CDI-aF samples,
although to a lesser extent by PVA-CDI-aF5 and PVA-CDI-aF10, which is likely due to the low surface
fucoidan concentration. In the cell monolayer formation study, PVA-CDI-aF25 had significantly better
monolayer formation than PVA-CDI-aF2 although they had similar fucoidan concentration on the

surfaces. A previous study on EC adhesion on 2-hydroxyethyl methacrylate (HEMA)-based
97



polyelectrolyte hydrogels showed that increased positive surface charges allowed an enhanced cellular
attachment [360]. In our study, aF25 has a higher number of positively charged amine groups, which

may be reason of enhanced monolayer formation compared aF2.

Due to the heterogeneous nature of fucoidan, direct amination of fucoidan through hydroxyl groups
on the fucose ring is challenging. Aminating fucoidan with diaminopropane at the reducing end by
borane reduction has been proven to be successful. We conjugated the aminated fucoidan prepared by
both methods on PVA and examined their activity in thrombin generation. Borane reduction prepared
aminated fucoidan contained a greater number of amine groups compared to EDA prepared. However,
the increased amine groups did not generate a more antithrombotic surface. Severer thrombin
generation was observed in borane aminated fucoidan samples compared to EDA aminated fucoidan
samples. Similar results were seen in another study that the borane reduction prepared fucoidan

exhibited strong interaction with platelets [361].

Fucoidan is mainly isolated from brown seaweeds, and fucoidan isolated from different species of
the seaweeds has varied chemical structure and biological activities. Fucoidans from Fucus vesiculosus
and Undaria pinnatifida are two major commercial fucoidan products in the market. Fucoidan from
Fucus vesiculosus has repeated alternating (1-3)-a-.-fucopyranose and (1-4)-a-r-fucopyranose [362],
while fucoidan from Undaria pinnatifida has a mono (1-3)-a-r-fucopyranose backbone [363]. This
structural difference could contribute to varied bioactivities. In our study, we successfully aminated the
fucoidans from both Uucus vesiculosus and Undaria pinnatifida and the conjugation of these two
aminated fucoidans on PVA was achieved. Previous study showed that the anticoagulant activity of
fucoidan from Undaria pinnatifida was twice that of fucoidans from Fucus vesiculosus [364]. However,
in our study, the conjugated aminated fucoidans did not exhibit significant differences in
thrombogenicity. Moreover, fucoidan from Undaria pinnatifida has reported to reduce proliferation
and migration of HUVECs, while fucoidan from Fucus vesiculosus has been shown to promote EC
adhesion and proliferation [237, 346, 365]. This is in line with our observation that EC adhesion on

PVA-CDI-aF,, was significantly lower than PVA-CDI-aFy,.

The potential influence of the surface modification by sterilization could affect the success of
translation application of the PVA-CDI-aF. EtO and gamma sterilization are two frequently used
terminal sterilization technique. Determination of an appropriate sterilization method is important as
the sterilization procedure may change the properties of the material. In our study, we evaluated effects

of EtO and gamma sterilization on aminated fucoidan conjugated PVA. The cell adhesion on EtO and
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gamma treated PVA-CDI-aF treated samples was comparable. Our previous study has shown an
enhanced cell adhesion by gamma irradiation [366]; however, in the study of this chapter, this
incremental enhancement was not significant. Platelet adhesion and fibrin accumulation on unmodified
PVA has been shown to be elevated by gamma irradiation compared to EtO treatment [366]. Similar
trend was observed in our study that the gamma treated PVA had significantly high peak thrombin
generation rate. However, this effect was denuded by fucoidan conjugation on PVA. Overall, the
terminal sterilization did not alter the bioactivities of the conjugated fucoidan significantly. However,

cautions should be paid on the potential increase in thrombogenicity caused by gamma irradiation.

ePTFE is a common clinically used material for synthetic vascular grafts. ePTFE-based vascular
graft exhibited high patency rate when replacing large diameter (>6mm) vessels; however, small
diameter ePTFE grafts had a low patency rate of 79% at 6 months [61] and 50% at 5 years [62]. Lack
of endothelialization has been proposed to be one of the primary causes of occlusion. Many efforts have
been spent to improve the endothelialization on by introducing functional molecules to ePTFE.
However, ePTFE is inert and thus modifying of ePTFE is challenging due to the lack reactive site. The
development of plasma treatment has significantly facilitated the modification of ePTFE [367, 368]. In
our study, in order to introduce reactive functional groups for CDI reaction, ePTFE was treated with
air plasma. The fucoidan conjugation on plasma treated ePTFE was successfully performed; however,
the density of fucoidan was low and the distribution was uneven. Park et al. found that treatment of
ePTFE with NaOH could introduce additional hydroxyl (OH) groups on ePTFE [352]. Hence, in our
study, we immersed the plasma treated ePTFE in 1M NaOH solution prior to CDI reaction and found
that the generated samples showed more evenly distributed fucoidan on the surfaces. This also
increased endothelialization on ePTFE. ePTFE itself is known to have low thrombogenicity, the
conjugation of fucoidan on the ePTFE surface did not compromise this property. Additionally, our pilot
animal study demonstrated the promising efficacy of the fucoidan conjugation in promoting in vivo

endothelialization on the luminal surface of ePTFE.

4.5 Conclusion

This chapter presents a novel surface conjugation method with animated fucoidan for vascular graft
application. This conjugation method exhibited significant improvement on endothelialization of PVA
hydrogels without compromising thrombogenicity, surface topography or mechanical properties. The
activities of the aminated fucoidan conjugation was affected by the ratio of the amination reagent,

species of the fucoidan source and amination methods. In addition, the aminated fucoidan could be
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conjugated to ePTFE, and the modified ePTFE demonstrated significantly improved endothelialization
both in vitro and in vivo. Overall, the surface conjugation method with aminated fucoidan developed in
this study could be a promising modification approach to improve endothelialization on synthetic
materials. More importantly, the results in this study shed light on the importance of selecting proper

modification method of fucoidan for desirable bioactivities.
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Chapter 5
Combination of Fucoidan and Topographical Modification for Small

Diameter Vascular Graft Application

Both biochemical and biophysical cues modulate endothelial cells behaviors. This chapter investigated
the synergistic effect of fucoidan conjugation and topographical modification of PVA hydrogels on
endothelial cell responses, including cell adhesion, monolayer formation and cell functions. Fucoidan
conjugation significantly enhanced the endothelial cell adhesion and promoted cell monolayer
formation on PVA. Topographies on fucoidan conjugated PVA mediated cell morphology and
monocyte adhesion. Grating structures induced significant cell elongation and alignment. While most
topography patterns did not significantly increased monocyte adhesion compared to unpatterned
control, the 10 pm gratings and 2 pum pillars triggered more monocyte adhesion on endothelial cell
layers. Hemocompatibility of PVA hydrogels was not affected by fucoidan nor topographies. The 2 um
gratings was selected based on cell adhesion, hemocompatibility and monocyte adhesion assay. /n vivo
study showed that fucoidan modified PVA small diameter vascular grafts had stronger blood flow and
better endothelialization. The 2 pm gratings on fucoidan modified PVA grafts further improved
endothelial coverage along the grafts. Integrin and focal adhesion staining showed that fucoidan
improved endothelial cell adhesion by providing binding ligands for integrin i, a2, as, o6, and o Ps.
Focal adhesions formed by endothelial cells on fucoidan had similar number and size compared to those
on gelatin, but were smaller than those on laminin. Topographies also regulated focal adhesion size,
shape and distribution. Preliminary studies showed that 2 pm gratings promoted endothelial cell
migration along the grating direction. The enhanced cell adhesion in vitro and the enhanced

endothelialization in vivo could be due to the focal adhesion modulation and cell migration.

5.1 Introduction

Interaction between cells and their extracellular matrix (ECM) plays a fundamental role in regulating
cell adhesion, proliferation, differentiation and migration [369]. Like many cell types, endothelial cells
(ECs), are surrounded by its own basement membrane, which is mainly composed of contains laminin,
collagen type IV, glycosaminoglycans and proteoglycans, such as heparan sulfate proteoglycans [1-3].
The component in the basement membrane provides cell binding anchors and the 3-dimensional
arrangement of ECM components provides topographical cues, which combine to modulate the EC

behaviors and functions. In addition to the biochemical and biophysical cues provided by the ECM,
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vascular ECs are also subjected to fluid shear stress, derived from blood flow. Under physiological
shear stress, ECs change phenotype from random orientation to aligned along with flow direction [86,
87]. Oriented and elongated EC morphology have been reported to be beneficial for the anticoagulant

and anti-inflammation functions of ECs [370].

To mimic the native ECM environment, many efforts have been spent to incorporate ECM proteins
and topographical cues on synthetic materials to stimulate endothelial cell responses. Immobilization
of ECM proteins, such as collagen [371], laminin [372] and fibronectin [373], have significantly
enhanced the EC adhesion and proliferation on synthetic surfaces. However, the direct contact of ECM
proteins on synthetic surface with the blood stream presents a risk of acute thrombosis and platelet
activation [119]. Topographical patterning on synthetic substrates have been well established to
modulate EC functions. Circular topographies, such as lens and pillars, have been reported to decrease
EC proliferation [286], while grooves and aligned fibers have demonstrated promotion on EC
proliferation and adhesion [374]. Anisotropic topographies have also been demonstrated to induce EC
elongation and alignment. The orientation of EC monolayers on microgrooved and aligned nanofibrillar
substrates reduced endothelial adhesiveness for monocytes and platelets and downregulated the
expression of intercellular adhesion molecule-1 (ICAM-1) [375]. In our previous study, polyvinyl
alcohol (PVA) hydrogels patterned with various dimension of topographies have been prepared to
stimulate the interaction between ECs and the PVA hydrogels [16]. Topographies with 2 um gratings
and 1.8 um concave lens appeared to improved EC adhesion and function compared to unpatterned
surfaces. However, the topographical cue alone failed to support EC monolayer formation on PVA, and
the incorporation of biochemical modification is necessary to further improve EC adhesion and

functions.

In this chapter, we hypothesize that the combination of fucoidan and topographical modification will
promote endothelial cell adhesion on PVA hydrogel and enhance the luminal endothelization of PVA
small diameter vascular grafts. Micro-sized isotropic and anisotropic topographical patterns were
fabricated on PVA hydrogels. Fucoidan conjugation was done on both unpatterned and patterned PVA
hydrogels. Platelet adhesion, activation, and thrombosis on fucoidan and topography modified PVA
were assessed in vitro using rabbit platelet rich plasma. The effects of fucoidan conjugation and
topographies on the adhesion, monolayer formation, and function of human umbilical vein endothelial
cells (HUVECs) were studied. In vivo performance of fucoidan and topography modified PVA grafts

were evaluated in a rabbit carotid artery model. /n vivo endothelialization, blood flow inside the grafts,
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and the restenosis were analyzed. Furthermore, the mechanism of improved endothelialization by
fucoidan and topography was investigated by studying the integrin expression and focal adhesion

formation.
5.2 Materials and methods

5.2.1 Fabrication of patterned PVA hydrogels

Fabrication of PVA hydrogels and patterned PVA hydrogels was done as described in Section 4.2.1.

5.2.2 Fucoidan conjugation on unpatterned and patterned PVA hydrogels

Fucoidan conjugation on PVA hydrogels was done as described in Section 4.2.3

5.2.3 Scanning electron microscope (SEM) measurement

SEM imaging of unpatterned and patterned PVA hydrogels was done as described in Section 3.2.3.

5.2.4 Water contact angle measurement

Water contact angle measurement of PVA hydrogels was done as described in Section 4.2.6.

5.2.5 Sterilization of PV A vascular grafts

PVA vascular grafts were sterilized with EtO treatment prior to implantation, as described in Section

4.2.7.

5.2.6 Endothelial cell adhesion and function assays

Human umbilical vein endothelial cells (HUVECs, p 3-5, Lonza) were maintained in EGM-2 medium
(Lifeline). HUVECs were seeded on PVA samples at a seeding density of 50,000 cells/cm? and cultured
for 3 days until confluent. Cells was washed once with 1x Dulbecco's phosphate-buffered saline
(DPBS), fixed with 4% paraformaldehyde (PFA), permeabilized with 0.1% Triton X-100, and blocked
with 5% goat serum and 0.3% Triton X-100. Following blocking, the cells were stained with vascular
endothelial cadherin (VE-cad, 1:100, Cell Signaling Technology) and counterstained with DAPI to
label nuclei. Images were taken using Zeiss fluorescence microscope (Axio Observer Z1) and analyzed

using ImagelJ software.
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5.2.7 Monocyte adhesion assay
HUVECs (P3-P5) were seeded on unpatterned and patterned PVA films at 50,000 cells/cm? for 3 days

until confluent. The endothelial cell layers were activated by incubation with 2.5 ng/mL Tumor necrosis
factor-o (TNF-a, Sigma-Aldrich) in culture media for 5 hours. Human monocytes (U937, p13-14) were
labeled with calcein-AM (Fisher scientific) and seeded on activated endothelial cells at 150,000
cells/cm®. Samples were incubated for 45 min on a shaker, followed by staining against DAPI and
platelet endothelial cell adhesion molecule (CD31). Images were taken using Zeiss fluorescence

microscope (Axio Observer Z1) and analyzed using ImagelJ software.

5.2.8 Gelatin and laminin conjugation on PVA

To compare fucoidan with extracellular matrix, conjugation of gelatin and laminin on PVA was carried
out. Briefly, PVA films were dried in oven at 60°C to remove moisture. The hydrogels were then
activated in CDI reaction in DMSO for 1 hour at room temperature with 100 rpm shaking. The CDI-
activated PVA hydrogels were then wash 3 times in 1X phosphate buffered saline (PBS) to remove
excess CDI. To prepare gelatin conjugated PVA, the CDI-activated PVA was incubated in gelatin
solution overnight at 37°C. To prepare laminin conjugated PVA, CDI-activated PVA was incubated in

poly(L-lysine) overnight at 4°C, followed by incubation in laminin solution for 1 hour at 37°C.

5.2.9 Focal adhesion and integrin staining

Human umbilical vein endothelial cells (HUVECs) (P3-P5) were seeded on plain PVA, unpatterned
and patterned fucoidan modified PVA films at 8000 cells/cm” overnight. The endothelial cells were
then washed once with 1x DPBS, followed by fixation with 4% PFA, permeabilization with 0.1% Triton
X-100, and blocking with 5% goat serum and 0.3% Triton X-100. The cells were then
immunofluorescently-stained with vinculin (mouse-anti-vinculin at 1:100, Abcam) or integrin B1
(mouse-anti-integrin B1 at 1: 50, DSHB), integrin a2 (mouse-anti-integrin a2 at 1: 60, DSHB), integrin
a5 (mouse-anti-integrin o5 at 1: 50, DSHB), integrin a6 (mouse-anti-integrin a6 at 1: 50 , DSHB) and
integrin avp5 (mouse-anti-integrin avp5 at 1: 20, DSHB) with the corresponding AlexaFluor 488
labeled secondary goat antibodies, and counter-stained with DAPI to label nuclei. Images were taken
using Zeiss 700 confocal microscope and analyzed using Imagel software. To analyze the focal
adhesions, images were enhanced using CLAHE algorithm in MATLAB, as previous described [376],

followed by analyzing using ImageJ to determine the size and density of focal adhesions.
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5.2.10 Wound healing assay

Cell migration study was performed with a wound healing assay. Briefly, HUVECs (P4-5) were seeded
on unpatterned and 2 um grating patterned fucoidan modified PVA films. Cells were cultured for 3
days to allow cell monolayer formation. Wound was created by making a scratch on the cell monolayer
with a triangular PDMS strip. On the 2 um grating pattern, the wound was created in perpendicular to
the grating axis, to allow cell migration direction to mimic trans-anastomotic migration in vascular
graft. The created wound was around 600-700 pm in width. After the scratch was made, detached cells
were removed with DPBS washing prior to imaging. The migration of the cells was tracked by taking
images of the wounds using a Zeiss fluorescence microscope (Axio Observer Z1) equipped with a
motorized stage at pre-determined time points (Oh, 6h, 12h, 24h, 36h, 48h, 60h and 72h). The area of
the wound at different time points was measured with ImagelJ. Percentage of wound closure was

calculated by dividing the wound area at different time points to the wound area at Oh.

5.2.11 In vitro hemocompatibility test

In vitro hemocompatibility assay was performed as described in Section 3.2.10.

5.2.12 Implantation of PVA small diameter vascular graft

Implantation of PVA small diameter vascular grafts was done as described in Section 3.2.12.
Ultrasound doppler imaging and measurements were done using Siemens Acuson X300 ultrasound
system with a VF 8-3+ (8-3 MHz) linear transducer and imaging frequency of 10 MHz at midpoints
(14 days) and endpoints (28 days) to detect blood flow and check graft patency. The standard practice
to investigate stenosis and intimal hyperplasia requires pre-mortal pressurized perfusion. However,
due to animal ethical protocol limitation, pre-mortal perfusion could not be performed. Heparin was
administrated before euthanization and PFA was injected and pressurized as soon as the vascular graft
was isolated. The explanted grafts were paraffin-embedded and sectioned. H&E staining,
immunofluorescence staining, and Masson’s trichrome staining were on the cross-sectional tissue
slides. Stenosis percentage was calculated by dividing the area of stenosis to the luminal area of the
grafts from H&E staining images using ImageJ. Collagen and smooth muscle fiber percentage was
determined by Masson’s trichrome staining. The RGB images from the Masson’s trichrome staining
were split into monochromatic images using color deconvolution plugin in ImageJ. The blue and red

channels were used for calculating percentage of collagen and smooth muscle fibers, respectively. The
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percentage was calculated by dividing the area of collagen or smooth muscle fibers to the area of the

intimal hyperplasia.

5.2.13 Statistics

All statistical analysis was performed using GraphPad Prism 8. The values of all data were presented
as mean + Standard Deviation (SD). To determine statistical significance, t-test, one-way ANOVA with
Tukey's post hoc test and two-way ANOVA with Sidak's post hoc test were used. Statistical

significance criterion was set at p value of <0.05.
5.3 Results

5.3.1 Surface characterization of unpatterned and patterned PVA-CDI-aF

PVA hydrogels with topographical patterns of 2 um gratings (2uG), 5 um gratings (5puG), 10 pm
gratings (10nG), 2 um pillars (2uP), 1.8 um concave lenses (CCV) and 1.8 pum convex lenses (CVX)
were fabricated successfully and modified with aminated fucoidan conjugation (PVA-CDI-aF). As
shown in Fig 5-1A, fucoidan conjugation did not mask the topographical patterns on PVA. The PVA-
CDI-aF hydrogel samples retained good shape fidelity for all topographies. Water contact angle
analysis showed 2 um gratings exhibited a lower contact angle compared to the circular patterns (Fig
5-1B). No significant difference was observed between unpatterned PVA-CDI-aF samples and
patterned PVA-CDI-aF samples. Moreover, none of the modified PVA samples exhibit significant
difference in water contact angle compared to plain PVA (unmodified and unpatterned), and all samples

were still hydrophilic with water contact angle values ranging from 40° to 60°.
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Figure 5-1. Surface characterization of unpatterned and patterned PVA-CDI-aF. (A) SEM images of
unpatterned and patterned PVA-CDI-aF. (B) Water contact angel of plain PVA (unmodified and
unpatterned), unpatterned and patterned PVA-CDI-aF. n=3, * and ** indicate a significant difference

using one-way ANOVA with p <0.05 and p < 0.01, respectively.

5.3.2 In vitro hemocompatibility of unpatterned and patterned PVA-CDI-aF

In vitro hemocompatibility test was done with rabbit platelet rich plasma. To examine the effect of
fucoidan conjugation and topographical patterning on platelet behaviors, we performed SEM imaging
to examine the platelet morphology and an LDH assay to quantify the platelet adhesion. The SEM
images showed that collagen coated glass samples had more adhered platelets compared to PVA-based
samples, and the platelets were spread on the surfaces. All plain PVA and modified PVA samples had
low platelet attachment, and the adhered platelets were rounded and exhibited similar morphology (Fig
5-2A). The LDH absorbance did not show any statistically significant difference in the number of
adhered platelets among the plain PVA and modified PVA groups, although grating samples had a
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slightly lower platelet attachment (Fig 5-2B). Collagen coated glass had significantly higher platelet
adhesion than PVA-based samples. Thrombogenicity was tested in a real-time thrombin generation
assay. Three parameters, lagtime, peak thrombin generation rate (peak), and total thrombin generation
(ETP) were selected to represent the thrombogenicity. No significance was observed in lagtime, but
collagen coated glass had significantly higher peak thrombin generation rate and total thrombin
generation. The plain PVA and modified PVA groups did not exhibit significance in thrombin
generation assay (Fig 5-2C-E). The quantification results showed that the thrombogenicity of PVA was

not significantly altered by the fucoidan conjugation nor the topographical patterning.
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Figure 5-2. In vitro hemocompatibility of unpatterned and patterned PVA-CDI-aF. (A)
Representative SEM images of platelets on unpatterned and patterned PVA-CDI-aF. (B)
Quantification of platelet adhesion determined by lactate dehydrogenase (LDH) assay. (C-E)
Realtime thrombin generation. Lag-time (C) represents the time taken to start forming thrombin. Peak
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(D) represents the maximum thrombin generation rate. ETP (F) represents endogenous thrombin
potential. N=4, * and *** indicate a significant difference using one-way ANOVA with p <0.05 and
p < 0.005, respectively, n.s. indicates no significance was seen between plain PVA and PVA-CDI-aF

samples.

5.3.3 Endothelial cell adhesion and function

Adhesion of HUVECs was investigated on plain PVA, unpatterned PVA-CDI-aF, and patterned PV A-
CDI-aF. As shown in Fig 5-3A. Only a few numbers of cells were attached on plain PVA samples. The
HUVECs on PVA had rounded cell morphology and they were unable to form confluent monolayer
within the culture period. Cells on all PVA-CDI-aF samples exhibited good attachment and formed
confluent monolayers. The cell density on all PVA-CDI-aF samples was significantly higher than plain
PVA (Fig 5-3B). Cell spreading on plain PVA and modified PVA was compared. Cells on PVA-CDI-
aF samples exhibited a significantly larger cell area compared to those on plain PVA (Fig 5-3C). The
fluorescence staining of HUVECs showed that VE-cadherin were strongly expressed at the cell
boundaries by the cells on PVA-CDI-aF samples, while VE-cadherin expression of cells on plain PVA
was observed only in the cell cytoplasm (Fig 5-3A).

The comparison of the cell adhesion on unpatterned PVA-CDI-aF and patterned PVA-CDI-aF
showed that the topographies on PVA-CDI-aF did not exhibit significant alteration on the cell density
and average cell area (Fig 3-B,C,D). However, HUVECs on different topographies formed
distinguishable morphology. Cells on grating structures had a significant decrease in cell circularity
compared to ECs on circular patterns and unpatterned samples. Grating patterns induced noticeable cell
elongation and alignment along the grating axis. Moreover, the decrease in cell circularity increases

with the grating size (Fig 3-E).
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Figure 5-3. Endothelialization on unpatterned and patterned PVA-CDI-aF. (A) Representative
immunofluorescent images of endothelial cells plain PVA, unpatterned, and patterned PVA-CDI-aF.
Scale bar = 50 um. Blue denotes nuclei, green denotes VE-cadherin and orange denotes F-actin. Cell
density (B), average cell area (C), VE-cadherin expression (D) and cell circularity (E) of endothelial

cells on unpatterned and patterned PVA-CDI-aF. N=6, **, *** and **** indicate a significant

difference using one-way ANOVA with p <0.01, p <0.005, and p < 0.0005, respectively.

Monocyte adhesion on endothelial monolayers was examined to evaluate the effect of topographies
on PVA-CDI-aF samples on the interaction of endothelial monolayer with the immune cells. Plain PVA
was not included in the study due to the lack of endothelial monolayer formation. Monocyte adhesion
density on most of the topographies was not significantly different from the unpatterned (UP) control.

However, 10 pm gratings (10nG) and 2 um pillars (2uP) induced a significantly higher monocyte
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adhesion on endothelial monolayers, compared to unpatterned PVA-CDI-aF and 2 pm gratings. No

significant difference was observed in the CD31 expression.
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Figure 5-4. Monocyte adhesion on endothelial cells on unpatterned and patterned PVA-CDI-aF. (A)
Representative immunofluorescent images of monocytes and endothelial cells on unpatterned and
patterned PVA-CDI-aF. Scale bar = 100 um. Blue denotes nuclei, green denotes monocytes and
orange denotes CD31. (B) Monocyte density on unpatterned and patterned PVA-CDI-aF. N=6, * and
** indicate a significant difference using one-way ANOVA with p < 0.05 and p < 0.01, respectively.
(C) CD31 expression of endothelial cells on unpatterned and patterned PVA-CDI-aF. N=6, no

statistical significance was observed.

5.3.4 In vivo performance of PVA small diameter vascular graft with fucoidan and topography
modification

To evaluate the effect of topography and fucoidan conjugation modifications on the in vivo
endothelialization and patency of PVA grafts, 2 mm in diameter and 2 cm in length PV A small diameter
grafts were fabricated and implanted in rabbit right common carotid arteries, as shown in Fig 3-11.

Three groups of grafts, plain PVA (n=4), unpatterned PVA-CDI-aF (n=4), and PVA-CDI-aF (n=5) with
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2 um gratings luminal pattern were implanted and tested. After 4 weeks of implantation, plain PVA,
unpatterned PVA-CDI-aF, and PVA-CDI-aF grafts had patency rate of 75%, 75%, and 80%,
respectively. To detect the blood flow changes inside the grafts, ultrasound imaging was done at pre-
determined time points 0, 1, 2 and 4 weeks. As shown in Fig 5-5A, the blood flow inside the unpatterned
PVA-CDI-aF grafts and PVA-CDI-aF grafts with 2 um gratings was stronger than plain PVA grafts at
both 2-week and 4-week time points. The blood flow velocity at midpoint (2 weeks) and endpoint (4
weeks) was shown in Fig 5-5B and C. The average flow velocity inside UP PVA-CDI-aF grafts and
2uG PVA-CDI-aF grafts was higher that of plain PVA grafts at both midpoint and endpoint, although

the difference was not statistically significant.
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Figure 5-5. Ultrasound imaging of blood flow inside unmodified and modified PVA grafts. (A)
Representative ultrasound images of blood flow inside the grafts before surgery, 2 weeks after
surgery and 4 weeks after surgery. Flow velocity inside the grafts at midpoint (2 weeks) (B) and at
endpoint (after 4-week). UP indicates unpatterned grafts, and 2uG indicates grafts with 2 pym

gratings. No statistical significance was observed.

After 4 weeks of implantation, the grafts were harvested and sectioned to examine the endothelial
cell attachment inside the luminal surfaces of the grafts. The graft was cut into three segments: close to
proximal end, in the mid-point of the graft (B) and close to distal end, as shown in Fig 5-6B.
Immunofluorescence staining of the cross-sections of the grafts revealed the presence of cells on the
luminal surfaces of both UP PVA-CDI-aF and 2uG PVA-CDI-aF grafts. The CD31 and VE-cadherin

positive staining of the cells indicated that the cells were endothelial cells. No cell was observed on
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plain PVA surfaces. Furthermore, to quantify the endothelialization, the graft that had higher than 50%
endothelial coverage on the luminal surface was defined as an endothelialized graft at each of the
defined position. As shown in Fig 5-6C, none of the plain PVA grafts were endothelialized. 75% of UP
PVA-CDI-aF grafts and 80% of 2uG PVA-CDI-aF grafts were endothelialized in the proximal section;
25% of UP PVA-CDI-aF grafts and 60% of 2uG PVA-CDI-aF grafts were endothelialized in the mid-
point of the grafts; while 25% of UP PVA-CDI-aF grafts and 40% of 2uG PVA-CDI-aF grafts were
endothelialized in the distal section. The endothelial coverage on the luminal surfaces of patent grafts
were calculated. Both UP PVA-CDI-aF grafts and 2uG PVA-CDI-aF grafts had significantly higher
endothelial coverage compared to plain PVA in the proximal section and distal section. 2uG PVA-CDI-
aF grafts also had significantly higher endothelial coverage than plain PVA in the mid-point of the
grafts. No significant differences were observed in the percentage of endothelial coverage between UP
PVA-CDI-aF grafts and 2uG PVA-CDI-aF grafts (Fig 5-6D).
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Figure 5-6. In vivo endothelialization of PVA small diameter grafts after 4 weeks of implantation.
(A) Representative immunofluorescent images of endothelial cells in the lumen of PVA grafts. Scale
= 100 um. Blue denotes nuclei, green denotes VE-cadherin, and orange denotes CD31. (B) Schematic

diagram of the sample location. (C) Percentage of grafts that have higher than 50% endothelial cell

coverage at each position. (D) Endothelial coverage percentage of patent grafts. N=3 for plain PVA

and UP PVA-CDI-aF, n=4 for 2uG PVA-CDI-aF. *, *** and **** indicate a significant difference

using two-way ANOVA with p <0.05, p <0.005, and p < 0.0005, respectively.
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Stenosis of the vascular grafts was estimated by doing H&E staining at the anastomotic junctions of
the grafts and arteries. In the plain PVA grafts, a significant amount of blood clot was observed at both
proximal and distal anastomoses, while minimal clot was seen in PVA-CDI-aF grafts. The intimal
hyperplasia (IH) was presented in anastomotic junctions, and the majority of the IH was located on the
floor of the native arteries (Fig 5-7A). The stenosis percentage at the anastomotic junctions was
quantified by dividing the area of stenosis to the luminal area of the grafts. No statistical significance
was observed among the samples, although 2uG PVA-CDI-aF grafts had a slightly lower restenosis

percentage at the proximal anastomoses (Fig 5-7B).
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Figure 5-7. Stenosis at the anastomoses of the explanted grafts. (A) Representative hematoxylin and
eosin (H&E) images of proximal and distal anastomoses and stenosis percentage. Scale = 500 um.
(B) Stenosis percentage at proximal and distal anastomoses. N=4 for plain PVA and UP PVA-CDI-

aF, n=5 for 2uG PVA-CDI-aF, no significance was observed.
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To identify the composition of the IH in proximal and distal anastomoses of grafts, the cross-sections
around the anastomotic junctions were stained with Masson’s trichrome staining. The Masson’s
trichrome staining showed profuse collagen as well as smooth muscle cells in the IH of all types of
grafts (Fig 5-8A). The different color channels were split into monochromatic images to analyze the
percentage of the total area of individual components. The percentage of collagen and smooth muscle
cells were comparable, but a large animal-to-animal variation was observed, especially at the distal

anastomosis. No significant difference was seen among the three types of grafts.
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Figure 5-8. Composition of intimal hyperplasia (IH) in proximal and distal anastomoses of grafts. (A)
Representative Masson’s trichrome staining images of the stenosis in proximal and distal
anastomoses of plain PVA, unpatterned PVA-CDI-aF and PVA-CDI-aF grafts with 2 um gratings.
Scale = 500 um. Blue denotes collagen and red denotes muscle fibers. (B) Percentage of the area

collagen and muscle fiber to the area of total IH in the stenosis. P and D indicated the percentage at
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the proximal and distal anastomosis, respectively. N=4 for plain PVA and UP PVA-CDI-aF, n=5 for
2uG PVA-CDI-aF. No significance was observed.

5.3.5 Endothelialization was improved through integrin and focal adhesion formation

The in vitro and in vivo studies demonstrated that the fucoidan conjugation improves the
endothelialization on PVA hydrogels, and the topographies could further affect the endothelial cell
responses. To explore the potential mechanism, we investigated the integrin expression and the
formation of focal adhesions in the HUVECs on fucoidan. Immunofluorescence staining of HUVECs
on PVA-CDI-aF samples showed that cells showed spread morphology and exhibited positive staining
of integrin subunits B, a2, s, o, and integrin a.fPs, but did not show positive signals for amp: (Fig 5-
9). The integrin subunits a, s, and o can pair with integrin subunit B, forming a1, asPi, and aeP:
dimers that bind to the ligands within ECM proteins. As listed in Table 5-1, laminin provides ligands

for integrins a1, asPi, and o Ps, and gelatin provides ligand for integrin osp;.
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Figure 5-9. Integrin formation by HUVECs on fucoidan. (A) Representative images of integrin
subunits Bi, oz, o5, A, and integrin a,Ps formed by endothelial cells on PVA-CDI-aF. Scale bar = 30
um. Inset shows magnified view (scale bar = 5 pm). (B) Staining of integrin owmf. did not show

positive signals. Scale bar = 30 um.

Table 5-1. Integrins form by ECs on extracellular matrix proteins.

Integrins ligands Refs
2P Collagen 1V, laminin [377, 378]
asPi Gelatin, fibronectin [379]
asPi Laminin [380]
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o Bs Vitronectin, laminin [381]

To compare the fucoidan with ECM proteins, gelatin (GEL) and laminin (LMN) were conjugated on
PVA through CDI reaction. Focal adhesion (FA) formed by HUVECs on PVA-CDI-aF, PVA-CDI-
LMN and PVA-CDI-GEL were compared by staining against vinculin. As shown in Fig 5-10A, cells
on plain PVA were less spread compared to those on modified PVA, and only a few numbers of mature
FAs were seen on plain PVA samples. The quantification analysis confirmed that HUVECs on PVA
formed significantly less FAs compared to on PVA-CDI-aF, PVA-CDI-LMN and PVA-CDI-GEL.
Similarly, the total area of FAs on PV A was also significantly lower than on the modified PVA samples.
In addition, the average size of FAs on plain PVA was significantly smaller than those on PVA-CDI-
LMN. Fucoidan and gelatin exhibited similar effects on FA formation. The FA number, average FA
size, and total area of FAs did not exhibit significantly difference between PVA-CDI-aF and PVA-
CDI-GEL samples. Laminin demonstrated a stronger interaction with ECs compared to fucoidan by

forming larger size of FAs.
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Figure 5-10. Comparison of focal adhesion formation by HUVECs on fucoidan, laminin and gelatin.
(A) Representative images of focal adhesions formed by endothelial cells on unmodified PVA,
fucoidan conjugated PVA (PVA-CDI-aF), laminin-conjugated PVA (PVA-CDI-LMN) and gelatin
conjugated PVA (PVA-CDI-GEL). Blue denotes nuclei, green denotes F-actin and orange denotes
vinculin. Scale bar = 30 um. Inset shows magnified view (scale bar = 5 pum). Number of focal
adhesions per cell (B), average focal adhesion size (C) and total area of focal adhesions per cell (D)
on unpatterned and patterned PVA-CDI-aF. N=6, *, ** and *** indicate a significant difference using

one-way ANOVA with p <0.05, p<0.01 and p < 0.005, respectively.

We further assessed the effects of topographical patterns on the FA formation by HUVECs on PVA-
CDI-aF samples. Cells showed a spread morphology and formed FA formation on both unpatterned
and patterned PVA-CDI-aF samples (Fig 5-11A). A difference in the FA shape and distribution among
different topographies was observed. On unpatterned and grating surfaces, FAs exhibited elongated
shape, and the FAs on the grating structures appeared to align along the grating axis. FAs were observed
around the edges of 10 um gratings. While on the circular topographies, FAs were rounded and FAs on
the 2 pm pillars were mainly on the top surfaces of the pillars. Quantification results showed that the
number of formed FAs were significantly lower on the 5 pm gratings and 10 pm gratings compared to
unpatterned samples, while convex lenses had significantly more FAs compared to gratings. The size
of FA was slightly increased on grating structures although the difference was not statistically

significant. The overall area of FAs on convex lenses was the highest among all the topographies.
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Figure 5-11. Focal adhesion formation by HUVECs on unpatterned and patterned PVA-CDI-aF. (A)
Representative immunofluorescence images of focal adhesion formed by HUVECSs on unpatterned
and patterned PVA-CDI-aF. Scale bar = 20 pm. Blue denotes nuclei, green denotes F-actin and
orange denotes vinculin. Inset shows magnified view (scale bar = 5 um). Number of focal adhesions
per cell (B), average focal adhesion size (C) and total area of focal adhesions per cell (D) on
unpatterned and patterned PVA-CDI-aF. N=6, *, ** *** and **** indicate a significant difference

using one-way ANOVA with p <0.05, p<0.01, p<0.005 and p < 0.0005, respectively.

Gratings patterns have been demonstrated to provide contact guidance and enhance cell migration,
which could contribute to the better in vivo endothelialization [382]. To assess if the combination of
fucoidan and 2 pm gratings would also enhance cell migration, an endothelial cell migration study was
done on unpatterned and patterned PVA-CDI-aF samples with 2 pm gratings using a wound healing
assay. Scratches on 2 um gratings samples were made perpendicular to the grating axis. As shown in
Fig 12A, HUVECs on PVA-CDI-aF with 2 pm gratings covered more scratched area at 24h and 48h

compared those on unpatterned PVA-CDI-aF, and the wound on 2 um gratings was fully closed before
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72h. The quantification results of wound area showed that the HUVECs on 2 pm gratings had higher
percentage of closure at different time points than those on unpatterned PVA-CDI-aF (Fig 13B). The
results indicate that the cells on 2 um gratings migrated faster along the grating axis to cover the

wounds.
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Figure 5-12. Endothelial cell migration with a wound healing assay. Representative images of
HUVEC:s on unpatterned PVA-CDI-aF and PVA-CDI-aF with 2 pm gratings at Oh, 24h, 48h, and 72h
after the scratches were made. Scale bar = 200 pm. Arrow indicates the direction of the 2 um
gratings. N=4, * and ** indicate a significant difference using one-way ANOVA with p <0.05 and p
< 0.01, respectively.
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5.4 Discussion

In natural extracellular micro-environment, ECs are subjected to biochemical and biophysical cues
provided by the EC basement membrane. Mimicking the natural niche on synthetic substrates by
introducing biochemical and topographical modifications on synthetic materials has been a widely
explored strategy to mediate EC behaviors and functions. In a previous study from our group,
topographical patterning on PVA was successfully achieved by casting PVA solution on patterned
PDMS molds [16]. The topographical patterns on PVA hydrogels were found to improve the
interactions between the ECs and the substrates, however, without additional surface modification, ECs
were not able to form monolayers on patterned PVA. Approaches using plasma treatment demonstrated
a significantly improved EC adhesion on patterned PVA, however the plasma treatment is subjected to
low stability and the risk of increased platelet adhesion [174]. With the development of the aminated
fucoidan conjugation method as described in Chapter 4, we successfully fabricated fucoidan conjugated
PVA samples with topographies of various dimensions, including different sizes of grating, pillars and
lenses. The SEM images confirmed that the topographies on PV A retained their shape and size fidelity
after the conjugation of aminated fucoidan, indicating that the fucoidan conjugation method is
compatible with topographical patterning on PVA surface. Topographies have been known to alter the
surface energy of a material [383, 384]. In our test, the water contact angle was altered by the
topographical patterns; however, this alteration did not significantly change the hydrophilicity
compared to unmodified plain PVA.

The effects of substrate topography on endothelial cell responses have received broad research
interests, several studies have also reported that the topography could affect platelet adhesion, spreading
and activation [385]. The size, aspect ratio and interspacing of the substrate topographies have all been
shown to play a role in platelet adhesion [324]. However, in our study, the substrate topographies on
PVA did not induce noticeable changes in platelet adhesion nor thrombin generation. We speculated
that this phenomenon is attributed to both the resistance of PVA to protein adsorption and the
antithrombotic activity of fucoidan. Platelet adhesion and activation on synthetic surfaces are known to
be triggered by the deposition of plasma proteins on the material surfaces. PVA is known to resist non-
specific protein adsorption [386], which could contribute to the low number of platelet adhesion on
PVA samples. Additionally, platelet adhesion on synthetic materials is mediated by surface properties

of the materials, such as surface energy and surface charge [387]. In our study, the topographies on
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fucoidan conjugated PVA samples did not cause a drastic change in surface energy, which could also

explain the results in platelet adhesion.

As previously described, unmodified plain PVA does not support endothelialization. The fucoidan
conjugation has significantly enhanced the HUVEC attachment and the HUVEC monolayer formation,
regardless of the type of topographies. Despite the similar cell density, cell area, and VE-cadherin
expression, the HUVEC morphology on patterned PVA-CDI-aF samples varied vastly. HUVECs on
unpatterned and circular patterns had high circularity and exhibited cobblestone morphology, which
resembles the morphology of ECs under static condition. While on gratings structures, HUVECs were
elongated and aligned, similar to the physiological morphology of EC under blood flow. The elongated
and aligned morphology of ECs has been shown to be beneficial for the antithrombotic and anti-
inflammatory functions of ECs [291]. The interaction between ECs and the immune system is a vital
function of the endothelium in vivo. Monocyte adhesion on endothelium and consequent intravasation
leads to chronic inflammation and the development and progression of atherosclerosis [388].
Topographical cues have been reported to affect the inflammatory phenotype of endothelial cells and
expression of inflammatory cytokines [389]. Our previous studies and a study from another group have
suggested that the increased monocyte adhesion is closely related to increased intercellular adhesion
molecule-1(ICAM-1) expression [286, 390]. In our monocyte adhesion assay, significantly higher
monocyte adhesion was found on 2 pm pillars and 10 um gratings, which have been reported to induce
a greater expression of phospho-AKT and ICAM-1 by the ECs [390]. Additionally, comparing different
sizes of gratings, 10 pm appeared to induce a greater expression of inflammatory cytokines interleukin 1
beta (IL-1B) and TNF-a of endothelial cells, which could also explain the increased monocyte adhesion on
10 pm gratings [391]. CD31 is an important regulator of trans-endothelial migration [392]. It also
maintains the endothelial cell junctional integrity. In our study, CD31 expression was observed at the
cell boundaries on all samples. The topographies did not exhibit a noticeable alteration on the
expression level of CD31. This is similar to the observations in the previous studies form our group
[286, 294] on PDMS, which may indicate that the CD31 expression is less sensitive to topographies
compared to [CAM-1. Overall, based on the in vitro EC adhesion and function assessment, we found
that the 2 pm gratings induced a more favorable EC morphology but did not induce severe monocyte

adhesion, and thus 2 um gratings were chosen to proceed the in vivo study.

The implantation of plain PVA and fucoidan-modified PVA small diameter vascular grafts was done

in a rabbit right common carotid artery model. Staining of the cross-sections of the grafts demonstrated
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the efficacy of fucoidan conjugation on improving EC adhesion in vivo. Plain PVA grafts did not have
EC attachment on the luminal surfaces. Significant amount of blood clot formed at the anastomosis and
inside the graft due to the lack of endothelial lining, which also leads to a significant reduction in blood
flow inside the PVA grafts after 14 days. Trans-anastomotic ingrowth has been proposed as an
important mechanism of endothelialization in acellular grafts [393]. The trans-anastomotic ingrowth
relies on the migration of host ECs from the anastomosis to the middle of the graft. Migration of ECs
in vivo could be modulated by shear flow [394]. In a wound healing model, under the fluid shear stress,
cells at the upstream side were more elongated and orientated compared to the cells at the downstream.
The fluid shear stress also induced more protrusion formation by the cells at the upstream. Therefore,
cells at the upstream were shown to have faster migration under fluid shear stress compared to cells at
the downstream [395]. This explains our observations that a high proportion of grafts were

endothelialized at the proximal side compared to the distal side.

Fucoidan has been reported to interact with several integrins. Fucoidan interact with integrin subunit
as and cause re-organization of integrin s on cancer cells [396]. The interaction of fucoidan with B4
was shown to be important for fucoidan-induced cancer cell apoptosis [397]. Fucoidan was shown to
provided binding site for amp. in bone marrow myeloid cells [398]. In the presence of FGF-2, fucoidan
has been shown to enhance o and B; expression of HUVECs [399]. Also, fucoidan alone increased as
integrin subunit expression on of endothelial progenitor cells [400]. In our study, HUVECs on fucoidan
expressed integrin subunits Bi, o, as, os, and ayPs, but did not express ampP>. These expressed integrins
were either reported to have interactions with fucoidan previously or serves as important anchor for EC
adhesion. To compare fucoidan with other ECM proteins, we selected laminin, which provides ligands
for aP1, asPi, and oPs, and gelatin, which provides ligand for integrin asp;. Laminin and gelatin were
selected also because laminin and collagen are the main ECM components in the vasculature. While
we have previously demonstrated the conjugation of gelatin to PVA via CDI-conjugation, direct
conjugation of large laminin and collagen negatively impacted bioactivates, including compromised
cell adhesion (data not shown). Therefore, gelatin was used as a comparison. The focal adhesion
staining showed that fucoidan functioned to provide cell binding anchors to facilitate cell adhesion,
similar to ECM protein gelatin and laminin. HUVECs on laminin had larger size of focal adhesion
compared to HUVECs on fucoidan. However, laminin modification presents a risk of increased platelet
adhesion and activation [401]. As laminin also has other limitations such as short half-life, the

bioactivities are sensitive to protein conformation, we postulate that the surface modification with
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sulfated polysaccharide fucoidan could be more advantageous for the application in enhancing oft-the-

shelf vascular grafts.

Our in vivo studies have demonstrated that PVA-CDI-aF grafts with 2 um gratings had higher
endothelial coverage at the middle and the distal segments of the grafts compared with unpatterned
PVA-CDI-aF grafts. We believe that this is attributed to the increased cell migration on grating
structures. In our cell migration study, we observed that endothelial cells on 2 um gratings had a
significantly faster wound closure rate compared to those on unpatterned samples, indicating that cells
could migrate faster along the grating axis to cover the wound. Similarly, in a previous study,
endothelial cells on grating structures have a faster migration velocity and a longer accumulated
migration distance compared to those on unpatterned surface [294]. The phenomenon can be correlated
with topography mediated mechano-sensing. The grating-induced physical confinement could drive
orientation of FAs and cause cytoskeletal re-arrangement of cells. In our study, we observed that FAs
formed HUVECS on grating structures are less but have elongated shape and exhibited alignment along
the gratings. This is in line with the findings from our previous study that FAs on gratings were more
elongated and exhibited significantly higher aspect ratio on gratings [292]. This alignment of FAs has
also been found to contribute to anisotropic traction force parallel to the grating direction [279], which
could further mediates the actin stress fiber formation and contact guidance directed cell migration

[382].

The IH formation could be driven by multiple factors, such as surgical trauma, lack of
endothelialization, and mechanical properties mismatch. Many studies have correlated the anastomotic
IH with mechanical injury and fluid dynamics, especially in end-to-side anastomosis model [10, 402].
The geometric discontinuity across the anastomoses between grafts and native blood vessels causes a
blood flow disturbance or flow separation around the anastomoses, which causes endothelial injury
followed by SMC and myofibroblasts proliferation [83, 84]. In our study, stenosis was observed in the
anastomoses of all types of grafts. Intimal hyperplasia (IH) was formed on all grafts but mainly at the
floor of the native arteries, while no significant IH was seen on the luminal surfaces of the grafts. We
compared the composition of the [H, both collagen and smooth muscle cells were shown to be abundant
in the intimal hyperplasia. Additionally, the composition was not significantly different among different
groups of samples or between proximal and distal anastomosis. Based on the results, we speculate that

the fucoidan conjugation and topography may not play a significant role in the development of IH in
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the current experimental settings; the mechanical properties, surgical injury and fluid dynamics may

have been the main contributors.

5.5 Conclusion

In summary, this study has focused on the effect of fucoidan conjugation and topographical
modification on EC responses. The fucoidan conjugation had significantly improved the
endothelialization on PVA hydrogels. Topographies on fucoidan conjugated PVA hydrogels induced
different EC morphology and functions. Among all the patterns, 2 um gratings induced EC alignment
and elongation without causing severe monocyte adhesion. /n vivo studies showed that fucoidan
conjugation significantly improved endothelialization and the 2 um grating luminal pattern further
enhanced the endothelial cell coverage along the luminal surfaces of the grafts. Additionally, the
mechanism study showed that fucoidan increased EC adhesion by providing receptors for cell adhesion
via integrins Bi, o2, s, 0, and ayPs and promoting the focal adhesion formation by ECs. The 2 um
gratings further improve the endothelialization by promoting cell migration along grating axis. The
results of this study suggested that the combination of fucoidan conjugation and topographical
patterning is a promising modification strategy to improve endothelialization on synthetic materials and

could be further applied to other blood-contacting devices.
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Chapter 6

Conclusions and Recommendations

6.1 Conclusions

The performance of currently available synthetic small diameter vascular grafts has been disappointing
due to fast occlusion. Development of other synthetic materials and a versatile surface modification has
attracted broad research interests in the cardiovascular research field. Sodium trimetaphosphate-
crosslinked PVA has shown its potential to serve as a material for vascular graft application due to its
tunable mechanical properties. However, the surface of PVA needs to be modified to allow
endothelialization in vitro and in vivo. This thesis project was set out to develop strategies to improve
the surface endothelialization and hemocompatibility of PVA, and to understand the potential
mechanism for the improvement. The overall results have demonstrated the hypothesis that fucoidan
and topographical modification could improve endothelialization on PVA. Important findings and the

research achievements are listed as below.

In chapter 3, fucoidan molecule was incorporated into PVA hydrogels by mixing fucoidan with the
PVA during crosslinking. The presence of fucoidan on PVA improved the endothelial cell adhesion on
PVA. Cells were able to adhere, spread and form monolayers on modified PVA hydrogels. The in vitro
and ex vivo hemocompatibility tests showed that fucoidan did not increase platelet adhesion, activation
and thrombin generation. /n vivo studies with fucoidan modified PVA small diameter vascular grafts
showed that the fucoidan modification could improve the graft patency and support in vivo
endothelialization. Overall, the work in this chapter demonstrated that fucoidan is promising molecules

to improve endothelial cell adhesion without compromising the hemocompatibility.

In chapter 4, a novel fucoidan conjugation method was developed to improve endothelial cell adhesion
on PVA. The modification method is based on carbonyldiimidazole (CDI) chemistry, and both native
fucoidan and aminated fucoidan were successfully conjugated to PVA. The fucoidan conjugation was
compared with other fucoidan modification approaches. Among all the modification methods,
conjugation of aminated fucoidan on PVA appeared to be the most promising with substantially
increased endothelial adhesion and the lowest thrombogenicity. This conjugation also exhibited good
compatibility with surface topographical patterning and did not alter mechanical properties. The work
also demonstrated that various factors, including the ratio of the amination reagent, species of the

fucoidan source and amination methods, could affect the activities of aminated fucoidan. Additionally,
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conjugated fucoidan not only improved endothelial cell adhesion on PVA but also showed
improvement on endothelial cell adhesion and endothelialization of ePTFE both in vitro and in vivo,
respectively. Overall, this work emphasized the importance of choosing proper immobilization methods
of fucoidan, and the conjugation method developed in this can be used as a versatile modification

method to improve the endothelialization and hemocompatibility of synthetic polymer surface.

In chapter 5, fucoidan conjugation was combined with topographical patterning on PVA to study their
synergetic effects on endothelial cell responses, hemocompatibility and graft patency. The fucoidan
conjugation improved the endothelial cell adhesion and monolayer formation significantly regardless
of the type of patterns that the cells were cultured on. Topographies on the fucoidan-modified PVA
affected the endothelial cell morphology and how the endothelial monolayer interact with monocyte.
These effects of the surface modifications on endothelial cells was found to be correlated to the integrin
binding and focal adhesion formation. Fucoidan on the surface to provided receptors for integrins B,
o2, 0s, 06, and ayfPs that modulate endothelial cell adhesion to extracellular matrix in vivo. Meanwhile,
topography modulated cell adhesion, cell morphology and guided migration by regulating the focal
adhesion formation in the endothelial cells. /n vivo studies showed that conjugated-fucoidan contributed
to patency with a stronger blood flow in PVA small diameter vascular graft. In addition, the combined
modification with topography and fucoidan showed better endothelialization on the lumen along the
PVA small diameter vascular graft. The findings could benefit the further development of PVA as
vascular graft and present as a promising modification strategy for blood contacting surfaces and other

vascular devices.

6.2 Recommendations

Based on the results obtained from this thesis, the following recommendations are proposed for future

work.

6.2.1 Effect of modification on smooth muscle cells and inflammatory responses

The research presented in this thesis focused on the responses and function of endothelial cells. Smooth
muscle cells and inflammatory responses also play a significant role in both the atherosclerosis

progression, thrombus formation and intimal hyperplasia formation.

Fucoidan is known to have an antiproliferative effect on smooth muscle cells, and topographies have
been reported to alter the smooth muscle cell phenotype and regulate smooth muscle cell proliferation.

A systematic study on the responses of smooth muscle cells to fucoidan modification and topographical
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cues is recommended. Screening of topographies can be done based on the smooth muscle cell

phenotype switch, proliferation and migration rate.

In chapter 5, we examined the effect of topographies on monocyte adhesion to endothelial cell
monolayers and found that 10 pm gratings and 2 pum pillars induce more severe monocyte adhesion. A
more comprehensive examination is recommended to understand the interactions between topography
and fucoidan and immune system. Inflammatory cell adhesion on the material surfaces, expression of
pro-inflammatory molecules by endothelial cells, and complement activation can be used as important

parameters to determine the effect of modification on inflammatory responses.

6.2.2 The role of mechanical properties

The research presented in this thesis evidenced that fucoidan could improve the in vivo
endothelialization on PVA. The 2 pm gratings could further promote the endothelial coverage along
the graft by inducing a more aligned cell morphology and guided cell migration. This improvement in
endothelialization reduced the blood clot formation in the grafts and thus maintaining a stronger blood
flow. Mismatch in mechanical properties, especially compliance mismatch, between the artery and graft
has been established to be a critical contributor to anastomotic intimal hyperplasia. The mechanical
property of PVA prepared by STMP could be manipulated by changing the preparation parameters. In
this thesis, the compliance of the implanted PVA grafts is 1.5-1.8 %/40mmHg, which is higher that of
ePTFE grafts (0.7 %/40mmHg), but still lower the rabbit carotid arteries (2.57 %/40mmHg). Future
studies to optimize the mechanical properties of PVA to match the native artery will be necessary.
Understanding the synergetic effects of both surface modification and mechanical properties on the
intimal hyperplasia formation and graft patency rate will be of great research interest in this area.
Additionally, the complexity of flow pattern in the end-to-side anastomosis model could add up to the
complications and contribute to intimal hyperplasia formation. In the future, in addition to mechanical
properties, the subsequent hemodynamic, resulted from the compliance mismatch and the end-to-side

anastomosis should also be investigated.

6.2.3 Purification of fucoidan

Fucoidan production is relying on the extraction from the seaweeds. Fucoidan product is known to have
some contaminants such as alginate, proteins and ashes. Fucoidan used in this study is a crude product
with high molecular weight. The large molecular weight increases the difficulty to reveal the chemical

structure of modified fucoidan, and the presence of impurities presents a risk of inconsistent
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experimental results. This was one of the key challenges and limitations to reveal the chemical structure
of the conjugation of native and aminated fucoidan in this study. For future studies, fucoidan with a
higher purity or fractioned fucoidan with more defined molecular weight and structural features are
recommended. This will also allow the study to get a more comprehensive understanding of the

structure-bioactivities relationship of fucoidan.
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