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Abstract

With thegrowing age of average population throughout the world, progress of biomaterials research
is importanto overcomesurrentlimitations. Vascular graft is one of the examplésrrently,

synthetic vascular grafts made using expanded polytetrafluoroett{glem&E) or Dacron are
commercially available as treatments to cardiovascular disddsese synthetic vascular grafts have
good patency, which is a measure used to determine the success of the grafts, and are actively used in
more than 400,000 lifsavingprocedures in the United States alddewever, the available synthetic
grafts have limitations their patency is poor when used in spthiimeter application.y@thetic

small diameter vascular grdiSDVG)is defined by synthetic vascular grafts witliernal diameter

less than 6mneSDVG facdimited success due to vascular wall thickening known as intimal
hyperplasia (IH)IH develop at the distal anastomosis of the graft and are due to over proliferation
and abnormal migration of vascular smooth nrusells (VSMC). Mechanical complianceismatch

of the sSDVGs proposed as one of the key factors that contribute to the formation and development
of IH. Compliance in vascular engineeringeéserring to the radial elasticity of the vascular graft or

the blood vesseNative blood vessels are highly elastic; compliandeushan internal mammary

artery with the diameter of2 mm is reported to be 12% per 100mmHige compliance of sSDVG,
however, is very low. Theompliance of ePTFE graft, for example, is reported to be 1.2+0.3 % per
100mmHg.This discrepancy in the compliance of the native blood vessels and sSDVG is called
compliance mismatctCompliance mismatch is suggested to play an important role in IH lgechus
mechanotransduction. Mechanotransduction refers to the cellular responses to mechanicdhstimuli.
the literature, many biological moleculeside VSMGC such aplateletderived growth facteBB
(PDGFBB), plateletderived growth factoreceptorphosphorylated myosin lighthain kinase

(PMLCK), have been found tiee influenced by the mechanical stimulation. Compliance mismatch
forces the cells around the anastomosis to be exposed to abnormal mechanical stimulatias, which

translated to biologicaksponses to increase proliferation and migration of VSMC.

Different biomaterials are being studied to develop compliant sS[Bdexample, polyurethane
is being studie@s a potential compliant vascular gr&ftlyurethane vascular grafieremodified
with gelatin and collageto enhance endothelial cell adhesion amae modified using heparin to
reduce thrombogenesisikewise, poly(vinyl alcohol) (PVA) vascular grafts were developed in 2008.

PVA hydrogel ishio-inert, lowrthrombogenic, andoncytotoxic biomaterial with easily modified
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mechanical propertie3he compliance of PVA vascular graft developed by Chaouat et al. had
comparable compliande the native blood vesseldowever, the compliancas wellas other
mechanical propertiesf the PVA grafts were heavily influenced by the conditions in which the
crosslinking of the hydrogel occurréed/hile the variatiorwas observed, it was not studied
systematically to identify the effects of the fabricationditions on mechanical propertids.this
thesis, the roles crosslinking density amerlayer adhesioplay incompliance and burst pressufe
PVA vascular grafts were studied. Fabrication parameters were categorized based on their effects on
either crosslinking density anterlayer adhesiarPVA tubes with different fabrication conditions
were made to yield tubes with lower crosslinkingsign higher crosslinking density, lower
interlayer adhesigrand higheinterlayer adhesiarit was found that thaigher crosslinking density
resulted in higheburst pressurand lower compliancd-urthermore, it was found that higher
interlayer adhesioresulted irhigher burst pressure and lower compliance as &klktic modulus
and sutureetention strength of the control, higheterlayer adhesigrand higher crosslinking
densitywere compared as well. The result displayed that only the circumtitdrelastic modulus was
affected by thdnterlayer adhesioand crosslinking densitfherefore, the studgoncluded that it is
important to balance crosslinking density amerlayer adhesioto fabricate PVA grafts with desired

compliance

Consistency is important for research to ensure reliable resplrt due to the sensitivity to
fabrication condition, the consistency of PVA vascular graft suffered from ptrgmrson variation
in fabrication process. PVA vascular grafts are fabricated ungasting method. In this method, a
cylindrical mold is dipped int®VA crosslinking solutiorto produce thin layer of PVA hydrogel on
the mold.The dipping is repeatathtil the PVA graft redt desired wall thickness. Also, while PVA
hydrogel crosslinked using chemical crosslinking methatbserved to baon-degradable, the
stability of PVA grafts were not studie@ihe batckto-batch consistency of PVA tubes made using
automated procesgas sudied,as well as the lonterm stability of PVA graftsThe automated
fabrication methodieveloped displayed similar capacity as those made using manual fabrication
method. The graftmade using automated processplayed consistemariation in wall thickness
burst pressure, and compliandde graftamade using automated process and manual process
exhibited comparableurst pressure and compliangbenaccounting for the wall thicknedsastly,
physical dimensns were compared to study leteym stability of the PVA grafts. Wall thickness,

graft length, andiry weights displayed less than 5% change after 180 days of incubation.
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PVA hydrogel is also a good platform to study the effects of compliance misnmai¢BMC.
Mechanical stimulation is essential understanding the responses of VSkiCformation ofiH.
Studies have found that PD&B and pMLCK are upregulated when VSMC are exposed to cyclic
stretching FurthermoreY SMC have been observed increaseriliferation and changes to
migratory phenotype when exposed to cyclic stridiowever, understanding the isolated effects of
compliance mismatch has been difficult due to lack of continuous sample with two distinct regions of
stiffness.In thisthesis, a hybrid method using both physical and chemical crosslinking was developed
to form continuous compliance mismatched sampsisg PVA hydrogelThe samplesvere
characterized and found to be continumubothparallel and perpendicular to the migtch line.The
samples were then used to perform in vitro experimgsitgy human umbilical arterial smooth
muscle cells (HUASMCyvith exposure to cyclic stretchirad 10% strain for 4 hour&xposure to
mechanical stimulation resulted in higher prolifama, change into migratory phenotype,
compactification of PDGIBB, and higher expression pMLCK for theall the groups Among the
stretched groups, compliance mismatch resulted in kigieliferation, pMLCK expression, and
highest number of cells wittbncentrated PDGBB signal.However, no nuclear localization pés
associated proteiny@P) was observedlhe experiments were repeated with samples with higher
compliance mismatctiNuclear localization of PDGBB and YAP was observed when HUASMC
cultured on higher compliance mismatched samples were exposed to cyclic stretch of 10% strain for 4
hours.Therefore, it can be concluded that not only does compliance mismatch affect cellular
responses to cyclic stretching, but also the extent of complianceatntsplays a role in the

responses.
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Chapter 1

|l ntroducti on

This chapter will address brief background information, motivation, followed by the overall
hypothesis ofhe thesis. Then, individual aims for each hypothesis will be explained in daktly,
the outline of the thesis will be explained.

1.1 Background

With the advances in medicine, individkiareenjoying longer lifespan on averadgeanically, longer

lifespan exposes people to more diseaSes.r di ovascul ar di seases, chroni
diseases, and cancer are but few of the examplasezfsds that have old age as one of their risk

factors.[1-5]. Numerousbiomedical resear@sareperformed worldwide to overcome the old age,

butthe solution is still far from presentherefore, it is important to focus on the solutions that could

be achieved sooner. For example, gene therapy is being studieat tardast cancg6]. Drugs are

being devel oped t o [f]rVasaularghaftsate availaibderfod ypaskissgeres e s

for occluded asries[8]. Dialyzers are developed for cleaning blood of patients with chronic renal

failure[9].

Cardiovasculadisease$CVD) still remain as one of the major caasé death worldwidd1].
According to Centers for Disease Control and Prevention (CDC) of United States of America (USA),
approximately one person dies every 36 seconds in difeAo CVD[10]. Typically, CVD occurs
due to occlusion of a blood vessel. Occlusion of blood vessel can occur due toboifldlaque,
also krown as atherosclerosis, or due to thrombus formafiba.biggest difficulty with CVD is that
the diseases blood vessel does not allow for proper flow of blood. The disturbed blood flow can result
in lack of oxygen and nutrients the tissues and orgamsthe body, and can resultnecrosig11].
To ensure proper blood flow to all regions of the body, bypass surgeries arengerto implant
vascular grafts to circumvent the occluded reg{d@2% Many commercially available synthetic
vascular grafts are successfully used in bypass sesgeach yedi 3]. However syntheticsmalt
diameter vascular graf{sSDVG), which are graftsvith inner diameter less than 6mm, still face

limited succes§l4].

Peripheral artery diseagi@AD) and dronic renal failurédCRF)are two examples of diseases that
requiresSDVG. PAD refers tthe medicalcondition where the arteries in the extremities are either

partially or completely occludddl]. It can cause serious swellirand pain at the affected limb, and
1



bypass surgeries can be performed to redirect the blood flaviotd the affected region of the artery.
asthe diameters of these arteries are small, they are especially vulnerable to the limitation of sSSDVG.
CRFalsorequires the use of synthetic vascular gr&RFrefers to failure of the kidney to filter the

waste and fluid fronblood, resulting in the need of hemodialyg2$. In order to perform

hemodialysis, however, a connection between and artery and vein has to be made. This connection is
called arteriovenous fistula if made using the native artery andAs. If the fistula fails or cannot

be made in the patient for some reason, then vascular graft is implanted to for arteriovenous graft
(AVG). AVG typically usesSDVG because the diameter of the artery and vein used for AVG

typically range from dmm for atery and 610mm for vein16].

The longterm success rate of synthetic sathimeter vascular grafsSDVG)is low. For
example, the patency of expandsalytetrafluoroethylene vascular grafts have 23% of patency after
2 weeks of implantatiofiL7]. Another synthetic vascular graft sold under theetnaaime Dacron have
29% patency after 7 months when graft had less than 6mm in dida&itérhe biggest reason for
failure of sSSDVG is development of intimal hyperpla@dhd). IH refers to the thickening of the blood
vessel wall due to excessive proliferation and abnormatatiig of vascular smooth muscle cells
(VSMC) [14]. The development of IH has been observed at the distal anastomoses of the implanted

grafts[19]. The thickening of the wall results in occlusion, resulting in the failure of the graft.

A hypothesized reasdor the development and progression of IH is the mechanical mismatch
between the native blood vessel and the implanted sS¥GSpecifically,mechanicatompliance
mismatch is considered as one of the potential factors responsible foorthliance in vascular
engineeringefers to the elasticity of th@ood vessel or vasculgraft[20]. Native blood vessels
have high compliance, or high elastid®i]. However, available sSDVG have low compliance, or
low elasticty [21]. In healthy compliant blood vessel, the flow rate is decreased due to the fact that
the blood vessel expands to accommodate foblded flow. In noncompliant sSSDVG, on the other
hand, cannot expand to decrease the speed of the blood flow and cause abnormal wall shear stress and

wall stress around the distal anastom{zg.

Understanding the effects obmpliancemismatch between the native blood vessel and the
implanted graft is difficult due to many other factors. Studyingbtbed flow within the implanted
graftin vivois difficult due to resolution limitation of available equipmgid]. The limitation inin

vivo measurement preventalidation of the values acquired through computational fluid dynamic
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simulations Therefore, the simulations are often compared to in vitro experifigitghe
experimentsoften decouple shear stress and wall stress to understand the effects of individual
componentFurthermore, suturline stress is also unavoidable due to the fact that vascular grafts are
sutured onto the native blood vesd@R]. Studying compliance mismatch requires a connection
betweera compliant side and a not compliant siieidies have found thatitsireline can cause
abnormal localization of stress around the sst[#®, 24] With the addition of suturéine, the

isolated effects of compliance mismatch cannot be studiiestl like wall shear stress and wall stress
being decoupled to simplify the experimental setup, stitoeestress and compliance mismatch has

to be decoupled to understand the isolated effects of each component.

However, the effects of compliance misniadone are not well understood. One of the reasons for
the lack of understanding of isolated effects of compliance mismatch is that a continuous hydrogel
with distinct regions of different compliance has not been develdggédPoly(vinyl alcohol (PVA)
vascular graft have been suggested as a potential compliant vascular graft[@5200&er, dp-
casting method was used to apply multiple layers of coating crosslinking solution onto cylindrical
mold [26, 27] After complete crosslinking, the hydrogel was removed from the mold to yield PVA
vascular graftsPVA is a bieinert, lowrthrombogenic, and lowytotoxic hydrogel. While PVA
without modification does not allow for cellular adhesion, it can be easily modified to increase
cellular adhesiof28-30]. For example, PVA has been modified using yglducoidan, and other
molecules that allows for cellular adhes|@8, 29, 31] The grafts are actively used vivoas well as

in vivo experiments.

In vitro mechanical stimulatiohas played a vital role in understandiftd in vascular graft
engineeringCellular responses to mechanical stimulation is a-alederved phenomeiia2].
Mechanical loading on osteocytes ased to encourage alignment of lacufggy. VSMCs are also
one of the cell types that are sensitive to mechanical stimulatitime case of VSMplatforms to
expose the cells to shear stress in vitro are developedsaddn various las[34, 35] There are
commercially available devices that exposes samples to cyclic @6ihikewise, mechanical
stimulation is important for understanding the role compliance mismatch playskotithe
exposure to cyclic strain, however, the continuous compliance mismatch sample has to be made with

good integration of the two sides with different gdiance.



1.2 Motivation

While the PVA vascular grafts displayed good complidanegudy published bino et. al[27], the
compliance of the grafts varied depending on the fabrication condioitlentifythe parameters
thataffect the compliance of PVA vascular graftifferent fabrication parametengere studiedThe
parameters were categorizasl either affecting the crosslinking densityrdérlayer adhesiariThe
PVA grafts were fabricatedith different fabrication conditions, and the effects of crosslinking
density andnterlayer adhesiohad on compliance of the graft were studikdditionally, mechanical
parameters that are important for vascular graft were quantified to assessd¢tseéiosslinking
density andnterlayer adhesian

Also, the consistency of PVA grafts were explodcause PVA vascular graft fabrication
process is prone tariation between batches, automated method was develofed tehether the
consistency etween batches could be improved. Also, PVA vascular grafts are fabricated in batches
and are typically stored until use. Therefore, the stability of the PVA grafts were assessed to ensure

the consistency of the PVA grafts before and after-kemn storag.

Lastly, the hydrogel was used to make continuous compliance mismatched samplestteestudy
effects of compliance mismatch on VSM@ne of the difficulties in studying effects of compliance
mismatch decoupled from suttiige stress is the lack of alable materials. In order to study the
isolated effects, a continuous compliance mismatched sample with distinct regions of different
stiffness has to be developed. Using the fact that PVA hydrogels can be crosslinked using both
physical and chemical crdsking methods, continuous compliance mismatched PVA hydrogel
samples were developed. The developed compliance mismatched sasmgldéisen used to study the

cellular responses of VSMC with exposure to cyclic stretching.

1.3 Hypothesis

The overall hypothesiis thatcompliance mismatch will result in higher proliferation and migration

of VSMC with exposure to cyclic stretching.

In Chapter 3, wéaiypothesize thdt) the increase imterlayer adhesiowill allow for higher
compliance and higher burst pressure when the grafts have the same wall th{dkmessease in

crosslinking density will result in higher compliance and lower burst pressure when the grafts have



the same wall thicknesand (ii)) postfabrication processing can cause physical crosslinking, and

impact the compliance and burst pressure.

The hypotheses that will be addressed in Chapter 4 are: (i) the automation process will result in less
variation in wall thickness, burptessure, and compliance compared to the PVA grafts made using
the manual fabrication method, and (ii) there will be no more than 5% loss of length, thickness, and
dry weight of PVA grafts after 180 days of incubation.

In Chapter 5we hypothesized thati) chemical and physical crosslinking can be used
simultaneously to achieve a continuous film with compliance mismatchu(ipn umbilical arterial
smooth muscle cellHHUASMC) cultured on compliance mismatch film will result in higher
proliferation ratecompared to both compliant and roompliant films, and (iii) HUASMC cultured
on compliance mismatched film would result in highkosphorylated myosin ligithain kinase
expression, highgrlateletderived growth facteBB expression, and nuclear loaation ofyes

associated protein

1.4 Aims

The overall aim of this thesis is tse invitro experiments to investigate the ablisted hypotheses.

In Chapter3, different fabrication parameters were altered to identify the factors that can influence
the canpliance of PVA vascular grafts. The chapter aims to identify the effectsgslinking

densityandinterlayer adhesionon the mechanical properties

Chapter 4 aims to identify the methods to increase the consistency of the PVA grafts between
batches, sswell as to identify whetlehereis any significant loss in the physical properties of the

PVA grafts after long storage.

Chapter 5 aims tetudy thesolatedeffects of compliance mismatam VSMCs exposed to cyclic
stretching Continuous sample with distinct regions of different stiffness was developed using
physical and chemical crosslinking methddsing continuous compliance mismatch samples,
cellular responses of VSMC were studieddentify the expression of biological factors associated

with proliferation and migratian



1.5 Outline of the thesis

In Chapter 2, detailed literature review cardiovasculadiseases, current state of synthetic vascular
graft engineering, and uses of synthetscular grafts. This chapter will also address the limitations
of the currently available synthetic vascular grafts. Lastly, current state of poly(vinyl alcohol)

vascular graft engineering and related research will be addressed.

Chapter 3 will addreshie mechanical characterizationRWA tubes.PVA tubes were fabricated
under different fabrication condition to modify the crosslinking densityistedlayer adhesiowithin
the tubesCompliance along with other mechanical properties of the PVA tubes eharacterized to
conclude on the effects of crosslinking density emerlayer adhesioon the compliance of the PVA

tubes.

Chapter 4 will explore the consistency of PVA grafts between batches and aftéeriongforage.
Automated dipcasting equiprant developed by Four¥iear Design Group under the supervision of
Dr. Evelyn Yim and YeJin Jeong were modified to assess the capacity of automated production while
maintaining consistency in qualitjlso, the physical properties of the PVA grafts were assessed to

ensure consistency after lotgrm storage.

Chapters will address the cellular study on the effects of compliance mismatnly continuous
compliance mismatched samp@ontinuous compliance nmsatched samples were fabricated and
characterized to ensure cellular adhesion and application of uniform strain throughout during cyclic
stretching.Then, the samples weseeded with VSMCs and exposed to cyclic stretching. Various
biological molecules assiated with proliferation and migration of VSMC were gquantified to assess

cellular responses.

Lastly, Chapter 6 will address the conclusions of each chapter, and explain the contribution of the
thesis in research. This chapter will atsmgest future dections and applications of the techniques

developed and used in this thesis.



Chapter 2

Literature Revi ew

In this chapterbrief overview ofdiseases requiring vascular graft interventioih be discussed.
Then, conditions thakesult in blood vessel occlusion will be explained in more detail, followed by
theapplications of synthetic vascular graffie synthetic vascular graft engineering research that
have been done using poly(vinyl alcohol) will be explaimterwards, thecurrent state and
limitations of synthetic vascular gradhgineeringwill be addressedJse of mechanical stimulation in
understanding cellular behaviof vascular smooth muscle celldl be addressed-inally,

compliance in vascular dgteengineering will be discussed

2.1 Diseases requiring vascular intervention

Cardiovascular system is an essential systemdis&ibutes oxygen and nutrients to the cells
throughout the body. Any problem in cardiovascular system can result in serious complieations,
therefore have been a focus of research for many decades. Thmanglefforts, synthetic vascular
grafts hae been developed and are actively being irséite-essential treatmenf$2]. In 2012,
approximately 400,000 vascular implants were used for coronary artery loypiSa [37].

Currently, synthetic vascular grafts are made using expanded polytetrafluoroethylene (ePTFE),
polyethylene terephthalate (Dacfonor polyurethang38]. Synthetic vasdar grafts are used

because they can be made and be readily avaj@®jleln the case of autografts, the grafts have to be
harvested from the patient. However, the synthetic vascular grafts can bprothssed and be used
without needing to go through another surgical procedure. Also, synthetic vascular grafts have been
improving over time. Different modifications have been tried to improve the patency of the grafts. In
1998, Walpoth et al. found that they can reach 100% patenc\Bafteek of implantation in mouse
when using heparigoated ePTFIE39]. The efforts to make higher patency synthetic vascular graft

continued, and synthetic vascular graft became a reliable option ford@meter vascular grafts.

However, limitation to the synthetic vascular graft engineering remainssyhitieetic vasdar
grafts have low success rate when the luminal diameter is less thafd®inithesevascular grafts
arecalled synthetismaltdiameter vascular graf{sSDVG) With sSDVG the patency of the grafts
can be as low as 28after 2 weeks of implantatigh7]. One of the proposed problems with the
available sSDVG is the compliance mismatch between the native blood vessels and the synthetic

vascular gris [41]. The limited success of sSSDVG is due to formation of intimal hyperplasia (IH)
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[42]. IH refers to thickening of the blood vessel walls due to excessive proliferation and migration of
vascular smooth muscle celld§MC) [43]. One of the hypothesized reasons for the formation of IH

in sSDVG is compliance mismatch between the native blood vessels and the vascukd]graft
Compliance is a measurement of the luminal voldione to change in internal pressi#g]. sSDVG

have low compliance, and the abnormal wall st(@éS), wall shear streg8V/SS) and suturdine
stressDetailed affects of compliance mismatch on sSDVG will be addressaeciion 2.4.

Here, the clinical problems that necedsisathe development of sSSDVG whigh success ratere
explained Cardiovascular system is the system connectinpehet andlood vesselso allow for
blood circulationghroughout the body. Blood is pumped by the heart with each heartbeat. The blood
flows through the blood vessels of different sizes to all parts of thefbpodyygen exchange as well
as transport or nutrientdf something within this process goes awry, it could cause cardiovascular
disease (CVDJ}1]. In the case of occluded blood vessels, synthetic vascular grafts are implanted to
circumvent the blockag&ynthetic vascular grafts are alssed in patients with chronic renal failure
(CRF)[2]. Patients suffering from CRF requires surgjingervention to connect artery and vein,
usually in the forearm of the patieff6]. While the connection can be made by using the native
blood vessels, sSDVG amaplantedin the case where the use of native blood vessel is not feasible
[47].

2.1.1 Cardiovascular diseases

Cardiovascular system spans throughout the entirety of the body serving a vital role. This role can be
interrupted or hindered by varionausespotentially leading to development of CVOYD is any
health condition that affects either the heart or the Vassysten{1]. It is one of the leading causes
of death worldwideaccouning for approximately 17.9 milliomeaths worldwide each year according
to World Health Organizatiof8]. Some of theknownrisk factorsof CVD includessmoking, high
cholesterol diet, diabetes, sedentary lifestyle, genetic predispositioaldeagk[49]. These factors

are often shared amews and sociahedia platforms, explaining the importance of keeping healthy
lifestyle and dief50-53]. The dangerous part of CVD is thHaving one CVD increases the risk of
developing other or multiple CVD#laving peripheral artery disead®AD), for examplecan

increase the risk for developing coronary artery dise&asdle case dfeart failure,ticould be due

to malfunction of the heart or the heart vaberause of damaged tissue, or because of interrupted

blood supply due to blood vessel occlugib4]. A clot formation can give rise to ischemic stroke if
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the clot blocks a blood vessel in the br&ecause théocus
of the thesis i®n vascular grafthe review in thissection

will be limited to the vascular systems

Coronary artéesarethe major artéesthat supplies blood

to the heart muscle$here are two major coronary arteries: _—
ig

left main coronary artery, and right coronary ari@g. 2.1. ivind

artery

in red)[55]. As coronary arteries supply blood to the heart

Left main
coronary artery

musclesany blockage of camary arteries can result in
increased strain on the heart, potentially leadingetot
attacks, and even heart failujéd]. The severity of the

F_igure2.1. Schema_tic _of the heart with left and|
coronary arterial diseases can affect the type of heart diselaét coronary arteries in redSs).

that may occurlf the blockage of coronary artery is minimal, then the patient may have a mild case
of angina- which is also known as chest p#fi0]. However, if significant amount dfie coronary

arteryis blocked, then it can cause heartcitta

Heart attackalso known as myocardial infarctiae,a weltknown leading cause of ded#1]. It
occurs when the blodtbw to the heart is significantly reducgsil]. The symptoms of heart attacks
are typically pressure, tightness, pain in¢hest, nausea, shortness of breath, fatigue, and dizziness
[51]. The type of symptoms or the severity of the symptoms maydeggnding on the person. Heart
attacks can be sudden and deadly. Because of this, people are encouraged to seek emergency medical
attention immediately after the display of one of the symp{&hs54] One of the dangers of heart
attack is that it can result in lodgstingdamageHeart attack results in disruption of blood flow
throughout the body. In severe case, heart attack can restdinndamage due to the interruptioh
blood flow.Bypass surgeries are performaitreatments to heart attacks caused by coronary arterial

blockageto circumvent the blockagend to restore blood flow to tiheart[55].

Peripheral arteries refer to arteries that at@énperipheries of the bodyheyallow for blood flow
away from the heart to the arms and |&ds names and the diametersome of theeripheral
arteries are shown in Table 2T)pically, the diameter of the arteries in the left and right side are not
different[56].



Peripheral artery diseag@AD) is a medical condition where the blood flow within these arteries
is reduceddue to blockag§4]. PAD typically occurs due to plaque builgh on the arterial athat
results in reduction in lumal diameterSome of the symptoms of PAD are pain, aches, or cramps at
the location of blockaggL 1]. Also, people may feel vakness in the affected limbs, as well as-hair
loss, smooth and shiny skin, slow healing, and coldidd3sHowever, about 40%f people with
PAD are asymptomati&3]. PAD is known to be highly affected by age, affecting 6.5 million people
that are older than 40 yearbagein the United States of Ameri¢SA) [65]. Healthy lifestyle is

Table2.1. Names and diameters of peripheral arteries in healthy individuz suggested as preventative measure of
Name | Diameter | Reference

PAD. PAD is typically treated using

Arteries in the legs

lliac artery 18.8-20.9 mm [57] antiplatelet medication along with
Femoral artery 7-8mm [58] L
Popliteal artery 4.9-6.9 mm [59] change in lifestyl¢11]. However,
Tibial artery 3.1-3.4 mm [56] .
Fibular artery 3.08.3.10 mm [56] bypass surgery may be needed if the
Arteries in the arms disease is too severe to be treated using
Subclavian artery 7-10 mm [60] . . .
Axillary artery 6.38-6.52 mm [61] medication/53]. Due to the diameters of
Brachial artery 2.0-6.4 mm [62] : : :
Ulnar rtery 5 358+0.39 mm 63 the peripheral arteries, PAD requires
Radial artery 2.329+0.4 mm [63] imp|antation of sSDVG.

2.1.2 Chronic renal failure

CREF, also known as chronic kidney failurefers to the decrease in the function of the kidney to
filter waste and fluid from the bloadue to kidneydamagd66, 67] Insufficient removal of waste and
fluid from the blood ca cause swelling in the extremities, pulmonary edema, and hyperkd&mia
66]. The risk factors of CRF includes diabst high blood pressure, smoking, obesity, and old age
[66]. There are reversible and irreversible kidney faillmghe case of reversible renal failure, the
kidney function can be restarevhen the causes are resolMecdkversible kidney failure, on the other
hand,is as the name indicatéghe damage to thedmey is too severe that the function of kidney
cannot be restorettreversible renalailure istreated using one dfireemethods: kidney transplant
peritoneal dialysispr hemodialysi$2]. Kidney transplant is a surgical process wheredémaaged
kidney is replaced by the donated kidf2} While kidney transplant is thareferredreatment
because of good loAgrm outcomeit is limited due to the availability of the donor kidngg2s9].
Therefore gither peritoneal dialysis dremodialysis iperformedon patients whauffer fromCRF.
Peritoneal dialysis is a process of perBor mi ng d

While the process is less invasive to people, peritoneal dialysis is not suitable for people with low
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renal function, obesity, or abdominaksring[69]. Also, peritoneal dialysis failure can occur due to
technique failurg70]. Hemodialysis is a process where the waste and excess fluid is removed from
the blood using a digterlocated outside of the bod9]. For hemodialysis, a connection between the
artery and vein are made for easy access to the dialjzeiconnection is surgically made by

connecting the artery and vdim create arteriovenotistula (AF) [15]. In the case where the-

cannot be made or are not usable, then vascular graft is implanted to make arteriovenous graft (AVG)
[2]. Hemodialysis is performed once everg 2lays, requiring the AF and AVG to be robust and have

selfsealing properties to prevent leakage of biptd.

2.2 Causes of blood vessel occlusion

Thrombosis Atherosclerosis Intimal hyperplasia

[ ]
LJ
Normal  + Temporary :Onsetofblood: Partial or Normal  + Excessive -+ Build-upof - Partial or Normal + Damageto - Migrationand « Partial or
deposition of  clot formation  complete cholesterolin cholesterolon  complete vascular wall  proliferation of  complete
fat and calcium blockage blood the wall blockage smooth muscle blockage

cells
Fat — O Calclum—D Blood clot — ' Cholesterol — ¢ Smooth muscle cells —@

Figure2.2. Schematic showing progression of thrombosis, atherosclerosis, and intimal hyperpl2ia/2, 73]
The occlusion of blood vessalan occur due tthrombosis, atherosclerosa,intimal hyperplasia

(IH) [70-72]. Thrombosis isuild-up of blood clotsin the case odtherosclerosisit is caused by
build-up of plaque.H is thickening of blood vessel wall due to over proliferation and anomalous
migration of vascular smooth muscle c€Ws$sMC). While one may trigger the onsetarfiother, they
all have distinct pathologysummary of thg@rogressiorof the three phenomena is shown in Figure
2.2.

2.2.1.1 Thrombosis

Thrombosis refers to formation of blood clots within blood vessel caedtingr partial or complete
blockage of the artery aein. Some of the symptoms of thrombosis can include pain, swelling, or
numbnes$11]. Development of thrombosis often areriétited to stiffening of the arteri¢s4, 75]
The stiffening can occur due to fat or calcium deposit buficdbn the arterial wa[l72]. Building up

of the deposits further stiffens the vascular wall, encouragnmugnbogenesig’6, 77}
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Thrombogenesis can trigger inflammatory response near thés#aflammatory response
exacerbates thrombenesis[72]. It can occur anywhere on the body, aad cause serious
complications such as heart attack antbnary artery diseasgkl]. Furthermore, the inflammatory
response can also trigger onset of atheroscleft3js

2.2.1.2 Atherosclerosis

Similar to thrombosis, atherosclerosis initiates with deposition of particiatnt in bloodonto the
blood vessel wall73]. Atherosclerosis can also cause the symptoms such as pain, swelling, or
numbness of the affected regidm.the case of atherosclerodise particles that deposit onto vascular
wall are cholesterdlr3]. The collection of cholesterol that builgb on the vascular wab called
plaque If plaque buildup continues, t#n the lumen of affected blood vessel can become either
partially or completelypccluded11]. Immune responses have also bemmd to play a role in
development and progression of atherosclef@8p Similar to how thrombosis can cause
atherosclerosis, inflammatory responses dughterasclerosis can asause thrombosis to occur
[73]. The concurrent progression of thrombosis and atheroscleroséxpadite the blockage of the
vascular lumenlt can occur anywhere in the body, and can also cause various cardiovascular

complications.

2.2.1.3 Intimal hyperplasia

Intimal hyperplasidlH) refers to thickening of the blood vessel wall due to anomalous migration and
overproliferation ofVSMC. IH can occawhen the cells composing the vessel wall gets damaged
due to trauma, high shear stress, surgical injury, inflammatior{18{cThis type of occlusion of

blood vessel occutypically in vascular bypas#®\F, andAVG [15, 78] For the purpose of vascular
graft enginegng, IH is the biggest hurdle to overcome graft failuistailedreviewof IH will be

addressed in the context of application of synthetic vascularigitai later section of this chapter.

2.3 Applications of synthetic small-diameter vascular grafts

Two main applications ofymitheticsmall diametevascular grafts are bypass surgeries to circumvent
blocked arteries and arteriovenous grafts for access for hemod[@B}iBAD is treated with
medication and lifestyle changes initia]iyl, 50, 51] However, if these measures are not sufficient
and the disease progress, thypass surgeries are need€dese grgeriesare typically considered
as lasoption since it is an invasive procebBemodialysis is a procedure to remove wastefhnd
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from theblood[9]. It is done for the patients thiCRF[9]. In order to perform hemodialysis, a
connection betweeartery and vein in the forearm is made surgic#l¥VG refers to thevascular

grafts used to form the naection for the purpose of hemodialy|€s

Vascular lypass surgerieigvolve theimplantation ofa vascular graft in order to circumvent
blocked section of the blood vesd®{pass surgeries are invasive, so it is used whear atbthods
of treatment fail to prevent blood vessel occlusimmif the blockage is significant enough to cause
heart damaggb5]. If bypass sugeries areonsideredecessary, the first choice for bypass graft are
autograftsAutografts are the blood vesselstiog patient harvested from another location of the body.
For example, autografts that are used for coronary artery bypasspfienousein in the leg$80].
After autografts are harvested, they are immediately connected to create a bypass the regituded
of theblood vesselThey are least likely to be rejed by the bodand have good paten{1].
However, autografts faceome drawbeks such amited availabilityandrisks associated with
additional surgerief82]. If there are no autologous graft that can be used, then synthetic vascular

grafts are used for the bypass surgery.

Similarly, autologous blood vessels amnsidered goodcandidate to make treecess for
hemodialysis acces$he access for hemodialysis using native artery and vein is called arteriovenous
fistula (AF). For AF, native artery and vein in the arm of the patient is surgically conngdd&gdrhe
hemodialysis would be then connected to the fistula. Blood would be drawn framntloeleled
superficial vein of the AFfiltered in the hemodialysis, then returned to the patient through the vein.
Because connection of artery and vein is connecting twerdiifly structured blood vessels together
to expose them to abnormal blood fléov repeatediccesso hemodialysisAF faces many
difficulties in longterm maintenanci83]. Since AF is used as an accesshimodialysis, it is
regularly punctured using needld@sis repeated puncturing can damage the fistula. The damage then
contributes to the failure of AF. Also, AF must mature correctly in order to be used as access for
hemodialysig84]. This maturation sometimes does not occur in some paf8#jtdn the case of
failed AF, AVG is usedAVG is the connection between artery and vein made using synthetic

vascular graft.

2.3.1 Poly(vinyl alcohol) vascular grafts

Poly(vinyl alcohol) (PVA) hydrogels bio-inert, have limited cytotoxicity, have low thrombogenicity,

and haveunable mechanical propertigal]. It is used in manpiomedicalresearch areatue to

13



these beneficial propertigdsor example, Wwen crosshkedusing freezeghaw cyclesPVA can have

similar mechanical property as cartildg®, 86] Also, PVA has been used in the stem cell research.
Stem cells have been shown to differentiate when cultured on a substrate with different Eiffness

In a study published in 2015, stiffness of PVA wasedusing gradual freezawing method to
investigate stem cell differentiatig@7]. In another studyPVA hydrogel crosslinked using trisodium
trimetaphosphate (STMP) as the crosslinking agent was studied as a potential substitute of vitreous
humor[88]. PVA hydrogel crosslinked with STMFas been found to be very compliant, and have
been suggested asmaterial to makeompliant vascular graf89]. In this section, | willreview

usage of PVA irvascular graft engineerirfgr the development of compliant sSSDVG

There are multiple methods of crosslinking PVA hydrogel. The two populas aypphysical
crosslinkingmethodand chemical crosslinkingiethod The most common method dfiysical
crosslinking of PVA ues freezethaw cyclego cause entanglement of the PVA molec{®€3. The
relationship betweethe number of freez¢haw cycle and the mechanical properties of resulting
PVA hydrogel is very well characteriz§aD, 91] There have been a few differattemical
crosslinkingmethods oPVA hydroges. PVA has been crosslinked using the glutaraldehyde, which
resulted in PVA hydrogel with cytotoxicif@?2]. Later, different chemical crosslinking mettsoof
PVA were explored to result in PVA hydrogels without cytotoxicity. For exandeabiet al.
published a method of alkaline based crosslinking method of PVA hydiages optically clear
[93]. They also showed the method allowed3br printingof the PVA hydrogel[93]. Another group
studied the crosslinking of PVA using differenbleculeq94]. In their study, crosslinking of PVA
using citric acid, succinic acid, iron (ll) sulfate heptahydrate, hydrogen peroxide, and sodium
hydroxide[94]. PVA has also been crosslinked with epichlorohydrin as the crosslinker 9392
PVA hydrogel have been crosslinked using STMP as the crosslinking agent in a basic g8ution
96-98]. A review published in 2014 addressing crosslinking of hydrogel summarizes different
crosslinking method of PV499].

The PVA hydrogels crosslinked using STMP is elastic, and was suggested to be a good material to
make compliance vascular grafgs, 29, 89, 96]Recently the detailed effects of different
crosslinking parameters of PVA hydrogel crosslinked using SWe®studiedn Chapter 321].
This allows for thdine-tuning of the compliance and mechanical properties of PVA vascular grafts.
Furthermoresome asects of different sterilization methods on the mechanical properties have been

studied[97]. Sterilization is an important and necessary step for implantation into the patients.
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Therefore, understandinbd effects of sterilization on the mechanical properties of the PVA grafts is

important for the development of compliant PVA grafts.

One difficuky in using PVA hydrogel is that it does not allow for cellular attachment without
modification. While the lack of cellular adhesicould be beneficial for other applicatioritsis
important to allow cellular adhesidor vascular graft engineering. Fe8DVG, endothelialization is
key to longterm success of the grg#9, 100] PVA has been modified using gelatin, collagen, and
fucoidan to enhance cellular adhesja8, 29, 101] Among these, gelatin and fucoidan has been
foundto enhance endothelializati¢28, 29] The capacity to enhance cellular attachment is important
also for using PVA hydrogel iim vitro experimentas well as for longerm patency of the grafts
PVA grafts ae being studied in botin vivoandex vivoanimal models to test the performance of the
PVA grafts.Improving the compliance and cellular interactadrPVA grafts would allow for
positive results from these animal models, which is a prerequigiteteeding to the FDA approval

and clinical application

2.4 Current state of synthetic small-diameter vascular graft engineering

Smalldiameter vascular graftdefined as vascular grafts with an inner diameter less than 6 mm,
continue to show poor patenf02], most often caused by 146, 103] sSDVG are smaitliameter
vascular grafts made using synthetic matefihgé lack of viable options for sSDVG impacts more
than 52 million people who suffer from peripheral arterial diseases (PADB¢ United States of
America (USA) alone due to maintenance of[t@4, 105] Furthermore, the lack of synthetic
options for arteriovenous graft&VG), which are also sSDVGs, affects patients with-stadje renal
diseasd47].

The leading cause of poor sSDVG patency is IH. IH is the thickening of the tunica intima of blood
vessel valls, which is believed to be caused by either proliferation or migration of smooth muscle
cells (SMCs), that results in either partial or complete occlusion of the blood Mé¥e107] The
factors associated with IH are mechanical or biological damage that leads to vascular endothelial
injury [108-110]. Since IH development is detrimental to the patency of implanted vascular grafts,
both biological and mechanical causes of IH have been stediedsively. A common treatment for
vascular occlusion, for example, is angioplasty. In angioplasty, the occurrence of IH mainly derives
from the destruction of the endothelium from scraping and stretching of the vessel wall, followed by
the molecular andellular reaction. Biomechanical factors, such as WS and WSS, also play a key role
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in the generation of IH for particularly synthetic vascular grafts. These biomechanical factors have
been shown to be affected by the compliance mismatch between the vgsafitdaand the native

arteries. One of the mechanical properties that is being revisited is vascular compliance. Compliance
in cardiovascular engineering is defined as the inverse of stiffniessthe circumferential elasticity

of the vascular grafith application of pressure.

The theory that compliance mismatch could affect the patency of vascular grafts has been around
since the 1970(g.11-113]. Since then, many have tried to understand the effect of compliance
mismatch using various meth@d$rom flow analysis ging simulations to in vivo graft implantation
models. The significance of compliance mismatch remains controversial, as some studies found a
significant drop in graft patency due to compliance mismgkth113115], while others showed that
the effect was negligiblgt4]. This dispute could arise from comparing different types of grafts
biological vs. synthetic grafts. To avoid this potential confusion, this review will focus on the IH
formation while ugig synthetic vascular grafts. This review aims to address the biological and
mechanical factors that were found to affect IH and the significance of compliance mismatch in those
mechanical factors. Lastly, this review will describe the current limitatronaderstanding the
complete effect of compliance mismatch by assessing the methods that areamsdygso

compliance mismatch.

2.4.1 Pathophysiology of intimal hyperplasia

Native blood vessel walls are made of three layers: tunica externa, tunica mediej@adhtima

[116]. Tunica externa is the acellular outermaselr composed of collagenous fibers and elastic

fibers, and tunica media is the thick middle layer composed of §MC% Tunica intima is the

innermost layer composed of endothelial cells (EC) andexdive tissuefl06]. Intima is a single

layer of EC, endothelium, and an endothedipécializedbasement membrane of tunica intima. It
contains laminin, collagen type 1V, glycosaminoglycans, and proteoglycans such as heparan sulfate
[118, 119] Adventitia is the outermost layer of the native blood vessel that consists of loosely packed

fibroblasts.

The endothelium serves as a sthrombogenic barrier between blood and tissues and participates
actively in maintaining homeostasis. EC secrete various proteins and growth factors that prevents
VSMC constriction and proliferation, such as nitric oxide (NO) and prostacyclin)(RQ0], and

synthesize heparilike molecules that prevent platelet adherence, aggregation, and coaga2tip
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VSMCs, elastin tissei and collagen form the medial layer of native blood vessel walls. In a normal
blood vessel, VSMCs are contractile, differentiated, and quiescent. However, upon vessel injury or
vascular surgical interventional process, VSMCs change phenotype to arativkfstate and

eventually migrate to the intima and form IH.

Formation of IH involves all the components in the blood vessebeaurs through the following
process. The initiation is due to the damage or dysfunction of EC, which exposes the underlying
collagen and SMC to blood components. Immediately, platelets start to adhere, aggregate, and
activate to form thrombus and are @olled by leukocyte chemotaxis. The activated platelets release
growth factors, such as platelirived growth factor (PDGHL22-124]. In response to all the
changes, SMC change phenotype from quiescent state to proliferative state, then start to proliferate
and migrate from nwa to intima. Fibroblasts in adventitia also differentiate to myofibroblasts,
proliferate, and then migrate to the lumen. Meanwhile, cells involved in the IH formation secrete and
deposit extracellular matrix, further thickening the intima. Histologinalyesis of IH corroborates
this process and shows abundant VSMCs, fibroblasts, myofibroblasts, and inflammatd@2&ells
129]. Excessive damage to the adventitia can also lead to IH. During vascular surgeries, adventitia is

frequently stripped by surgeons to enable a bgttesp of vascular walls. However, studies have

found that these injuries result in the

remodeling of adventitia and

increased proliferation of fibroblasts Fa

in adventitia within a few day{4.30, Proximal Distal

Toe
131]. The proliferating fibroblasts B Blockage Floor Blood flow
would further migrate from adventitia Artery

to intima and form myofibroblasts,

Figure2.3. Locations of intimal hyperplasia formation in synthetic vascul
. . - grafts. IH in synthetic vascular grafts occur mainly at the flob the native
Contnbu“ng to the formation of IH blood vessel and the toe, and heel and toe around the distal anastonjé3ps

[125, 126, 132]

2.4.1.1 Triggers of intimal hyperplasia in vascular grafts

The IH formation in synthetic vascular grafts show a common pattern of spatial distribution: IH
develops mainly at distal anastomosis in bypass dd#ts133135], and at gri-vein junctions of
AVGs (Fig. 23) [136-138]. The IH is thought to develop arourtetdistal anastomosis due to the fact

that distal anastomosis is the region most heavily affected by combination of altered hemodynamic
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andWS[133]. Surgical trauma, material biacompatibility, and biomechanical factors, have been
found to contribute to IH formation in synthetic vascular grafts. Figutsummarizes the influence
of these factors to the formation of [#3, 73, 122126, 130132, 139159]. This section will discus
material biecompatibility and biomechanical factors and their effects on IH formation.

Synthetic Vascular Graft

[
Compliance Mismatch [54-56]

Wall Shear Material
[wa" S"ESSJ [ Stress J Biocompatibility

'"“:Zzenddws st;’gﬁi‘ﬁ;' of gg;;‘::ﬁ Endothelial Platelet Leukocyte :;g:mgli‘:l Inflammatory
SRR VSMC MMP-1 cell damage aggregation activation cell lining responses
T T T I
Increased EC Increased Production of
inflammatory . platelet MMP and
response GIERIEEY adhesion TNF-a
T
PDhGn;Pand Decreased Increased
ducti eNOs production of
p:’:crue:;gn production growth factors

\

Proliferation and Increased
migration of VSMC myofibroblast Thrombogenesis
promoted formation
Healthy l l l Intimal
Vessel Wall Hyperplasia

Figure2.4. Factors that influence intimal hyperplasia formatiolVSq wall stress, EE endothelial cells, VSMEvascular smooth muscle cell
PDGE platelet-derived growth factors, MME metalloproteinase, TN ¢ tumor necrosis facteh = |y R en8dbhklifnitric oxide synthase|
[43, 73, 122126, 130132, 139159].

2.4.1.1.1 Material bio-incompatibility

Prosthetic, especially synthetic, vascular grafts are prone to triggering vascular inflammatory
responses. Previous studies have shown an equal contribution of the inflammatory response and
arterial injury to IH formatiof139]. For instance, macrophages were commonly observed in
expanded polytetrafluoroethylene (ePTFE) graft stejd4i3]. Furthermore, studies showed
depleting macrophages could suppress IH, indicating the macrophages may regulate IH formation
[141]. Meanwhile, the inflammatory response stimulates the production of matrix metalloproteinases
(MMPs) by VSMCs, which facilitate the migration and proliferation of VSNIC3 142, 160]T-
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lymphocytes have also been ebged in the intima of injured vessels. They secrete tumor necrosis
factora (TNF-a), which has been proven to induce migration of SYI48]. In addition to
inflammation, the lack of endothelial lining on the luminal surface of synthetic materials triggers
platelet aggregation and thrombosis formation, resultimgimowing of the lumen. Activated
platelets and thrombin have also been dematestras mitogens of VSMCs and stimulate VSMC
proliferation[144-146].

2.4.1.1.2 Biomechanical factors

The mismatch of mechanicalgperties between grafts and native blood vessels has been proposed to
be one of the important factors leading to IH in vascular grafts. The compliant arterial wall acts as an
elastic reservoir, absorbing energy during systole and releasing in diadtoléudtion of a rigid

segment, such as a stiff synthetic graft, interferes with the function. Compliance mismatch between a
native artery and prosthetic graft was hypothesized to affect graft performance and result in a loss of
patency by Abbotet al[161, 162] Later studies also confirmed the role of compliance mismatch in

IH formation[45].

Accompanied with compliance mismatch, the geomeliscontinuity across the anastomoses
between grafts and native blood vessels causes a blood flow disturbance around the anastomoses. Due
to the configuration and mechanical mismatch between native vessel and graft, there is turbulence or
flow separation arund the anastomosis area. The flow separation causes endothelial injury and
endothelial dysfunction by inducing different flow patterns at the heel and the toe, releasing growth
factors causing SMC and myofibroblast proliferatjipf, 43, 147]Also, the disturbed flow will trap
platelets and cause plateletgasgation downstream, and will also promote fibrin thrombus
formation[159].

WSS due to blood flow regulates the function and composition of blood vessels by affecting the
phenotype and integrity of EC$48, 149] Under physiological WSS, the phenotype of ECs changes
from random orientation to aligned with flow direction during neovascularizatiat. Migh steady
laminar shear force, ECs produced more NO, lowering the proliferation of SMCs and thus inhibiting
the pathways leading to I150]. However, with synthetic vascular grafts, ECs are exposed to
abnormal shear stress and fail to express endothelial nitric oxide synthase (eNOS). Also, the distal
anastomosis appears to inducdarp shear stress change, with the directional change of shear force,
which may lead to endothelial deformatid®1]. Low WSS is also not good as it will cause slow
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blood velocity inside the lumen and will decrease the proliferation of ECsranmbfe altered
morphology. Monocyte adhesion was found to increase on the EC layer under low shefrsafess
In addition to WSS, DePaoé al found gradient WSS near aitd branches could induce a change
of endothelium and potentially contribute to IH formatj@f3]. Later studies confirmed the

hypothesis that the gradient shear stress induie¢sletderived gowth factorA (PDGFA) and
monocyte attractant protefhexpression in EC4.64], and potentially regulates the direction of SMC
migration[165]. Ho et al also found that immunoglobulin and prolirieh receptorl (IGPR1)
responeéd to shear stress and increased stiffness of th¢ll66k EC stiffness contributes to the
alteration in WSS and induces transdifferentiation of VSMCs, exacerbatifigg&1167]
Meanwhile, endothelial NOTCH1 has been shown to affect cellular jursctiod endothelial
proliferation inresponse to shear str¢$68].

Other than in affecting ECs, the effect of

- WSS can be compounded with other factors
_i--z.‘ ::thhlml‘" ., | that affect the blood vessel wall, such as
f :::: - rrammatory cel SMCs, platelets, and leukocytés synthetic
/ \ vascular grafts, vascular EC denudation at the
: T anastomoses exposes underlying VSMECs
E A+ *. ; oscillatoryWSS andegulates SMC
i :::: i proliferation, protein synthesis, and mitogenic
Low wall shear stress High wall shear stress activity [169]. Extensive studies have shown

Figure 2.5. Vascular vessel wall remodelling due to alteration in wg that hlgh’ yet still within physiological range,
shear stres§169, 170] steady laminar WSS inhibited proliferation of
SMCs[170-172]. However, when exposed tscillatory shear stress, SMCs, had increased

proliferation and cell survivdlL73]. Furthermore, low shear stress due to reduced blood flow speed
traps platelets anéukocyteq153]. The attached platelets and leukocyte may become activated and

trigger the formation of thrombus, further contributing to IH in a positive feedbapk(Fig.2.5).

In addition to WSSyasculatWs (WS) also plays an important role in IH formation, mainly for
vein grafts or the venous side of AVAF4]. It has been found that compliance mismatch, and the
resulting increase in WS, could also irgfhce the formation and development of[413, 154, 159]

Compliance mismatch has been shown to cause increased WS around the anagtbdjdsess
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found that high WS may serve as an initiator of the inflammatory response, such as increased PDGF
and MMP expressigrihat is important for SMC proliferatida55, 156, 175]Studies on PDGF

responses to stress showed that uporeasing WS, PDGF secretion is promdtedb]. Also,

increased suturkine stress has been found at compliance mismatch anastgie4p#\s sutures

are not elastic for the purpose of keeping the anastomoses closed, they result in contributing to the
compliance mismatching at the anastomoses. The elevated-uusgess may stretch SM@ad

cause SMCs to proliferate, and contribute to IH formatéi@) 158]

2.4.2 Compliance mismatch

Despite many advancements in the fields, the complete picture of the effect of compliance mismatch
in IH formation still remains elusiva.he difficulty in solving the question comes from the fact that

IH formation in synthetic vascular graftsdue to complicated feedback lodjne difficulty is further
exacerbated due to lack of consensus on a standardized measurement methods available for
identifying the compliance of native blood ves4&l&7]. Furthermore, the difference in compliance

of the vascular graft or native blood vessels are affegteldebdifferent measurement methods The

lack of standardization is reflected on the equations used to calculate the compliance (Table 1). All of
the equations can be applied to eitimevitro or in vivo measurements. However, the sensitivity and
accuracyof the measured value is dependent upon the measurement method used to make the

measurements.

2.4.2.1 Measurement methods

One of the reasons why the influence of mechanical properties, specifically the compliance, is not
well understood is that there is no sehsensus on how to measure the compliance of native blood
vessels. One of the fundamental disputes is of the parameters used to determine the compliance. Some
use pulse wave velocity (PWV) by assessing fluid flow parameters along with augmented indlex (A
or resistance indejd 77, 178] Others use changes in the diameter obtbed vessel or vascular
grafts using echo tracking systems to determine the compliance. Lastly, an ultrasound based method
called arterial stiffness evaluation for nmvasive screening (ARTSENS), developed in 2015, can be
used to measure the arteriaffaess[179-181]. Different methods that can be used to measure the
PWV and Alx (Table.2 Eq. 1 6), resistance index (RI; Tab®2: Eq. 7), or compliance (Tabk2
Eq. 8 15) are listed in Table.2 While all of the equations can be used in bothitro, ex vivg and
in vivo, PWV and Alx equations are most suitable for measuring compliame®o due to accuracy.
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Common measement methods use PWV and Alx to overcome the limitations of the Doppler
ultrasound low accuracy and sensitivifit77]. In 2018, Josephbt al developed magnetic
plethysmography (MPG) to measure arterial compliance using P\82]. Another method
developed in 2016 is ARTSER®en. The benefit of ARTSENSen is that it is an automatic and
image free method of measuring arterial stiffness with good acci@8y184] This method is
actively being tested for its accuracy, and recently showed repeatable and high sensitivity
measurements through assessing 523 subjects in a clinicfl 854l Radial artery tonometry is also
used to measure the arterial stiffness in diabetic children using PWVIaijti88]. Alx is a method
using ascendingortic pressure waveform to measure the systemic arterial stifirl86%88]. It is
often used in conjunction with PWV as an indirect method of measuring arterial stjffB8$dn
clinical practice, Alx is used as a method to measure arterial stiffness because it is independent of
geometry and is determined by age and aortic H¥®0@]. The biggest benefit of Alx is the

consensus in the equation used for calculation unlike others such as PWV and compliance.

The problem with these different typ of devices lies with their potential for clinical applications.
While many measurement options are commercially available, most clinicians still prefer to use
Magnetic Resonance Imaging (MRI) or Doppler ultrasound due to ease of use for measuralg arteri
stiffness of the patienf477, 190192]. Unfortunately, this yields inaccurate results depending on the
resolution of the imaging instrument used, the location of the blood vessel, anfitezélood
vesse[178, 193] For example, some transcranial Doppler ultrasound cannot measure the arterial
geometry, therefore requiring thetorelocity to be used for compliance measurenied®]. As
means to minimize the errors due to the measurement method, Rl is used to assess the vascular
stiffness instead of measuring vascular compliari¢be native blood vessels direcfly78, 194]
Although these & and RI are closely associated with vdaceompliance, they are not sufficient for
the measurement of arterial compliafit@5]. Validation of using Doppler ultrasound has also been
performed by comparing with other available methods. Mechanotransduers have verified the
reliability and reproducibility of Doppler ultrasound techniq{t30, 196, 197] However, these
methods do not overcome the innate resolution problem Doppler ultchBaspits accuracy and

repeatability depend on the sonographer. The consensually most accurate method is using
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Table2.2. Equations used to calculate arterial stiffness.

Equations Unit Ref.
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mechanotransducgt97]. This is an invasive method as a probe has to be inserted to measure the
blood flow and pressure, and thus it is not used in clinical sefti®gs 197] Although many
measurement methods are available, none of the currently available methods meet all of the
requirements needed for accurate asseass of the mechanical properties affecting hemodynamics in
both the clinics and in research.

2.4.2.2 Modelling methods

Recent advancement in computational fluid dynamics (CFD) and finite element modelling (FEM)
made it possible to simulate the complex flow iretlin vasculatures. CFD simulation allows
researchers to model the effect of hemodynamics and the resulting WSS on the vessel walls without
having to perform physical experiments. Similarly, FEM simulation allows estimation of WS applied
on the vessel walFor example, Het al.found that endo-end anastomosis model showed the
presence of significant disturbance in blood velo&#gSand pressure at the compliance mismatch
region[211]. Compliance mismatch can result in a change in the WSS exerted by the blood flow and,
therefore, proper assessment of the flow regime gives insight to this phend2Ehad?l 2] This
conclusion is constent with the earlier findings of Steinmanal, who showed that the magnitude

of shear stress is directly related to the pressure exerted by the flowin@18]dAs for WS, many
tissueengineered vascular grafts (TEVGSs) use computational modelling to assess whether the TEVGs
are suitable in physiological pressi@é4]. However, as the models often overlook biological

factors, the models are not capable of accurately predicting the genefdtibfi87, 212, 215]The
computer models developed by Stewart and Lyman showed that protein transport patterns differ
between compliance mismatched models and thekance matched model, further giving weight to

the importance of understanding compliance mismatch in vascular graft engiri2&&ng15]

While the development of CFD allowed for a better understanding of the mechanical properties of
graft effects on hemodynamics, many simplifications are still used for the CFD to sufficiently and
accurately describe the development of IH. In 2018, Szafrah showed that the biological factors

that were often overlooked can be incorporated into one computational modelling when assessing WS
[216]. This is a great advancement for WS modelling, but it is yet to become the standard for WS

computational modelling.

The improvement of computer simulations also shed light on the limitationwitfo validation

methods: the lack of high compliance materials and the lack of biomimetic availaive/itoo
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setups. For synthetic vascular grafts, there is a basioceetent of good mechanical integrity for

safety. Dacron and ePTFE, synthetic vascular grafts that are currently available in the market, has

high mechanical integrity and high safety margin. However, these grafts lack compliance. As

hydrogel can often beodified to have different mechanical properties, hydrogels have been used to

fabricate various sSDVGs. For example, Wasal made an elastin/polycaprolactone hybrid vascular

graft that can match the compliance of the native blood vessel with thedsamete [217].
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Figure2.6. Summary of the techniques used for calculation of compliance of vascular gr|

Similarly, polyvinyl alcohol
grafts showed promise as a
compliant synthetic vascular
graft, and are being studied
extensively[25, 29, 221, 222]
However, the problem with
synthetic vascular grafts is that
they lackthe high compliance
variability of native blood
vessels. For example, the native
artery has the compliance of 8 +
5.9 percent per IOmmHg,
whereas poly(carbonate)
urethanebased synthetic
compliant vascular graft has the
compliance of 8.1 + 0.4 percent
per 10° mmHg[209]. This is

important as blood vessels must be able to compensate for different blood flow that naturally occurs

due to physiological phenomeraue to the fact that polyurethane vascular graft displaying

compliance comparable to the native blood vessefits were studied as a potential candidate to

be a sSDV@209]. Poly(carbonate) urethane vascular grafts are being dtadia hemodialysis

access in clinical trialR23, 224] Despite the developments of new and improved biomaterials, the

materials that displays the qualities required to mimic the mechanical properties ediamailer

blood vesselssiyet to be found.
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The other drawback of using vitro model is that the experimental setup used to measure the
compliance is not an accurate representation ahtkievo condition. As depicted in Figuiz6,
various technigues can be usedifovitro testing of synthetic graft complian{2s, 189, 199, 200,
206, 210, 21820]. Due to the ease of setup, hydrostatic pressaeced expansion has been used to
measure the compliance of synthetic grgteg. While this model can be used to make basic
compliance measurements, it is not suitable for assessing the dynamic compliance of the grafts. As
blood flow within the body has been weharacterized, marin vitro tests and cell culture use
simulated physialgical pulsatile flow161, 219, 225, 226For example, Gongt al. developed a
culturing system that generated physiological pulsatile flow using a pump; they showed that dynamic

culturing condition increased cellular attachment and improving compliance of thE2gejft

Even with the physiologically relevant culture conditions, it is impossible to get an accurate
representation of the effect of mechanical properties dn iktro, as the biological factors involved,
such as cells, plateletsnd growth factors, in the formation and development of IH is either
simplified or non existent in the fluids used in vitro cultures. The idea of bloeahimicking fluid
(BMF) for the purpose dh vitro blood flow and vascular graft testing has beedistlisince late
1 9 9 [2®7F Despite the fact that BMFs are commercially available, thegsfloainly focus on the
mimicking the biological acoustic noise for ultrasound imaging rather than the biological factors; they
are mostly used for ultrasound imagi2@8, 229] As shown in Figure .2, the biological factors
such as inflammatory responses and thrombogenesis play an impogantdeVelopment of IH.
Without blood factors and cellular interactions to simulate these interaghongp tests cannot
accurately represent tlevivo environment. Furthermore, performimgvitro WSS and WS
experiments relating to compliance and compliance mismatch are still difficult as experimental
methods are still not well establishi80]. While particle tracing is the preferred method for
measurement of WSS, this method is still yet to be used in conjunction with cell {28ly@32]

Unlike, the effects of WS on cellular behaviors have been stirdigtio [154]. However, most of
the recent publications focus on the FEM computer modelling rathemtivéro experiment§214,
233]. In vitro methods without multiple biological components cannot be useful beyond being a tool
to understand only the basic interactiotw®Een one cell type and synthetic vascular grafts rather than

assessing the interaction of various biological factors with different compliance.

To overcome the drawbacksiafvitro models,ex vivomodels are used to perform more

physiologically relevanéxperiments while minimize the use of anim&s.vivomodels are more
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extensively used for biological or tisseagineered vascular grafts as they provide a less invasive
met hod to assess t he inwiewExpdimenth @hare atwondiffeaenti bi | i ty t
types ofex vivomodels that can be used to assess the effect of compliance mismagtvitie

shunt modeandex vivoorgan culture. Thex vivoshunt is a welestablished procedure to test the
hemocompatibility of synthetic vascularafs[98, 221] Ex vivoshunts use externally reinforced
vascular grafts surgically connected to a part of the animal. The limitation of thiss#tapthe

shunt is supported by external structure, which masks any potential influence by the compliance.
Recently, arex vivoorgan culture model for screening the synthetic vascular grafts have been
developed45]. This system is different fromx vivoshunt since it usesx vivobioreactor rather than
the animal itsdl[234]. This system screarfor the markers that are known to induce IH formation to
screen for the synthetic vascular grafts their potential to forfd3H The strength of this model is
that it allows for screening of the biological effects of vascular grafts vffdrehce compliance.
Further development @fx vivomodels would enhance the ability to easily test synthetic vascular
grafts with different compliance while having higher accuracy thatitro models[234]. Ex vivo

shunts oex vivobioreactors have the capacity to account for much higher variety of biological
factors. Some have even developgedsivoorgan culture model for screegisynthetic vascular

grafts for compliance compatibilif#5]. However, the techniques are still young and require further

validation before application.

The best and most physiologically relevant method of studying the relationship betereen th
biological and mechanical factors and IH is usmgivo model. An example of a wedistablished
vascular graft implantation model for SDVG is eioeend rabbit common carotid arterial
implantation[235-237]. However, studies using vivo model are extremely difficult due to many
factors. First, nofinvasive meas@ment methods are always preferred because of ethical concerns,
easy procedures, clinical relevance, reduced trauma, and no unnecessary complications even though it
is viewed as less accuraBut Doppler ultrasounds are not sensitive enough to isolaitédodl
mechanical properties, and could not be used to accurately understand the extent to which the
compliance and compliance mismatch influencef38]. MRI techniques can also be used to
measure compliance, but this method requires expensive instrument, long imaging time, and

specialized facility set up and, therefore, is oftentimes not accessible for reseaf2h,|l239]

Another limitation ofin vivomodels is inconsistency between protocols. When testing the

biomaterials of vascular grafits vitro, international standards and guideline such as International
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Standard Organization (ISO) has been established to which researchererdad@gfHowever,

there are still many different models to account fpehding on the application, making it crucial to
choose the most applicable mod@36]. For example, even though the eoeside anastomosis

more common method of implanting SDVG clinically, small animal models predominantly use end
to-end anastomos[241]. On the other hand, ertd-side anastomosis in small animal model exists as
well [222]. Surgical parameters such as anastomosis type is important as these parameters can directly
impact the patency of the implanted grg#386]. Finally, the type of animal used is very important.
Different animals have different hemodynamic, different biological responses, different vascular
sizes, and different compliances. All of these factors play a role in graft patency and IH formation.
Forexample, having different diameters of vascular graft and the native blood vessel would decrease
the blood flow around the anastomoses, which could cause thrombogenesiseBgtgrublished a

very comprehensive comparison between animal models andiitbtite potential animal models

that are suitable for sSDVG applicatif286].

In vitro, ex vivomodels andin vivomodels are used to urdéand the effects of compliance
mismatch on the pathophysiology of IH. Whithevitro models provide a convenient method to test
the compliance and basic cellular interaction with the synthetic vascular grafts, there lacks a
connection between the compi@e mismatch and the onset of IH.vivotesting models are still the
best models for testing the performance of vascular grafts even with all the difficulties it entails.
However, these models are particularly difficult for assessing the influence pfianoe mismatch
on IH as an accurate and rmvasive compliance measurement methodivo does not existin vivo
models must be carefully chosen to have appropriate animals, correct procedures, appropriate

anastomoses, and correct diameters betweenblzagraft and native blood vessel.

Despite the advances in technology, understanding the complex roles of the biological and
mechanical factors in vascular graft engineering are yet to be completely understood. IH-s a well
observed phenomenon in medigjrand the biological mechanism of its development has been
studied extensively. The field is now trying to make connections between the mechanical factors and

their influence on biological responses.

The knowledge of compliance mismatch has been showe important in vascular engineering.
Compliance mismatch between the synthetic vascular graft and the native blood vessel influences the

hemodynamics. The altered hemodynamics influence WSS through irregular flow patterns. The
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irregular mechanical sign#tien triggers irregular biological responses. These irregular biological

behaviors then manifest as pathophysiological phenomena known as IH. While many strides have
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been made to understand the links between compliance mismatch and IH, there is still missing
information that must be identified before the links can be understood completel®. (4R, 211,
212, 231, 24247)).

With the number of cardiovascular disease incidences increasing as time passes, the need to
fabricate better vascular grafts is evitie especially so for sSDVJ248-250] As IH is an
important hurdle that must be overcome to achieve more successful AVGs and SDVGs, it is
important to understand the biological factors associated with IH and the effect of mechanical
properties, such as compl@mmismatch, on hemodynamics that generate WSS. A platform that has
the capacity to alter both the mechanical properties as well as the chemical properties is required so
that the effects of the mechanical properties on the IH formation can be asselssatwiing
influenced by the chemical and biochemical factors. Also, a way to ensure consistency in compliance
measurements betwemvivo experiments must be established so that the results from different
vascular grafts can be compared to one anottnés.\Would not only enhance the reliability of the

results, but also ensure the requirements of newly developed vascular grafts.

2.5 Responses of vascular smooth muscle cells to mechanical stimulation

The importanc®f mechanical stimulatioim triggeifing biological functions have been studied in
various cell type$32, 251] For example,n the case absteocytes, bones are exposed to compressive
loadingandtorque[33]. Mechanical loading has been found to play a critical role in the shape of the
lacunae formed by the osteocyf{88]. A study published in 2021 found that exposure to mechanical
loading can activate the Y@ssociated protein (YAP) pathwf362]. YAP is a known pragin

involved inextracellular and intracellulaignaling pathwayfor regulaing essential functions such

as cell density, cell polarity, mechanical cues, cell proliferation, and suf2bail Likewise,

mechanical stimulation plays an important role in the function of VSMC.

Cells are exposed to mechanical stinmulivo. For example, VSMC are constantly exposed to
WSSdue to the blood flovandWS due to the stretching blood vessel wall, 243, 254]WSSis the
shear stress due to the flow of the bloDide extent oiVSSexpeienced by the cells also vary
depending on the location of the blood vegs¢he body{147]. For example, thélood flow rate
inside theaortais significantlydifferent from the shear stress within the arteri¢®es] WSis the
cyclic stretching the cells composing the vascular walls are expBleedl vessels are elastic tubes
that expands to allow for the blood flow with eachse. The repeated expansion results in exposing
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the cells composing the blood vessel walls to cyclic stretdBibg). VSMCsin the body are formed,

maturedexposed to, and undergo apoptosis in constant exposure to the combingfiSamdWSS

Presence ofVSSis also important for understanding the behaviors of VSM@. direction as well
as the magmude of the shear stresgas found to influence the migration and orientation of VSMCs
[257]. It was also suggested that shear stress can act as an inhibitor of VSMC piatif@eg]. In
2018, Sun et al. found that shear stress induced phenotypic modofad8MC [259]. In their
study, VSMC were exposed to 15.28 dynes/dar 6, 12, and 24 hours amgiantified the protein and
DNA expressions. They found thiie cells exposed to shear stress displayed elevated expression of
phosphorylateédidenosine monophosphatetivated protein kinase (P AMPK259]. pAMPK is
known to be involved in regulation of proliferation of mammalian ¢2#®]. In another study, Kim
et al.found that the laminar shear stress suppressed the proliferation of VSMC through the AMPK
pathway [34].

The application of mechanical straimstudying the behaviors of VSMC is widely acce@gil-
263]. In 1998, Huet al.found that exposure to strain can be usedhe activation of PDGF receptor
U i n \284YThe intracellular signaling pathway involving the PDGF receptor induced by the
mechanical strain as suggested in 1998 as wekb5]. PDGFBB specifically have been found to be
stimulated by cyclic stretchinN@66]. PDGFBB is found to promote migration of VSMC even
without mechanical stimulatiof267]. The PDGFBB is thought to be released by cells when exposed
to cyclic strain, resulting in binding of the molecule to PDGF rendp68]. The cyclic stretching is
also found to influence the VSMC alignment. In 2002, Stanefley}. found thatitric oxide
signaling was responsible for the alignment of VSMC that are exposed to cyclic stré&8hdn
another study, cyclic stretetith 10% strain for 4 hounesultedn expression of vascular endothelial
growth factor in VSMJ270]. The resulting pregulation of YAP1 has been found to inhibit
apoptosis in VSMC exposed to cyclic stretchiggl, 272]

2.6 Graft mechanical compliance in vascular patency

One of thenypothesizeadauses of th&ilures of sSSDVAs compliance mismatch between the native

blood vessels and the implanted gr§2{&3]. In vasculagraft engineeringthe volume change of the

vessel due to internal pressureéined to as compliand274]. Compliance is affected by the

stiffness of the arterial wall, with higher stiffness being associated with lower comkaace76]

Currertly available synthetic vascular grafts are much stiffer compared to the native blood vessel
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[14]. This causes abnormal mechanical stimulation to the cells around the connection between the
implanted vascular graft and thative blood vessel. The difference in compliance results in
formation of abnormalWSSas well ad3VS around themplantedgraft. Furthermore, the connection
requires application cfuture[277]. The gauge and type stiture techniquased for suturing the
vascular graft onto the blood vessel also

poses additionahechanical stimulation

A. End-to-end anastomosis

that VSMC are not exposed to in a

—
Blood vessel Graft Blood vessel

healthy enironment

J
N

Implantation of vascular grafesults

Suture-line

B. End-to-side anastomosis in abnormaWS’ WSS as We” as

sutureline stressThe connection
between the native blood vessel and the
%\ implanted grafts are called anastomosis.
Blood vessel

\ / It can be made beeither eneto-end or
endto-side anastomosis (Figure 2.8)

Suture-line

[278]. Simulation analysis of the shear

Figure2.8. Two types of anastomose$A) endto-end anastomosis, and (B) en
to-side anastomosis.

stress caused by both types of
anastomoss have been actively studiggil3, 279281]. The simulations trietb understand the
effects of the compliance mismatchWSS The presence of compliano@smatch was suggested to
exacerbate the disturbance by forcing the blood flow to increase through the graft, as the graft does
not expand to allow for reduction of blood flowhile WSSin grafts implanted with entb-end
anastomosis is also affected ciympliance mismatcf220], studies found that ertb-side
anastomosis resulted in higrvariableWSS[280]. The angle at which the erid-side anastomosis
are formed also played a role in formation of abnoMd8IS with theless acute change in flow path
being found to cause least disturbanc@/i8S[282-284]. This leads tancreasedVSSaround the
distal anastomosig85]. The increase iVSSalso causes abnormally highS around the distal
anastomosif285]. The abnormalVs causedlirect effects to the cells around the anastomosis, but
also affects suturbne stress. Suturkne stresss the stress around the anastomosis caused by the
suturesComputational analysi®sults shows that there are high conaitn of stress around the
sutureg23]. Others have studied the effects of sutlime stress, and reached thanclusion that

compliance mismatch may affect formation of IH formation by altering the slimgrstresg23].
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The isolateceffect of compliance mismatch on smooth muscle cells is difficult to stadytro
studies have been developed and performéeistahe theoreticaffects of compliance mismatch on
WSS WS, and suturdine stress studied ibomputational analysi®latform to study theffects of
WSSare developed by various labs and compd2i#8, 286, 287]Similarly, devices to expose cells
to cyclic stretchingare developed to understand the effectd/&f[268, 270] Thecellular behavior to
sutureline stressvas studiedUsing gelatin modified PVA hydrogel, effects of cyclic strain on
VSMC cultured on compliance mismatched PVA film were studied is presented in this thesis.

Lastly, preliminary data from simulation developed using the parameteshown in Apendix A
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Chapter 3

Mechani cal characterization of s mal

vascul ar grafts

This chapter will address the range of mechanical properties that is achievable through variation of
fabrication process. This chapter will address different combinatiocempliance in leu with other
mechanical properties, and make conclusion on the fabrication method that results in the highest

compliance while maintaining high graft integrity.

3.1 Introduction

Small diameter synthetic vascular grafts, which are gwaftsdiameter less than 6 mm, are not
commercially available due to having low patency. The low patency has been attributed to many
mechanical and biological factgel]. Among the different factors, mechanical compliance has been
shown as one of the potential parameters that can influence the performance of small diameter
vascular graft§l4, 214] Compliance is defined in vascular graft engineering as the elasticity of the
conduit whe exposed to internal pressyi2d4]. The commerciallyvailable synthetic grafts, such as
expanded polytetrafluoroethylene (ePTFE) and Dacron, have significantly lower compliance than
native blood vesse[209]. However, the exact role compliance plays in the failure of small diameter
vascular graft still remains elusiy®4]. This is partially due to the difficulty in fabricating grafts

using one material with variable, controllable, and predictable compliance.

One of the materials that is being studied as a potentitth@&helf smalldiameter vascular graft
is poly(vinyl alcohol) (PVA)[29, 89, 96, 288, 289PVA is a bioinert and low thrombogenic polymer
that allows for easy chemical and topographical surface modifid@ednin addition to having
beneficial biomaterial properties, PVA hasiable mechanical propertif9]. As a result, PVA is
used in various applications. PVA vascular grafts are fabricated vizadtng using cylindrical
molds. PVA grafts have been shown to have dimensions and suture retention strength close to the
native artery while withsinding burst pressure higher than that of the maximum systolic blood
pressurd25]. Although PVA grafts have higher compliance than ePTFE grafts, PVA grafts are still
not as compliant as the native blood vesg98]. Therefore, there is a need to investigate the
different fabrication conditionsfd®VA grafts to further increase the compliance of PVA grafts. One

limiting parameter to increasing compliance is the mechanical integrity of the grafts. As the grafts
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need to withstand the physiological pressure, increase in compliance cannot saerrieehanical
integrity of the grafts to ensure the safety of the pati@nis. of the parameters used to test the
mechanical integrity of the vascular grafts is burst presBunmest pressure is the internal pressure at
which the graft bursts, and is knowmbe closely correlated to the wall thickness of a {@b&]. The
motivation of this study is to ake grafts with varying compliance using PVA, and identifying the

burst pressure at respective compliance.

To further identify the parameters that can contribute to the mechanical properties of the PVA
grafts, the interlayer adhesion and crosslinking dgm&tre explored. Interlayer adhesion and
crosslinking density have been shown to contributed teaging polymer and hydrogel mechanical
properties. An increase in interlayer adhesion is known to increase the mechanical integrity of
hydrogelq292]. Interlayer adhesion is a critical factor since PVA grafts are fabricated through dip
casting multiple layers to reach the desired wall thickness. Additionally, the crosslinking density of
the hydrogels can affect the mechanical properties of the po[282£94]. Increasing crosslinking
density can result in stiffer hydrogels. PVA is a material with multiple mestrendf chemical
crosslinking with different chemical crosslink¢295] and physical crosslinking with physical
entanglement or via hydrogdmonding [296, 297] In an effort to increase compliance while
maintaining high burst pressurghich will be400mmHg interlayer adhesion and crosslinking
densities were altered by altering fabrication prode¥#\ grafts are fabricated using layey-layer
additional of crosslinking solution. Therefometerlayer ahesion, whichs dueto the adhesion
between these layersould alter the mechanical properties of the resulting PVA glk&fs.
hypothesize that the increase in itager adhesiomill allow for higher compliance and higher burst
pressure when the grafhave the same wall thickness. Also, we hypothesize that a decrease in
crosslinking density will result in higher compliance and lower burst pressure when the grafts have
the same wall thickness. Lastly, we hypothesize thatfpbsication processing carause physical

crosslinking, and impact the compliance and burst pressure.

3.2 Materials and methods

3.2.1 Polyvinyl alcohol vascular graft fabrication process

Standard PVA crosslinking method was used for graft fabrication as described pref288%ly
Briefly, cylindrical molds are dizast in the crosslinking solution, then dried in controlled

environment as shown in FiguBelA. The complete list of the parameters that weméed during the
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A. Standard protocol B.
1. PVA crosslinking solution preparation —_— C
Add 15% w/v Add 30% w/v

STMP NaOH Lower STMP %
W o Y e [ —
! /7&' Agitate for 5 ! W Agitate for 5 A W LS
/X‘ min \/&O min
Homogenous 10% Homogenous PVA Homogenous PVA + STMP +
w/v PVA solution + STMP solution NaCH (crosslinking) solution
2. Dip-casting
@ mold
Waiting time between
Waiting times dips
1-4dips: 15min
5-7dips: 25min 15W
8+dips: 30min N
23+2°C 30W
30 £ 10% humidity
Post-fabrication drying
3. Drying after dip-casting temperature and time
B mold

60-2D

Rehydrate
and demold _

— —
Dryin 18°C
controlled 60%

environment humidity

“_ - Poly(vinyl alcohol) (PVA), @ - Trisodium Trimetaphosphate (STMP),
A - Sodium Hydroxide (NaQOH)

C. Abbreviations Description
C Control. Made following standard protocol (shown above). Samples had 9 layers.
LS Low STMP. Made using 7.5% STMP instead of the standard concentration. Samples had 9 layers.

15-minute waiting between dips. Made using 15-minute dry times between dips instead of the standard drying

15w times. Samples had 9 layers.
30W 30-minute waiting between dips. Made using 30-minute dry times between dips instead of the standard drying
times. Samples had 9 layers.
Dried in 60°C post fabrication for 2 weeks. Made using the standard protocol, then dried at 60°C post
60-2D -
fabrication for 2 weeks. Samples had 9 layers.
Dried in 60°C post fabrication for 4 weeks. Made using the standard protocol, then dried at 60°C post
60-4D I
fabrication for 4 weeks. Samples had 9 layers.
182D Dried in 18°C post fabrication for 2 weeks. Made using the standard protocol, then dried at 18°C post
fabrication for 2 weeks. Samples had 9 layers.
18-4D Dried in 18°C post fabrication for 4 weeks. Made using the standard protocol, then dried at 18°C post

fabrication for 4 weeks. Samples had 9 layers.

Figure3.1. Standard graft fabrication protocol and description of the varied parameter for each experimental gr@pstandard protocol,
(B) representative images of the fabricated grafts for each experimental group, and (C) abbreviations and descriptioveriefttiparameter
for each experimental group. Samples for all groups were fabricated following the sthpdz#pcol except for the described parameter.
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fabrication of the grafts is shown in Tald4. Variation in the fabrication process is highlighted in
Table 3.1All of the grafts made using different fabrication parameters had 9 layers. The images of
the grafts that were successfully fabricated using diffdedmication parameters are showrFigure
3.1B. The abbreviations and the fabrication conditions thataiared from the standard fabrication
conditions is explained in Figure 3.1C.

3.2.1.1 PVA crosslinking solution preparation

For standard crosslinking density grafts, a 10% aqueous solution of PVA (8idnzh, 85124

kDa, 8789% hydrolyzed) was mixed wittb% w/v sodium trimetaphosphate (STMP, Sigma

Aldrich) and 30% w/v NaOH at the volumetric ratio of 12:1:0.4, respectively, to create crosslinking
solution. PVA grafts were fabricated using baatalyzed STMP crosslinking. The PVA crosslinking

solution wasmmediately dipcast on a cylinder mold to form tubular PVA grafts.

To fabricate PVA grafts with different crosslinking density, 10% w/v PVA solutions of different
molecular weights were used. Instead of the standard molecular weight of PVA {(Sdpich, 85
124 kDa, 8789% hydrolyzed,) low molecular weight PVA (Sigm&drich, 13-23 kDa, 8789%
hydrolyzed) (LMW), or medium molecular weight PVA (Sigildrich, 31-50 kDa, 8789%
hydrolyzed) (MMW) were used while all other parameters were kept the samesteridherd
method. A low STMP (LS) concentration of 7.5% w/v was used to crosslink PVA with the standard
PVA concentration and NaOH concentration. Lastly, low NaOH (LN) concentration of 15 %w/v was

used to fabricate grafts with decreased crosslinking gensit

3.2.1.2 Dip-casting PVA vascular graft

PVA vascular grafts were cast as previously described (F&jiifg [96]. In short, the molds for the

tubular grafts were plasma cleaned, then dipped in PVA crosslinking sollkiercoated molds were

dried at 262 1 and 30% humidity for 15 minutes, before
for the next layer. For the first four dips, the drying time between dips was 15 minutes, the drying

time between dips in the fiftlo tseventh dip was 25 minutes, and drying time between dips for the

eighth dip and higher was 30 minutes. The molds were inverted-ethexy dips to ensure even
crosslinking throughout the mold. After the dipp
and 7080% humidity for 3 days.
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Upon completion of the final drying step, the PVA grafts were rehydrated in 10x phosphate
buffered saline (PBS) for 2 hours, 1x phosphate buffered saline (PBS) for 2 hours, then in deionized
(DI) water for 2 hours. For the samples used in phosphate doatiifi assay, samples were
rehydrated in 9 % w/v sodium chloride (NacCl) for 2 hours, 0.9% w/v NaCl for another 2 hours, and

Table3.1. Fabricated grafts and their fabrication conditions.

Humidity
PVA MW STMP NaOH during Dry time Post Graft
(kDa) (% wiv) (% wiv) fabrication between dips  fabrication fabrication
(%)
1-4; 15min
Control (C) 85124 15 30 305 5-7: 25min NA Successful
8+: 30min
1-4: 15min
Low MW 1323 15 30 30+5 5.7: 25min NA Not
(LMW) . successful
8+: 30min
. 1-4: 15min
Medium MW 31-50 15 30 305 5.7: 25min NA Not
(MMW) . successful
8+: 30min
1-4: 15min
Low STMP (LS 85124 75 30 305 5-7: 25min NA Successful
8+: 30min
1-4: 15min Not
Low NaOH (LN 85-124 15 15 305 5-7: 25min NA
. successful
8+: 30min
) . 1-4: 15min
High humidity | gc 104 15 30 60+5 5.7: 25min NA Not
(HH) ) successful
8+: 30min
15 min dryi .
'(Tgwgy'”g 85124 15 30 305 15 mins NA Successful
30 min dryi .
r(r;gW;ylng 85124 15 30 30+5 30 mins NA Successful
Postfabrication 1-4: 15min Dried in 68
2wk 6B dry 85124 15 30 305 5-7: 25min for 2 weeks Successful
(60-2D) 8+:30min
Postfabrication 1-4: 15min Dried in 68
4wk oven dry 85124 15 30 305 5-7: 25min for 4 weeks Successful
(60-4D) 8+: 30min
Postfabrication 1-4: 15min Dried in 18
2wk 18 dry 85124 15 30 305 5-7: 25min for 2 weeks Successful
(18-2D) 8+: 30min
Postfabrication 1-4: 15min Dried in 18
4wk 18 dry 85124 15 30 305 5-7: 25min for 4 weeks Successful
(184D) 8+: 30min
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then in DI water for 2 more hours. The grafts were removed from the molds once they were fully
rehydrated. The completed graftsre/¢hen kept in DI water until experiments. This procedure was

kept the same as the standard method for the different groups unless otherwise specified. Grafts with
different drying times were also fabricated as a method to test how the dry time coulwevary

interlayer adhesiarirhe drying times were either consistent 15 minutes (15W) or 30 minutes (30W)
between dips for these samples. In sample group to test the role of dryingirdezlayer adhesign

PVA grafts were fabricated at higher humidity (HH) of 60+5% during fabrication.

3.2.1.3 Post-fabrication treatment of extra-dried PVA vascular grafts

After the rehydration step, some vascular grafts fabricated using the standard protocol were dried

again to failitate further crosslinking. Upon removal from the mold, the grafts were washed by

submerging the grafts in DI water for 5 days. The grafts were dried again afterwards at different

conditions. Thepost abr i cati on drying conGgdkD) ond weerks 2atw
604D), 2 week2sD)at aln8d 4( 1wsedB)kBefora testiny,&he grafté ede

rehydrated in DI water.

3.2.2 Storage of the fabricated grafts

The samples were kept at room temperature at all times. All samples werarsledater in a 50
mL conical tube upon completion of the fabrication. DI water was poured out and replenished with

fresh DI water every 7 days during storage.

3.2.3 PVA film preparation

4g° 0.2g of 10% w/v PVA solution was poured into petri dishes with dtamof 35 mm. The petri
dish was covered and storedal 8 chamber with a-80%fdraddaysviee humi di t
petri di sh was then un c-80%aumaity fonamathersidays. Ehddriedt 1 8

PVA film (Film) was removed from theetri dish. Films were stored in petri dish until use.

3.2.4 Inner-diameter and wall thickness

2 mm segment rings were cut from the tubular PVA grafts at the ends and at the center of the
samples. Images of the 2 mm segments were taken, and the inner deardeted! thickness of the

segments were measured for each segment from the images using MatLab. For each individual
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sample, the measurements of the inner diameter and the wall thickness from segments at different

regions were averaged to yield the averiager diameter and the wall thickness of the sample.

3.2.5 Compliance

3 cm segments of PVA grafts were exposed to 120 mmHg and 80 mmHg of hydrostatic pressure.
Images of the grafts were taken at the defined pressures. The outer diameters of the grafts were

measured, then the compliances of the grafts were calculated using the following e{REition

zpmimb G& Gna NEd @H 0OQéEquation 1

ePTFE ascular graft (Gordex®, catalog number V04070L) with the inner diameter of 4mm was

used to measure the compliance of the ePTFE graft with comparable size using the stated setup.

3.2.6 Burst pressure

Burst pressure measurement was performed following publlisieghod97]. 4 cm segments of PVA
grafts were exposed to internal pressure induced by nitrogen gas at room temperature. The pressure
was increased gradually until the graft burst. The burst pressure was recorded at the argdsah

the graft burst. A normalized burst pressure was calculated as burst pressure normalized per unit

thickness by dividing the burst pressure of the samples by their wall thickness.

3.2.7 Lap shear test

Lap shear test was performed following protoat@scribed in published literature with modifications

[298]. 1cm segments were cut from tubular PVA graftke segments were cut open longitudinally,

then they were held in a flat position and dri ed
partially rehydrated for 15 minutes and trimmed into 5 mm x 10 mm rectangular specimens. The

surface of the spimens was patted dry using a paper towel. Then, the segment was glued onto two
polylactic acid (PLA) holders so that the trimmed PVA segment was sandwiched between the two

PLA holders. The PVA hydrogel segment was further rehydrated in DI water for 8temidfter

rehydration, any residual water on the surface was removed. Thavadapping parts of the holders

were loaded onto a tensile testing equipnf@@&SX Shimadzu, Japan), which was equipped with 1

kN load cell,and stretched at a rate of 25 mrmmntil failure. Images of the samples after the test

were taken using the laser confocal microscope (Olympus LEXT OLSS860Japan) to measure
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the thickness variation within the destroyed samples. The heights of the samples were measured using

Olympusdata analysis software.

3.2.8 Phosphate quantification assay

Phosphate quantification was performed according to the manufacturer protocol outlined in the
phosphate quantification assay (Phosphate Assay Kit, Colorimetric, ab65622, Abcam). In brief, the
renyd)a ed PVA grafts were dried at 60 for 7 days.
nitric acid, then diluted to varying concentrations. The degraded polymer solutions were added into
micro-plate and allowed to react with the assay reagent. The ahsesbaf the solutions were then

measured. Using the absorbance, the amount of phosphate in the PVA graft was calculated.

3.2.9 Fourier-transform infrared spectroscopy

Fouriertransform infrared (FTIR) spectroscopy was performed following a published pr{i266dl
PVA grafts were cut to 1 cm gments, and the segments were then cut open longitudinally. The
grafts were dried flat. Fourigransform infrared (FTIR) spectroscopy was performed using Thermo
Fisher Scientific FTIR (Nicolett 6700) fitted with germanium and a high sensitivity pyraelectr
detector. Percent transmittance of the samples were collected between 400 and 20@Xtyfour
scans were acquired at a spectral resolution of 4 Brata were normalized by modifying previously
published protocd299]. The data wasormalized to the highest % transmittance and the PVA film

spectrum was subtracted from the % transmittance spectra.

3.2.10 Differential scanning calorimetry

Differential scanning calorimetry (DSC; TA Instruments DSC Q2000) was performed following the
published protocd290]. I n brief, the samples wer°d@lglofi ed at
samples were measured and added into the Tzero Aluminum Hermetic pan. The heating cycle was set
from 30 to 260 at the ramp rate of 10 [/ mi n.
Analysis software. Fractional crystallinity was calculated using heat of melting of 100% crystalline
PVA of 138.60 J/g300].

3.3 Swelling ratio

PVA grafts were submerged in DI water for at least a week to ensure thorough removal of charged

ions from the grafts. Small sections of the tubular grafts were cut from the PVA grafts. Any residual

41



DI water lingering on the PVA sections were removed prior to measuring the weights of the sections.
The sections were then dried at 60 for 5 days.
for the subsequent days until the weight of the secti@hsat change further. Swelling ratio was

calculated using the following equati{801]:

YO Qa & QD Qe éEquation 2

3.3.1 Elastic modulus

For longitudinal elastic modulus and ultimate strengtsneement, the grafts were cut into 8cm
segments. The prepared samples were loaded onto the tensile mage$himadzu, Japamvith

the gauge lengths of 2cm. The samples were then stretched at a rate of 25mm/min until the tensile
failure of the sampler-or circumferential elastic modulus and ultimate strength measurement, the

grafts were cut into 2mm width rings. Curved holders were loaded onto the tensile testing machine
grips. The PVA rings were loaded onto the holders so that the rings were he&hniders. The

holders were then separated to achieve a gauge length of 5mm. The samples were then stretched at a
rate of 20mm/min until the sample failed.

3.3.2 Suture retention strength

Suture retention strength of the PVA grafts were measured using abfisttocol with

modifications[25, 290] PVA grafts were cut into 4 cm segments. UsiF@gySuture, a singlsuture

was made 5mm from the edge of the segment for each sample. The remaining suture end was taped
securely onto an immovable surface so that the sample was hanging by the suture. Load was applied
at 10 g/min onto the sample until the sample broke.\ilgight at which the sample broke was

measured.

3.4 Statistical analysis

Statistical significance was determined usingatway ANOVA f ol |l owed by Tukey
comparison analysis with 95% confidence interval using MatLab. The data are presented as mean +
standard deviation. For all the presented data, p<0.05 is denoted by * unless otherwise specified in the
figure caption. The correlations between components were compared using principal component

analysis (PCA). PCA plots were generated using JMP &tatisbftware.
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3.5 Results

3.5.1 Compliance and burst pressure of the grafts with varying wall thickness

The relationships between the burst pressure vs wall thickness and compliance vs wall thickness are
shown in Figure 3.2. The crossectional images of the PV@tafts with different layers are shown in
Figure 3.2A. The red arrow highlights the region in the graft that has different transparency. The wall
thickness of the grafts increased linearly with the increased number of layers (Figure 3.2B). As shown
in Figure 3.2C, a linear increase in burst pressure with increasing wall thickness was also observed.

The compliance of the grafts displayed an inverse relationship with the wall thickness (Figure 3.2D).

3.5.2 Properties of the grafts fabricated using different fabrication conditions

All of the grafts that were made using different fabrication parameters had 9 layers. The complete list
of conditions used for fabrications and their fabrication outcomes are shown in Table S1. The images
of the grafts that fabricated szessfully are shown in Figure 3.1B. The crssstional images of the
successfully fabricated grafts are shown in Figure 3.3A. The wall thickness of the grafts was
quantified (Figure 3.3B). LS, 15W, &D, and 604D had significantly thinner walls thanetlzontrol

group, while 30W, 18D, and 184D showed no statistical difference from the control group. The

wall thickness of 15W was significantly thinner than 30W-28Dand 664D did not show any

statistical difference in wall thickness. Also,-2B and B-4D did not show any statistical difference

in wall thickness.

Despite having thinner walls than the control, grafts from L&BPand 664D conditions had
significantly lower compliance than the control group (p<0.05, Figure 3.4A). Regardless o$the po
fabrication drying temperature, the samples that were subjected to extra dehydration process post
fabrication had significantly lower compliance than the control group (Figure 3.4A). 30W had lower
compliance than the control group as well, despite lggsirmparable wall thickness. Lastly, 15W did
not have statistically significant differences in compliance compared to the control group despite
having thinner wall thickness. Swelling ratio was used to estimate the crosslinking density. LS, 60
2D, and 64D had less swelling than the control group (Figure 3.4B). 15W had higher swelling ratio

than the control group. No correlation between the swelling ratio and the wall thickness was observed
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(Figure 3.4B). Burst pressure of 15W vgagnificantly lower than control, which was as expected
due to the lower wall thickness of the group (Figure 3.4C). HowevezD6énd 604D had higher
burst pressure than the controls despite having thinner walls. LS, 362D, Bhd 184D did not

have gnificantly different burst pressure with respect to the control group. Further assessment of the
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burst pressure was performed by normalizing the burst pressure per unit thickness (Figure 3.4D).
When the data was normalized to wall thickness, L B0and 634D had significantly higher
normalized burst pressure than the control group. AdditionallgB5@nd 604D had higher
normalized burst pressure than2B and 184D. Within each group with the same fabrication or
postfabrication variations, all ahe groups showed positive linear relationship between the wall

thickness and the burst pressure (Figure 3.4D).
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Figure 3.5 shows graphs of the different properties measured plotted against either the wall
thickness (Figure 3.58.5D) or compliance (Figure 3.58E5H). Within each group with the same
fabrication or postabrication variations, all groups displayed an inverse relationship between wall

thickness and compliance (Figure 3.5A).

Phosphate contentas quantified for the samples to verify the crosslinking density of the covalent
crosslinking with STMP (Fig 3.6A). There was no significant difference in phosphate content among
the control, LS, 15W, 30W, 62D, and 18D (Figure 3.6A). On the other harghth LS and 15W
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had significantly higher phosphate content than th@lb&nd Film. FTIR was performed identify

if there were any changes in crosslinking between the groups or if there were any changes in
functional groups introduced due to changenmfabrication process. Figure 3.6B shows FTIR data
using normalized percent transmittance of the control group (C), L&D6and 182D rehydrated in

NaCl. All of the groups displayed peaks at similar wavenumbers, indicating there were no noticeable

differences between samples in terms of functional groups.

DSC was performed to further assess the degree of crosslibi&@is a reliable methd@02].
After consulting the technician dte Analytical Facility in Chemical Engineering Department at
University of Waterloothe measurement was made usirg with repeated heating and cooling
cycles.Figure 3.7A through Figure 3.7F shows the DSC plots of each of the group. The resulting
valuescar compiled in Figure 3.7G. The DSC thermogram for control, LS, 15W, 302D 18nd
60-2D. LS, 15W, and 30W had higher heat of fusion than the control group (Fig. 3.7G). All of the

experimental groups had higher fractional crystallinity compared toathiteol group.

The interlayer adhesion was assessed in Figure 3.8. The shear strength of all of the groups were not
significantly different from the control group. However, 15W had the average shear strength of 3.75
MPa, which was more than twice highearithat of the control group (1.69 MPa). Statistical analysis
between 15W and control revealed p=0.057. The interlayer adhesion of 15W was also significantly
higher than 30W (p<0.05). The 3D images of the polymers after the adhesive shear tests ame shown i
Figure 3.8B, then were used to acquire the height profile used to plot graphs in Figude BigGe
height profiles were then used to identify whether the polymers had high interlayer adhesion. 15W

had the highest slope, and therefore high interlagieesion, while other groups showed flat lines.

PCA analysis showed that the wall thickness and compliance showed a high positive correlation
(Figure 3.9A). Also, it showed that the compliance and burst pressure showed a high negative
correlation (Figure 3B). All other components did not display significant correlation (Figure-3.9C
3.9E). The component contribution plot is shown in Figure 3.9F. Lastly, correlations between

components are shown in Figure 3.9G.
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3.5.3 Additional analysis on selected groups

Figure3.10 shows the additional mechanical properties of selected groups. The groups with the
highest and lowest compliance wetesen for the additional analysis. There was no statistical
difference between all of the groups for all conditions except for the LS for circumferential elastic
modulus (Figure3.10A-D). The suture retention strength of the groups also did not show any
statistical difference (Figurg.10E).

A. Longitudinal Tensile Curve C. Longitudinal Tensile Data
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Figure3.10. Additional bulk mechanical properties of the selected grougs) Longitudinal tensile curve. (B) Circumferential tensile curve
Longitudinal ultimate tensile strength and elastic modulus for each groups. (D) Circumferential ultimate tensile strdastanchedulus. (E

Suture retention strength. n=6 for teils test results, and n=9 for suture retention strength for all groups. * indicates p<0.05 with respect {
control group.

3.6 Discussion

Mechanical failure of vascular grafts can result in clinical catastrophe. To ensure the safety of the
patients, vascular grafts were traditionally developed to have high mechanical properties matching the
native blood vessel propertigg)9, 303311]. Compliance, the elasticity of the blood vessel when
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exposed to internal pressure, is one of the important parameters that is being stuzkedlar graft
engineering to understand the current limitations of small diameter vasculafitafté4] There

are methods to increase the compliance of a material. One of the methods is to reduce the wall
thicknes4312-314]. However, reducing the wall thickness can negatively affect the burst pressure
[291, 315] Using vascular grafts with low burst pressure could become a critical problem for the
patients with the vascular graft implants. Therefore, it is important to understand the effects different
parameters haven the burst pressure when increasing the compliance of the vascular grafts. Two
parameters that have been found to affect the mechanical properties of hydrogels are interlayer

adhesion and crosslinking dendi2g3].

Crosslinking of PVA has been extensively studiedvell-established physical crosslinking method
of PVA is freezethawing. PVA grafts with freezéhawing crosslinking are mainly fabricated by bulk
molding fabrication. PVA hydrogels crosslinked using frettmaving have been shown to have
tailored mecharial properties by varying the number of fre¢izawing cycle490, 316, 317]The
freezethawing crosslinking of PVA involves phase separation and crystalline formation. Hydrogen
bonds form in the aqueous satut of PVA. During the freezing of PVA solution, ice forms. The
formation of ice induces the growth of polymer crystallinity. The growth of polymer crystallinity acts
as physical crosslinking points. Subsequently, wiaigsluble hydrogels are formed imet later
thermal cycles. The abundant hydroxyl groups in the backbones of PVA polymer chains also provide
reactive sites for chemical crosslinking of PY348]. X-ray photoelectsn spectroscopyXPS) was
used in previous literature to test the changes in surface chemistry ofSBxface chemistry of the
standard method did not show difference without chemical modificE2&r29] Even though XPS is
a sensitive surface characterization method, it is speculated that XPS may not be not sensitive enough
to capture the difference crosslinking lev@he of the most commonly used crosslinking agent for

PVA is glutaraldehyde. It reacts tiwihydroxyl groups to form an ester bond.

Chaouatt al.found that the hydroxyl groups on PVA can also react with STMP to crosslink PVA
hydrogels by phosphoesterificatifzb]. The PVA hydrogels chemically crosslinked with STMP
were shown to be capable of achig) a wide range of mechanical properties by altering the
fabrication parameters such as humidity and water evapof88arA recent study comparing the
hemocompatibility of PVA hydrgels crosslinked by STMP, glutaraldehyde, and fréleaeing

found that crosslinking methods also affect the biological performance off BOJA
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PVA vascular grafts are fabricated using-dgsting with cylindrical moldgL0O]. Dip-casting
method allows for topographical modification of the PVA grafts, which plays an important role in
orientation of the attached ce]&32]. Also, dfferent mechanical properties of the PVA vascular
grafts can be achieved by altering the number of layers and fabrication parameters. We have observed
heterogeneity in transpamcy between the layers (FigilB2A, red arrows) in PVA vascular grafts.
The observed heterogeneity can be the result of inconsistencies in crosslinking between the layers
[319]. The heterogeneity can also be an indication of a weak interlayer adhesion. A potential method
of overcoming the weak interlayer adhesion wdwddncreasing the interlayer crosslinkiidg0].
With PVA hydroges$, the interlayer crosslinking could occur by having hydrogen bonding between
the residual OH groups of the PVA layers. It was hypothesized that through increasing the interlayer
adhesion, the resulting grafts can have high compliance while maintainstgpbessure. Moreover,
the heterogeneity suggests that the crosslinking density can be furthemfiite We hypothesized
that a decrease in the chemical crosslinking demsityresult in higher compliancanddecrease in
burst pressure. Furthermoree Wypothesize that pefbrication processingill affect physical

crosslinking, and impact the compliance and burst pressure.

3.6.1 Compliance and burst pressure of the grafts with varying wall thickness

Most often, tensile measurements are made to assasethanical properties of the polym§gs21l,

322]. Additional properties, such as residual stress, rheology jnzoact measurement, ef821,

322], are also tested depending on the application of the polymers. For vagattirburst pressure

and compliance are important parameters to measure. Although PVA vascular grafts have been
studied previously25, 289] the relationship between the wall thickness and buesspre and
compliance have not been characterized. Thorough characterization of the compliance and burst
pressure of the grafts with different wall thickness was performed first to identify the compliance and
burst pressure achieved by different wall kiniess. The relationship between the wall thickness and
burst pressure (FiguR2C) was expected as the structural integrity of tubes is dependent on the wall
thicknesq291, 315] The grafts with 6 layers displayed high compliance, but its burst pressure was
only 232.7 £ 22.8 mmHg. As systolic blood pressure can rise to 220 mmHg duricgesePVA

grafts with 6 layers were deemed too weak. Grafts with 9 layers have a burst pressure of 485.5 + 17.9
mmHg, which is at least double the systolic pressure of 220 mmHg. However, the compliance of the
grafts with 9 layers was 2.6 £ 0.54% per 40 iHgnFurthermore, compliance of the PVA grafts with

more than 9 layers had compliance less than 2% per 40mNdtige blood vessels are reported to
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have significantly higher compliance than what was achieved by PVA grafts with 9 layamnan
carotid artey with the diameter of 5.11 + 0.87mm has compliancg. &% 1.3% per 100mmH¢209,
303-311). As shown inFigure3.4A, the compliance of the PVA grafts with 9 layers are lower than
the native blood vesseldowever, the compliance of PVA grafts with 9 layers had significantly
higher compliance than ePTFE grafts, which are commbBraailable synthetic vascular gr§209,
303311] After assessing the compliance and burst pressure of the groups, the PVA vascular grafts
with 9 layers was chosen for further investiga as they had the highest compliance wiblodburst
pressure. Using the PVA grafts with 9 layers, the effect of crosslinking density and interlayer

adhesion on the compliance and burst pressure were assessed.

3.6.2 PVA grafts fabricated using different fabrication conditions

The standard fabrication method is described in Figure 1A in detail. The crosslinking of PVA using
crosslinker STMP in NaOH solution has been described in the literature numerouyQ&niss 289,

293]. In brief, the-OH groups on PVA loses the hydrogen atom in the highly basic solution created

by NaOH, and becomes reactive. This reactive site then reacts with the STMP. Subsequently, another
PVA molecule reacts with the STMP and resinita crosslinked polymer. This process can be

modified via changing the PVA concentration, STMP concentration, NaOH concentration,
temperature, humidity, and waiting time between the [@pf The fabrication conditions were

varied to achieve different level ofterlayer adhesion and crosslinking density.

The interlayer adhesion occurs when there are crosslinks that spans multiple layers of polymers.
The mechanical properties of PVA vascular grafts can be affected by the interlayer adhesion as PVA
graft fabricaion method is a digasting process with waiting periods between dips. Theakfing
process is a type of polymer fabrication method where the mold is dipped multiple times to achieve
the desired thickne$821, 323, 324]Due to the process requiring crosslinking of the layers after
each dip, the drying condition of the layers is important to prevent delamination for this fabrication
method[321]. One of the easiest parameters to control forcditing process is the waiting time
between the dips. Waiting time is required to allow for the chemical reactions that crosslihks PV
molecules to occy5]. Shorter wait time between each dip prevents completion of the reactions,
allowing for more partially crosslinked sites for each dip. These partial crosslinking sites can react

with the newly applied layer, increasing the interlayer amimg320]. Therefore, the drying time
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should be kept short for the subsequent layers to be applied before crosslinking of the previous layer

is completed to increase the interlayer adhesion.

For the control, the waiting time between the dips is 15 minutes in the first 4 dips, 25 minutes in the
fifth to seventh dips, and 30 minutes for the eighth dip and beyond (FAdE Instead of
increasing the dipping time throughout the fabricatiorcess, the waiting times between dips were
kept consistent for the groups comparing the effects of the interlayer adhesion. 15W was fabricated
with a flat 15minute waiting time for all waiting steps instead of the standard protocol. 30W was
made using a @it 30minute waiting time for all waiting steps. The waiting times for 15W and 30W
were kept constant so that interlayer adhesion throughout the grafts would remain consistent. There
are many methods to make measurements to assess the adhesion betvwed82%hyEhe most
standard method of measuring the interlayer adhesion is the adhesive shear test (which is also known
as lap shear teqi325].

The crosslinking density and concentration of STMP are positively correlated to the stiffness of the
material[293]. As decrease in crosslinking agent can result in loweasskinking density, STMP
concentration was decreased for one of the experimental groups (LS samples). Also, the concentration
of NaOH was reported to be positively related to the crosslinking d¢&eity Therefore, 15% wi/v
NaOH concentration was explored to achieve decreased crosslinking density to assesx tife effe
low crosslinking density. However, the graft could not be fabricated using the low concentration of
NaOH (Table3.1). We also speculate pestbrication thermal drying may induce additional physical
crosslinking, resulting in higher crosslinking digysTo create the PVA grafts with higher
crosslinking density, additional groups {8D, 664D, 182D, and 184D) were made with extra

drying step postabrication to encourage additional physical crosslinking.

3.6.3 Effects of interlayer adhesion on PVA graft compliance and burst pressure

As shown in Figure .3, 15W had significantly thinner wall than the control group. However, the wall
thickness of 30W was not significantly different from the control group. While the 15W and 30W had
consistent waitingimes between the dips, control group haeiiiBute waiting time for the first four

dips, 25minute waiting time for the"57"" dips, then 3@minute waiting time for 8 or more dips. The

data showed that the longer waiting time is needed and waitingtithe outer layer was related to

wall thickness in the outer layer. When the waiting time of the outer later was decreased in 15W, the
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thickness was decreased, compared to 30W and control. However, it appears that increasing the early

dip waiting time dil not significantly affect the thickness.

15W had higher adhesive shear strength than all of the other groups. While not statistically
significant against the control group, 15W showed a trend towards significantly higher adhesive shear
strength than theontrol group (p=0.057), and a significantly higher adhesive shear strength than
30W (p<0.05). This indicates that the 15W had higher adhesion between layers than the other groups,
which is in agreement with the height profiles shown in Fi@B€-J. As BW and 30W were
fabricated with a flat Bninute and 3@ninute waiting time, respectively, the significant higher shear
strength in 15W further demonstrated that the shorter waiting time would increase the interlayer
adhesive strength. This could be theufeof a larger quantity of partial crosslinking sites available
for a shorter waiting time in 15W. The partial crosslinking sites can then work as a bridge between
the layers to allow for a larger number of interpenetrating cros§@&. With longer waiting time
between layers, the partial crosslinking sites can become crosslinked. This can reduce the crosslinking
between the layers. Except for 15WdaB0W, all of the samples had variable drying time. For the
control group, LS, 6@D, 604D, 182D, and 184D, the last two layers were applied with-@ihute
waiting intervals. This could be the reason these groups did not show statistical differtéiece in

adhesive shear strength.

3.6.4 Effects of chemical crosslinking density on PVA graft compliance and burst

pressure

15W had a higher swelling ratio compared to the control group. The partial crosslinking sites could
also attribute to the higher swelling @tiThis partial crosslinking sites may have resulted in lower
crosslinking density, which could account for the lower burst pressure. However, it is also important
to note that the wall thickness of 15W was significantly thinner than the control, inditzainthe
decrease in burst pressure could also be due to the thinnef29allswhen the burst psssures were
normalized to the wall thickness of the samples, 15W did not show significant difference from the
control group (Figur8&.4D). This suggests that the affect from partial crosslinking on burst pressure

was less significant than the influencerfr wall thickness.

The crosslinking of PVA was achieved by phosphoesterification, thus the content of phosphate also
reflects the number of chemical crosslinking bonds formed during the fabrication. With lower

concentration of STMP added in the reactioluton, it was expected that the resulting PVA grafts
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would display lower concentration of phosphate to indicate a lower chemical crosslinking density.
However, LS showetigherphosphate content than the control group (Fi@ué&). Thehigher

phosphate @ntent in conjunction with the lower swelling ratio, LS displayed higher crosslinking
density compared to the control group. This is in agreement with the burst pressure normalized to
wall thickness (Figur&.4D). The burst pressure should increase witldase in crosslinking density.

A potential explanation for higher crosslinking density is the presence of tighter network due to the
multifunctional nature of STMP. As phosphate groups from STMP has 4 potential reactive sites, more
than two reactions casccur on a single phosphate group. When less phosphate groups are available,
hydroxyl groups have less phosphate groups to react with. Phosphate groups become the limiting
reagents, causing multiple phosphoesterification to occur on one phosphate. Ultssrreighter

mesh formation, and therefore tighter crosslinking density. For the PVA crosslinked in abundance of
phosphate, more phosphate could react with the hydroxyl groups. The abundance could result in
phosphate population that did not react withitiple hydroxyl groups in the polymer network. These
unbound phosphate groups then get washed away during the rehydration and storage, effectively

resulted in a lower phosphate content in the hydrogels.

The difference in the crosslinking density amdiyV, 30W and the control, observed from the
phosphate assay (FigusegA), indicated that the waiting time in between different layers affected the
chemical crosslinking density. 15W had a significantly higher swelling ratio and significantly lower
wall thickness than 30W. Comparing the mechanical properties of 15W and 30W, 30W had
significantly lower compliance and significantly higher burst pressure. With a decrease in waiting
time from 30 min to 15 min between each dip, more interpenetrating crosstimks o€he
interpenetrating crosslinks contribute to the observation of increased chemical crosslinking density
observed from the phosphate assay. Similar to LS, 30W had longer waiting time between each dip,
allowing more time for polymer chain to get aleghfor hydrogen bonding, which may have

contributed to the decreased compliance and increased burst pressure.

3.6.5 Effects of physical crosslinking density on PVA graft compliance and burst

pressure

Although the chemical crosslinking density should not changiegl the additional drying due to
extensive washing steps, physical crosslinking n

STMP crosslinking of PVA, residual hydroxyl groups remain available for hydrogen bonding
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formation. PVA polymer chains displaycreased mobility at high temperature. The mobile polymer
chains have a higher chance to get aligned, bringing the hydroxyl groups close to form hydrogen
bonding. This process was achieved through subjecting the fabricated control groups to additional
drying.

The extradrying groups were 6@D, 604D, 182D, and 184D. 602WD and 664WD are the two
groups that were dried in the 60 for 2 weeks a
thinner wall thickness than the control groups2B8and 184D were the two groups that were dried
in the 18 for 2 weeks and 4 weeks, respectivel
from that of the control group. The two groups d
control group regardlesof the length of drying, indicating that they may have higher crosslinking
density than the control group. Drying in the 18
suggesting that the crosslinking density of the groups driedfglogtation atl 8 was not diff
from that of the control group. The compliance of the2DBand 184D were comparable to the
compliance of 62D and 664D. All of the postfabrication drying groups had lower compliance than
the control group. 2D and 184D had gnilar burst pressure compared to the control group.
However, 662D and 684D had higher burst pressure than the control group. There was no difference
observed based on the length of extra drying (2 weeks vs. 4 weeks) for both temperatures. This

suggestshtat the additional physical crosslinking occurred during dehydration rather than the storage.

As the length of drying (2 weeks vs. 4 weeks) did not affect the performance of the grafts, further
analysis was performed using-2B and 662D only. According @ the phosphate quantification
assay (Fig3.6A), 60-2D and 182D did not display any difference in total phosphate content within
the polymers. FTIR did not also display any difference between the control group and the extra
drying groups (Fig3.6B). DSCanalysis was performed in addition to assess the degree of
crystallinity and overall crosslinking (Fi§.7). The DSC results suggested that2IBhad higher
crystallinity and crystallization temperature than the control group, whigD6Showed a slight
higher fractional crystallinity than the control group. The higher crystallinity, suggesting a higher
physical crosslinking, may explain the lower compliance and slight increase in the burst pressure
from the postabrication drying step. However, whipdysical crosslinking density can be used to
influence compliance and burst pressure, its effect might not be as significant as chemical

crosslinking.
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3.6.6 Additional mechanical analysis of selected groups

The group that had the highest compliance (15W)taedroup that had the lowest compliance (LS)

were used to perform additional mechanical property analysis. Both the longitudinal and
circumferential tensile data (FiguBelQA-D) agreed with the compliance data in that the 15W and

control group did not siw a statistical difference in mechanical behavior. LS had lower compliance

than the control group, therefore it was as expected that the group is less elastic than the control group
(Figure3.1(D). Suture retention was not affected by the different falidn conditions. To reiterate,

15W had higher interlayer adhesion but lower crosslinking density than the control group. Therefore,

it could be that the increased interlayer adhesion can also increase the suture retention strength. LS
also had a thinnerall thickness than the control group. LS had not significantly different interlayer
adhesion and higher crosslinking density compared to the control group. This could indicate that

higher crosslinking density can increase the suture retention strengéfi.as w

3.7 Conclusion

We investigated the effects of interlayer adhesion and crosslinking density on the compliance of PVA
vascular grafts. We found that thiegher crosslinking density resulted in higher burst pressure, but
resulted in lower compliancélso, we have found that the increase in interlayer adhesion could
increase the burst pressure without sacrificing the compliance. While the findings in this article sheds
light on how to improve the performance of the PVA vascular grafts, there are stillbshiogs of

the PVA crosslinking method utilized here. PNSAMP crosslinking method using dgasting is a

slow process. This limits the shapes, and therefore applications, of the grafts such fabrication method
can produce. Furthermore, PVA tubular grafts pione to kinking. Kinking could potentially affect

the blood flow when the graft is implanted in the patients, resulting in negative clinical outcome.
Further research should be performed to improve the fabrication process 3 PWR vascular

grafts toincrease the potential application. Also, the kink resistance of the grafts should be improved
to result in better clinical outcomkastly, additional methods of increasing interlayer adhesion could

be explored to further increase the compliance of P\&&grFor example, introduction of a layer of
agueous STMP solution between dips could potentially increase the interlayer adhesion by providing

additional crosslinkers between layers.
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Chapter 4

Consistency of poly(vinyl alcohol)

In this chaptertheneed to develop an automated process of fabricatipolpfvinyl alcohol)(PVA)
vascular grafts will be addressé@the mechanical properties of PVA grafts made using the manual
and automated fabrication method will be compaiéetn, the stability of PVA will bexamined
Lastly, the parameters that are useful for the application of PVA to arteriovenous graft will be
addressed.

4.1 Introduction

While there are successful vascular grafts available for clinical applications, synthetic small diameter
vascular grafts (sSDVG) still face limited success due to formation of intimal hyperplasja@H)
sSDVGis defined as vascular grafts made using synthetic materials to have internal diameter less
than 6 mmThese grafts could hesedfor bypass surgeries as well as for arteriovenous dfdts

79]. While there are commercially available vascular gr#fisse grafts are often much stiffer than

the native blood vessdl$4]. The mismatch in the stiffness between the synthetic vascular grafts and
the native blood vessels is called compliance mismatch. It can cause disturbavalestiess and

wall shear stress to the cells aroundahastomosis because the stiff vascular gra#sdot expand

to alleviate théblood pressure. To overcome the compliance mismatch betwes8BwGand

native blood vessels, vascular grafts using compliant biomaterial calig@ipyl alcohol) (PVA)

was aveloped. PV/Agraftshave beemproposed as a compliant vascular graft since 2088 Since

then, many have tried to study the graitsitro, ex vivg andin vivo experiments to assess whether it
would be possible to use PVA grafts in the mafkdt 25, 29] Variable mechanical properties of
polyvinyl alcohol (PVA) as well as other beneficial biological properties makes PVA be a good
candidatdor sSDVG.

However,consistencies of PVA graftaust be improved so that they can be used in clinical
application.The fabrication process of PVA vascular grafts is very prone to p&ogoerson
variation. The fabrication of PVA graftsedip-casting method, where the mold is dipped into
crosslinking solution with waiting times between djp$]. Thedip-casting process requires the
dipping to be performed with consistent speed to be free of any variation due to shear introduced by

the crosslinking solutin bath.The process also has to be performed free of air bubbles to minimize
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introduction of defectsAlso, the molds must be kept vertical between dips so that the crosslinking
solution does not aggregate on the surface of the mold. If aggregatiomudltheccurs, thewall
thickness of the resulting graftsll be highly variable Also, the benefit of having synthetic vascular
graft is that the grafts are readily availablethi-shelf.While PVA hydrogel is chemically
crosslinked to be a permanednogel, thestability of the PVA graftss not studied yet.

In this chapter, theonsistency of the PVA graftaade by the automated fabrication process and
the manual procesgasstudied. The automation of the fabrication proceasused to test whethe
the consistency in PVA grafts can be improved. Alsosthbility of the PVA graftsvasstudiedto
assess the consistency of the physical and mechanical properties of the PVA grafts after long
incubation time. The hypothesthat will be addressed in this chapter are: (i) the automation process
will result in less variation in wall thickness, burst pressure, and compliance compared to the PVA
grafts made using the manual fabrication method, and (ii) there will be no moerethlass of

length, thickness, and dry weight of PVA grafts after 180 days of incubation.
4.2 Materials and methods

4.2.1 Manual fabrication of poly(vinyl alcohol) tubes

Standard PVA crosslinking method was used for graft fabrication as described pref288%ly
Briefly, cylindrical molds are digast in the crosslinking solutigh0%w/v PVA and15% STMP

wi/v as listed below)then dried in controlled environment as showniguke 3.1A.

4.2.1.1 PVA crosslinking solution preparation

A 10% aqueous solution of PVA (Sigr#ddrich, 85124 kDa, 8789% hydrolyzed) was mixed with
15% wi/v sodium trimetaphosphate (STMP, Sigitdrich) and 30% w/v NaOH at the volumetric

ratio of 12:1:0.4, resgzxtively, to create crosslinking solution. PVA grafts were fabricated using base
catalyzed STMP crosslinking. The PVA crosslinking solution was immediatelyadipon a cylinder
mold to form tubular PVA grafts.

4.2.1.2 Dip-casting PVA vascular graft
PVA vascula grafts were cast as previously described (Figure Ja4y) In short, the molds for the

tubular grafts were plasma cleaned, then dipped in PVA crosslinking solution. The coated molds were

dried at 262 1 a n dumBlity %or 15 minutes, before dipping in the crosslinking solution again
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for the next layer. For the first four dips, the drying time between dips was 15 minutes, the drying
time between dips in the fifth to seventh dip was 25 minutes, and dryingeimedn dips for the
eighth dip and higher was 30 minut&se molds were kept at room temperature at 30% humidity for
each waiting period between dif$ie molds were inverted eveogher dips to ensure even
crosslinking throughout the mold. Afterthedippg compl et ed, the PVA graft:
and 7680% humidity for 3 days. PVA hydrogel was rehydrated by submerging in 1x PBS for 2

hours. The rehydrated PVA tubes were stored in 1x PBS until use.

4.2.2 Automatic fabrication of poly(vinyl alcohol) tubes

Automated dipcasting equipment watesigned andeveloped by FourtlYear Design Project

(FYDP) group under the supervision of YeJin Jeong and Dr. Evelyr[346]. In short, the

equipment consisted of electrical circuit containing programmable Arduino, three linear actuator,
aluminum beams, plastic tubes, and 3D printed parts. The equipment was later revised thpthe au
to increase throughput. Both the original automateecdgiing equipment and the modifications
made are shown in Figure 5.1.

The part name for each of the components addressed are listed in Figure 4.1A. The device is
constructed so that the cylindal mold used in digasting PVA tubes were held vertically. The
linear actuator then brings down the molds into the bath of crosslinking solution prepared as stated in
Section 5.2.1.1. The cylindrical molds are then raised back to the starting heightcfat the wait
time. The second linear actuator moves the bath holding crosslinking solution out from under the
cylindrical molds to ensure the PVA crosslinking solution dripping from the cylindrical mold does
not enter the PVA crosslinking solutionntained in the bath. For all of the even number of dips, the
third linear actuator was used to rotate the rods to change the orientation of the cylindrical molds so
that the molds were inverted. The wait time between dips were 15 minute4 ftip4, 25 rnutes

for 5-7 dips, and 30 minutes for 8 dip and more.

4.2.2.1 Modification to the base automated dip-casting equipment

The holder for the cylindrical molds and the bath for holding PVA crosslinking solution was modified
to increase throughput. The modificatiorade to the original dipasting equipment is shown in
Figure4.1B andFigure 4.T. The cylindrical mold holder was design in 3D CAD modelling

software, then 3D printed. The 3D printed holder was then slid onto the rectangular rod to be mounted
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onto the atomated dipcasting equipment. The solution bath holding PVA crosslinking solution was
also designed in 3D CAD modelling, then 3D printed. Solution bath was covered between dips. For
all of the even number of dips, the third linear actuator was usedhte tbe rods to change the
orientation of the cylindrical molds so that the molds were inverted. The wait time between dips were
15 minutes for #4 dips, 25 minutes for-B dips, and 30 minutes for 8 dip and more.

inverting grafts i - I B. Cylindrical p
Motor for [ P = - molds I
inverting grafts : HH | [
Cylindrical molds
N I _ I
~ I Connection to
Electrical box ~ hold molds I
I Hole to mount to
N\ the equipment I
N ‘ N - - - L AN -
- ~
G - s - e o - e - - 1
; N I |
Motor f(?r moving Motor for moving . N I
mold for dip-casting soliition Lath Solution I
baths \ I Hole to mount to Solution
N the equipment baths I
L _— - - L NN N - -
Figure4.1. Equipment for automated poly(vinyl alcohol) (PVA) vascular graft fabrication proc@ssThe equipment for automation of PV|
fabrication process developed by the Fouitlear Design Project group. (B) Comptassisted degin (CAD) model of modified mold holder
improve output. (C) CAD of the solution bath made to match the modified mold holder.

4.2.3 Inner-diameter and wall thickness

2 mm segment rings were cut from the tubular PVA grafts at the ends and at the center of the
samples. Images of the 2 mm segments were taken, and the inner diameter and wall thickness of the
segments were measured for each segment from the images udiradp Mrtr each individual

sample, the measurements of the inner diameter and the wall thickness from segments at different

regions were averaged to yield the average inner diameter and the wall thickness of the sample.
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4.2.4 Compliance

3 cm segments of PVA gtafwere exposed to 120 mmHg and 80 mmHg of hydrostatic pressure.
Images of the grafts were taken at the defined pressures. The outer diameters of the grafts were

measured, then the compliances of the grafts were calculated using the following g@6#tion

zpmimb O& dn o Nl a@H 0OQéEquation 1

ePTFE vascular graft (GofEex®, catalog number V04070L) with the inner diameter of 4mm was

used 6 measure the compliance of the ePTFE graft with comparable size using the stated setup.

4.2.5 Burst pressure

Burst pressure measurement was performed following published nj@#joth brief, 4 cm segments

of PVA grafts were expesl to internal pressure induced by nitrogen gas at room temperature. The
pressure was increased gradually until the graft burst. The burst pressure was recorded at the pressure
at which the graft burst. A normalized burst pressure was calculated asrbassire normalized per

unit thickness by dividing the burst pressure of the samples by their wall thickness.

4.2.6 PVA hydrogel stability

PVA tubes fabricated following the procedure described in Section 5.2.1.2 was used for testing the
stability of PVA tubesThe schematic for the testing the stability of the PVA hydrogel are shown in
Figure 4.2. PVA tubes were cut into 1 sagments. The segments were washed three times with
deionized (DI) water. Crossectional and longitudinal images of each section wé&ental he wet

weight of the PVA segments were measured after thoroughly removing residual liquid whtbdint
paper wipes (Kimwipes). The sections were then
weight. The segments were then submerged in steidlizaolution, which comprised of 10% wi/v
Penicillin-Streptomycin + 1% w/v AmphotericiB in 1x PBS. The segments submerged in

sterilization solution was placed into the incubator for either 3 months or 6 months. The sterilization
solution was replaced whitfresh sterilization solution every two weeks. After the incubation, they

were washed three times with DI water. The segments were then patted dry vitdeliphper

wipes, and the wet weight of the segments were measured. Thesectisgal and longidinal

i mages of the segments were taken. Afterwards,

segments. The dry weights of the segments were measured after 72 hours of drying.
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Figure4.2. Schematic of the stability test performed on PVA graft.

4.2.7 Statistical analysis

Statistical significance was determined usingatway ANOVA f ol l owed by Tukey

comparison analysis with 95% confidence interval giditatLab. The data are presented as mean +
standard deviatiorLinear regression was performed to determine the statistical significance between
the groupsFor the data satisplaying the no#linear behavior, thdatawas revised using logarithmic
transfamation.For all the presented data, p<0.05 is denoted by * unless otherwise specified in the

figure caption.

4.3 Results

4.3.1 Comparison between automated and manual fabrication method

Manual fabrication of PVA grafts requiresultiple practiceslue to the fact that the fabrication
process is prone for human errofrbe FYDP group that developed the base automatic PVA graft
fabrication equipmen(Fig. 4.1A)tested the equipment by makiRYA vascular grafts on their own.
The groupsuccessfully made PVA dta, and proved that the equipment can be usednonize the

learning curve required for making PVA gratftsurther modifiedthe equipmento increase the
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throughput (Fig. 4.1Bnd Fig. 4.1C)Furthermore, thdesign of the crosslinking solution holder was
modified to decrease tl@mount ofwasted PVA crosslinking solutiom Table 4.1, the comparison
of the throughput and quantity of the required crosslinking soligistatedThe maximum number

of grafts that could be made by the equipment increased byftidegfter modification. Also, the
guantity of PVA crosslinking solutiorequired decreased after modification to third of the amount
required using the base equipment.

Table4.1. Comparison of productivity per required ingredient between the base and modified equipmel

Equipment made by FYDI Max. grafts made per operation 4
group Volume of crosslinkingolution needed per graft 150 mL

Equipment made by FYDI Max. grafts made per operation 12

group with modification Volume of crosslinking solution needed per gra 40 mL

Figure 43 shows the comparison of the physical properties of the PVA grafts made using the
manual and automated fabrication methods. The luminal diameter did not show any difference
regardless of the number of layers (Fi®gd). The grafts made using the automafaorication
method had significantly lower wall thickness compared to those that were made using the manual
fabrication process (Fig. 3B). The burst pressure of the grafts made using the automated process
was also lower compared to the grafts masiag the manual fabrication method (Fig3@). Since
the burst pressure is directly related to the wall thickness, it is to be expected that the graft made from
automated process have lower burst pressure than the ones made from marastingjpnethod
[327]. Thegraftsmade using the automated methtnadisignificantly higher compliance compared to
the grafts made using the manual fabrication mefRrad 4.3D) It was also observed that the grafts
made with 6 layerBad wide standard deviationhi§ could be due to the fact that the galf the

graftswere thin.

Figure 43E and Figure 4.3F shows the burst pressure and compliance plotted against the wall
thickness to inspect the burst pressure and compliance of the grafts with respect tottiiekweds.
The plot of burst pressure versus wall thickness shows that there was no statistical difference between
the grafts made using differefatbrication methodéFig. 4.3E). Likewise, the plot of compliance
versus the wall thickness showed no défere between the two grouf$erefore, it can be
concluded that the difference in burst pressure and compliance is due to the wall thickness, rather than

alteration in theroperties of the hydrogel.
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Figure4.3. Assessment of physicahd mechanicaproperties of the poly(vinyl alcohol) (PVA) grafts made using the manual and automat
fabrication process(A) luminal diameter, (B) wall thickness, (C) Burst pressure), and (D) aoceptif the grafts made by the manual (black
and automated (grey) fabrication methods. * indicate statistical difference between the indicated groups with p<0.05 ¢Eyvplb
thickness vs. burst pressure, and (F) plot of wall thickness vs. comptiaitreegrafts fabricated with manual (black) and automated (red)
methods. N = 9 for all groupStandard deviation used as error bars.
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4.3.2 Stability of the PVA vascular grafts

Thestoragestability of the PVA hydrogel crosslinked with PVA vascular grafts have not been
studied.In Figure 44, thestability of thePVA graftsafter 180 days of incubation is showle
representative images of the grafts on Day 0 and Day 180 showelktteatds no observable

change in theegments after the incubation (Fig. 4.4M)elength and wall thickness of the

segments were measureahd are shown in Figure 4.4B and Figure 4M&more than 2% average
reduction in the length and wall thickness was observed for all groups. Furthermore, the dry weights

displayed less than 2% reductiafter 180 days of incubation.
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14 —— B—

Length (cm)
o
-]

e
o

Average % reduction in length:

1.78+1.72%
0.4 +
0.2 4
0
Day 0 Day 180
C. Thickness of individual samples D. Weights of individual samples
10 « 50 =
=
‘E 8 + 40 +
2 B
o 6 4 2 30 o
c -
3 5
£ 44 2 20 -
Average % reduction in thickness: Average % reduction in weight:
2 4 2.00+1.47% 10 - 1.337+0.81%
0 0
Day 0 Day 180 Day 0 Day 180

Figure4.4. Stability of the poly(vinyl alcohol) (PVA) hydrogglA) representative images of the graft at day 0 and day (BPlengtls, (Cwall
thickness and (D)ry weightof the individual graft segments on day 0 and day Bch line representssample n=8.
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4.4 Discussion

Consistencys importantin scientific research especially so in biomedical engineering. This is due

to the fact that there are many sources of ederivation and variationsin cell culture, the

behaviors of the cells are dependent onctirdfluence, the composition of the media, the temperature
of the incubator, the humidity and carbon dioxide level inside the incubator, andmibhie case of
biomaterials used im vitro experiments, the materials can have variations dderigationin

making the bulk solutiorand the standard experimdntariation in characterization. Materials
samples would have to be rejected when errors have been introduced to the process, such as
contamination in the solution used make the material, error in fabrication process, agwtdhtal
error in charadrization of the materiallhe scientists perform experiments keeping as many sources

of error in mind, and try to keep as many factors as consistent as possible.

Here, theconsistency oPVA vascular graft was exploredt an initial glancePVA vasculamgraft
fabrication proceskmokseasy. It just requires repeated dipping of the mold into the crosslinking
solution, with defined waiting time between each dipgij. However the dipcastingmust be
performedcontrolled speed or the chance of introdudefects increasé\lso, depending on the
angle at which the grafts are kept between eachtwpesulting grafts may have skewed wall
thicknessTherefore, the graftwill oftenbemade in batches and stored until usé possible that
the grafts are stored for months before use. Therefore, the stability of the PVA hydrogel can also risk

the congstency of thdPVA vascular grafts.

4.4.1 Automation of the PVA vascular graft fabrication

Many technologesthat are developed in lakatoriesdo not result in translation into clinical settings.
This is due to many factors; one of which is gfuality controlduringscaleup[328, 329] There are
activeefforts to try and scalap the processes used in thkoratoriesScaleup of nanofiber
manufacturingorocess for biomedical applicatioissone of the exampld830]. The publication
addressed the use of electrospinning can increase the production of the naj3¥ijehs semi
conductors, the ability to produce thin lapérgraphene sheet is very importahie to the conductive
and physical properties of graphdB81]. Many research groupevelopednethods of forming the
graphenewhich ultimately allowed for largecale production of graphe[331]. Without the efforts
of scaleup, the technologies developed in the laboratories will not be usedHife applications.

However, translation frorthe lab to the markeequiresconsistency of the resulting proztult is
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important that the fabrication processisiplified and controlledsothatthe processliminates
avoidableerror[328]. Variation between batchédimitsthe reliability of the technology, making the
product not suitable for us@s a result, methods for good manufacturing practice (GMP) are
developed and are actively used in industries for quality coi3®al.

Variation in the dipcasting process could affect the PWbular graft propertieS.hemolds used
during the dipcasting must be dipped into theosslinking solution slowly so thatibbleswvould not
beintroduced to the crosslinking solutibath A bubblecan potentially stick to the mold and create a
defect,and ultimately cause the graft to fail prematumlyhe site of defe¢1]. If the moldwas not
kept verticalduring the waiting perioddiween dipsthen aggregation of PVA crosslinking solution
may form Thiscouldresult invaryingwall thickness throughout the grafturthermore, the molds
had to be inverted evergther dipto ensureevenwall thickness throughout the graft as well.
Therefore, automation of the process was needed to increase the consistency of the PVA vascular
graftsmade by different individualS.he base automated égasting equipment made by FYDP
group (Fig. 4.1Apnly prodiced maximum of 4 graftehile requiring 150mL of PVA crosslinking
solution per graft. fie design was modified to increase the production dmitto decrease waste
(Fig. 4.1B and Fig. 4.1CY.he resulting modificatiomcreased the maximum number of gsafiat
can be made at once to 12 grafihile decreasing the volume of PVA crosslinking solutmAOmL
per graft(Table 4.1).

The PVA grafts made using the developed automated fabrication process wastidda ensure
batchto-batchconsistencyFigure 4.3 shows the characterization of the physical and mechanical
properties oPVA grafts made using manual and automated fabrication pradesiack of
improvement in theariation in luminal diametewvas expectedas this is determitnkby the shape of
the moldrather than the fabrication procéséy. 4.3A).0On the other handhe grafts made using the
automated process had significantly thinner walls than the grafts made using the manual process with
the same number of dipEhis couldbe due to the fact that the dipping speed is controlled for the
automated process, but not for the manual proéessautomated process, the molds would be
removed from the crosslinking solution at a constant rate. However, for the manual dipping process
the speed would vary for each difhe difference in shear caused by the movement of the mold could
result in different amount of crosslinking solution remaining on the motus different amount of
crosslinking solution would cause different wall thielss for each layer and for each gréffte

differencecould alsdbe due to the fact that tiheoldswere kept vertical for the automated -digsting
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process, whereas the molds were not kept completely vertical in manual fabrication droeess.
differencein the angle the molds were held could have played a rélteiamount of crosslinking
solution that was allowed to drip off from the mold, and result in less of the crosslinking solution
remaining on the moldt was also observed that the standard dmvriaof the wall thicknesses for the
manual dipcasting method was highly variable, while the standard deviation of the grafts fabricated
using the automated method was consistent regardless of the number of layers (Fig. 4.38)d his ¢

indicate that thautomated fabrication process resulted in more consistent PVA grafts.

The lurst pressurecomplianceand the variation in / derivation of burst pressure and compli@ince
the PVA grafts were also comparéids important that the burst pressure of theARyfafts be higher
than the maximum blood pressure an individual may witness. It has been reported that the highest
blood pressure an individual can experience can be 37{B38D This necessitates that the burst
pressure of the PVA grafts be higher than at least 400mifirégburst pressure of the grafts made
using the automatarethodhad much higher variation than the grafts made using the manual dip
casting method (Fig 4.3CJhe large variation of the grafts made using the automated method was
also observed inompliancaneasurements (Fig 4.30Nowever, it was also observed that the
compliance of the grafts made using the automated process are higher than the grafts made using the
manual dipcasting process. It is important to note that compliance of the vascularsgpaitd be
matching that of the native blood vesselserBEfiore, the compliance of the PVA grafts made with 6
layers may be too high compared to that of the native blood vessels, as they would cause compliance
mismatch as wellt was found that rabbit fernal artery had compliance of 5.9+0.5 % per 40mmHg
[89], whichis similar to the compliance of 9 layeWA grafts made using automated procéss.
conclusion, the PVA grafts fabricateding the automated system with 9 layers may be the best

candidate when considering both the burst pressure and compliance.

Because both burst pressure and compliance are directly influenced by the wall tHz&hp ke
relationship between the wall thickness and burst press (Fig. 4.3E), and wall thickness and
compliance (Fig. 4.3F) was considerkiding linear regressioiit, was determined that the two groups
did not show significant difference for both the burst pressure and compliance. This indicates that the
difference in the burst pressure and compliance may be due to the wall thickness ratbtbiethan
factors.It is important to note that thinnest PVA grafts made using the manual fabrication process for
grafts with 4mm diameter have 6 layersis is due to the fact that the manual-dgsting method

results inintroduction of defects. The defeciould causegrafts with6 layers made using manual
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fabrication proces® fail during compliance measuremedbwever, the grafts made using the

automated fabrication process resulted in PVA grafts with thinner Ithetrare capable of

withstanding the internal pressure required for compliance measurement. This indicates that the grafts
made using the automated processld result irgrafts with less defects die havingbetter control

of dip-casting process.

4.4.2 Assessing storage stability of PVA grafts

As PVA vascular graft fabrication process requires several Ba84% grafts are made in batches and
stored in 1x PBSntil useinstead of being made as nee&t]. Therefore, thetoragestability of

PVA hydrogel is importanfor maintainingconsistency bateen experiments$:igure4.4 shows the
physical changes of PVA grafts after 180 days of incubation in 10% Per&iiteptomycin and 1%
Amphotericin B solutionThere wereno observable changasthe appearance of the graft after 180
days (Fig. 4.4A)Detailed measurements were made to ately compare the samples before and
afterlong-termstorage There were less th&% reduction in the length (Fig. 4.4B), the wall
thickness (Fig. 4.4C), and the dry weight (Fig. 4.4D) of the saniptés is in agreement with the
literature, as PVA hydgels are considered nalegradablé25].

4.5 Conclusion

Here, the consistency of ti®/A vascular grafts were studiethrough the development of
automated fabrication method, tbensistency of th&abricatedgrafts betweerach batchvas
improved. Alsothe automated fabrication process alloweddbrication of PVA grafts with thinner
walls by reducingthe introduction of defectd his could allow fodevelopment of PVA grafts with
improved compliancand burst pressurkastly, the PVA vascular graftewere incubated for 180 days
to test thdong-term storagatability of the graftslt was found that the graftemained completely

intact, withless than 5%oss ofthe hydrogel.

It was also found, however, that the variability of the grafts resultorg the automated
fabrication process can be largéis could be due to an error in the setfigheequipment and
should be explored furtheffor example, the holders for the molds could be misaligned that the molds
were tilted during the digasting proess.Once the variation between grafigemoved by adjusting
the setup of the equipmetite process can be usedutmerstand thbehaviors of PVA vascular

grafts withthinner walls Also, theautomated process can be usefhtwicate PVA grafts with higher
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compliance, whicltould be useth clinical setting as a compliant vascular grB&fore reaching
clinical application, however, the stability of the graft in exposure to the blood or-trlooitking

fluid should be studied to ensure the safety of the patients.
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Chapter 5
| sol aftfeedctes of compliance mismatch

muscle cell s

In this chapternovel continuous compliance mismatched poly(vinyl alcohol) (PVA) sample will be
describedDetailed procedure of fabrication of continuous compliance mismatch will be explained.
Then,the effects of compliance mismatch on vascular smooth muscle cells will be addisaged

the fabricated continuous PVA sample.

5.1 Introduction

Cardiovascular disese still remains an active topic of research. Despite much sffathetic
smalldiameter vascular graf{sSDVG) defined as materiddased vascular grafts having less than 6
mm of internal diametestill face limited succes&uccess of vascular gtafare determined using
patency. Patency is a measure of the lunopahing ands used to determine whether the implanted
vascular graft allows for blood flovCommercially available sSDVG are made using expanded
polytetrafluoroethylene (ePTFE) apdlyethylene terephthalai@acron).These grafthave as low
patency as 23% after 2 weeks of implantafmePTFE[17], and 29% after 7 months for Dacron
[18]. There aréviological approaches and biomechanical approagbkedto study thdimited
patency. For exampl@, biological approach to addressing limited pajeisendothelializatiorof the
vascular graft wall29]. A biomechanical approach is througtinimizing the discrepancy between
the vascular graft angative blood vessels. One of the biomechanical properties that is being studied

is compliance.

Compliance in the context of vascular graft engineering refers exffansion of the graft with
exposure to the blood floj274]. Compliance mismatch refers to the discrepandhéncompliance
of the native blood vessel and the implanted vascular gisétcompliance of sSDV@ very low
compared to the native blood vessels. For example, an ePTFE graft with 5.4 £ 0.1 mm diameter has
compliance of 1.2 + 0.3% per 1®Hg,whereas human carotid artexth diameter 06.11 + 0.87
mm hascompliance of 6.6 £ 1.3 %er 100mmHd14, 306, 308] The compliance mismataould
result in formation of abnormal wall stre@§S), ultimately affecting the formation aftimal
hyperplasia (IH)IH refers to the blockage of the lumen due to the migration and excessive

proliferation of vascular smooth muscle cells (VSMQ)ere are many biological factors that are
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found toincrease/SMC proliferationand migratior{14, 335337]. It has beembserved thaplatelet
derived growth facteBB (PDGFBB) can induce proliferation and migration of VSM[385]. Also,
nuclear localization ofjesassociated proteily @P) has been found toe involved in proliferatiomf
VSMCs[336], On the contraryphosphorylated myosin liglghain kinasegdMLCK) has been shown
to be responsible for the contraction of VSMB37]. The behaviors of these factors are influenced
by mechanical stimulatiorincreagng the compéxity of understanding IH.

Numerous studies foced on mechanical stimulation to understémekeffects ofbiomechanical
factors such as wall shear stre8§SS) sutureline stressandWs, on VSMC and development of
IH [14]. The WSSis the shear stregise cells are exposed to due to the blood flalnormalWSS
has been found to cause damage to VSMCyesult in causing proliferation of VSM[35, 151,
282]. Sutureline stress is the localized stress awbtime anastomosis due to suturke localized
stress of suturine has been mapped through simulati@m&l have been correlated with biological
observation$23]. The localized stress cause damage to the surrounding VSMC, and result in onset of
proliferation of VSMC.WSis the stress that is applied on the substiaeells are attacheth the
case of vasculagraft, WS occurs inradialdirectionbecause of the expansion of the wall due to
internal pressurf273]. The effect of wall stress was assessed with the presence oflguti].
While mechanical stimulation and stiffness of the substrate affecting the cellular behaabh is
understood273, 321] the effects of compliance mismatch alone is not expldred.effect of
compliance mismatch is studied in combination with sulimestres§23]. The suturdine creates
regions with elevated WS, which can affect the biological responses of V&NIGVith the
development ofontinuous sample with two distinct regions of stiffnimsg allows for cellular
adhesionthe effects of suturine ard compliance mismatch can be studied independently of each

other.

Poly(vinyl alcohol) (PVA) hydrogel has been used in various biological research. PVA displays
propertieghat are required for application to biological reseascich as no cytotoxicityow
thrombogenicity, and binertness[29]. Additionally, PVA allows for easy manipulation of the
mechanical properties of the resulting hydrdgél 87, 91, 338]The stiffness of the substrate can be
modified using the crosslinking methdebr example, thaumber of frezethaw cyclecan be used to
determine thenechanical properties of the resulting P¥itns [91]. FurthermoreKim et al. showed
PVA could be made to hawestiffness gradient by modifying physical crosslinking methd2D15

[87]. Also, PVA hydrogels can be crosslinked using chemical crosslinking methaa21,
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crosslinking parameters of chemical crosslinking method was altered to study the effects of each
parameter othe mechanical properti¢®l]. While both of thecrosslinking method allow®r easy
manipulationthe mechanical propertiesf PVA hydrogelsit is difficult to achieve aontinuous film
with the elastic moduli spanning a wide ramgth a clear transition between the elastic and stiff

region

In this chaptera hybridcrosslinkingmethod was developed achieve a continuous PVA film with
compliance mismatcfi.he developd compliance mismatch film was exposed to cyclic stexin
strain map was made to ensure equal application of strain throughout thEn#mthedeveloped
film was used inn vitro experiments to assess the impact of compliance misroatchman
umbilical arterial smooth muscle cells JASMC) with the application of cyclic straifThe
hypothess of thischapterare:(i) chemical and physical crosslinking can be used simultaneously to
achievea continuous film with compliance mismatgh), HUASMC cultured on compliance
mismatch film will result in higher proliferation raéad display phenotypic change to migratory
phenoype compared tdoth compliant and necompliant films and(iii) HUASMC cultured on
compliance mismatched film would result in higher pMLCK expression, higher FEB5F

expression, and nuclear localization of YAP.

5.2 Materials and methods

5.2.1 Fabrication of compliance mismatched sample

PVA hydrogels were fabricated using a hybrid of chemically crosslinked PVA hydrogel film and
physically crosslinked PVA. The schematic of the PVA sample fabrication is shown in Bityire
through Figures.1C. Figure 5.1.Ashowsan example of entb-side anastomosis, where the end of
the graft is sutured onto the side of the blood ve$$a 3D anastomosis region (black box) is
removed, cut, and unraveled to reveal 2D representation of the anastomosis. Te2&ntation of
the anastomosis is shown in the far right of Figure 5ldA&igure 5.1C, the birgyeview of the

PVA compliance mismatch sample is shown in far rigthe schematic of the experimental setup is
shown in Figure 5.1DNote that the samplese placed into the stretcher shown in Figure 5.1D in the
same orientation shown in Figure 5.1Men, the samples were uniaxially stretctedhimic 1D

circumferential stretching experienced by the anastomosis
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film. (C) physical corsslinking prcoess for making samples. (D) Schematic of the expérimerells were seeded onto PVA samples, tl
incubated overnight to allow for cellular adhesion. The samples were then exposed to cyclis stretching at the straincof4l@@ufs. The
samples were then used in biological analysis.

79



5.2.1.1 PVA cast films

PVA films were made using the previously published mefd#l In short, PVA crosslinking

solution was prepared by mixing 10% w/v P\{@igmaAldrich, 85124 kDa, 8789% hydrolyzed)
solution, 15% w/v sodium trimetaphosphate (STMP, Sigtiaaich) solution, 30% w/v NaOH

solution in 12:1:0.4 ratio. The crosslinking solution was centrifuged at 2500 rpm for 10 minutes to
remove any air bubbdewithin the solution. Afterwards, the crosslinking solution was poured into a
square dish so that the height of the solution in the dish was either 1 mm or 2 mm. the dishes were
then covered with lid, and placed into a temperatamel humiditycontrolledchamber. The
crosslinking solution in the dishes weB0% all owed
After 3 days of crosslinking, the lids were removed. The crosslinking solution were further incubated
in the chamber for 4 days. After completiof crosslinking, the PVA films were rehydrated using 1x
phosphatébuffered saline (PBS). The films were cut into 2lay8 cmstrips, and were stored in 1x

PBS until use.

5.2.1.2 PVA compliance mismatched samples

PVA crosslinking solution was prepared using$hee composition as above. Customized molds

were made to have internal dimensions of 2 cm of height, 4 cm of width, and 8 cm of Rarndyth.
crosslinking solution was poured into the customized molds so that approximately halheigtte

of the moldwasfilled with the crosslinking solution. The strips of PVA films prepared in Section
5.2.1.1 were placed into the molds. Additional PVA crosslinking solution was poured on top of the
PVA films. The molds were then covered with the lid, letting out excess PVA crosslinking solutions

in the process. Once the molds were completely closed, they were placed into the freezer for at least
12 hours (freeze cycle). Then, the molds were removed from #mefrand were stored in room
temperature for at least 12 hours (thaw cycle). The molds went thadagd of three freezéhaw

cycle. Afterwards, PVA samples were cut into 1 cm by 8cm strips

The sample made using only the physically crosslinked PVAatedled as compliant (CThe
samples that had two sidese side physically crosslinked only and other sige hybrid of
physically crosslinked PVA and 1 mm chemically crosslinked PVA film = was labeled as
mismatched (M). The samples consisting ofritybf physically crosslinked PVA and 1 mm
chemically crosslinked PVA film was labelled not compliant (NI@).studymore physiologically

relevant compliance mismatf®9], samplesvith higher compliance mismatetere madeThe
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higher compliance mismatch (2Mamples that had two sideme side physically crosslinked only
and other side had hybrid of physically crosslinked PVA andr2chemically crosslinked PVA film
The samples consisting of hybrid of physically crosslinked PVA and 2 mm chemically crosslinked
PVA film was labellechighernot compliant (2NC). The samples wénen washed in deionized
water(DIW) for 24 hours using ngaetic stir barPVA sampla were modified withgelatin

immediately after the wash.

5.2.1.3 Gelatin modification

Surface modification of PVA using gelatin was performed following previously published protocol
[28]. 2% wi/v gelatin(SigmaAldrich, Gelatin from bovine skin, Type Bplution was madprior to
gelatinmodification of PVA samples. For the 2% gelatin solution, gelatin crystals were added to the
correct volume DIW. The gelatin crystals were dissolved by autoclaving. The gelatin solution was
stored in the fridge until us&he samples were dried &t 0 0 \he sample3 were dried for

either 3 days or 7 day€arbonyldiimidazole (CDI) was dissolved in dimethyl sulfoxide (DMSO) at
the concentration of 100 mg/ml. The resulting solution was referred to aBKBO solution and

was made4 hoursgprior to useOncethe samples were dried for the designated time, they were
removed from th@ven and were immediately submerged in €SO solution. The samples
submerged in CBDMSO solution were placed on a rockeéfd20rpm andvere rocked for either 1

hour or 3 hourswhile CDI reaction was taking place, 2% wi/v gelatin solution was removed from the
fridge and war med up t obeBame liguidcontpletely, thelgelatigel at i n s
solution was diluted using DIW to make 1% w/v gelatin solutifter the CDI rection, the samples
were washed with equivalent volume of 1x PBS three times. After the wash, the samples were
submerged in 1%v/v gelatin solutionThe samples were kept in the incubator overnight to allow for
CDl-gelatin reaction to occulhe samples we washed with equivalent volume of 1x PBS three

times. The samples were sterilized immediately after the wash.

5.2.1.4 Sterilization of PVA samples

10% wiv PenicillinStreptomycin(Gibco, PenicillinStreptomycin 10,000U/mkolution) + 1%

AmphotericnB( Cor ni ng, Amphot er i sdlutionBas 2dd® usigierieDIWs ol ut i o
Sterilization solution was made prior to usage, and were sabredeg Quntil use. If thesterilization

solution was not used within two weeks of preparation, then thésowas kept frozeat-20 deg

C, and was thawed immediately prior to uBke samples that were washed after gelatin modification
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were kept under UV lighhside biosafety cabinébr 45 minutes. The samples were partially covered

with 1x PBS during ta 45 minutes. After UV treatment, the samples werapletelysubmerged in

the sterilization solutiofior 30 minutes. The samples were then washed three times with equivalent
volume of sterile 1x PBS. After the wash, the samples were again submergestéritization

solution for at least 1 hour. The samples were washed three times with equivalent volume of sterile 1x

PBS. The samples were kept in sterile 1x PBS solution us#il

5.2.1.5 PVA compliance mismatched samples for strain mapping

Some samples weralfricated with black glitter for the purpose of strain mapping. Just prior to
freezethaw cycle, black glittef L ET 6 S BOESWI1BU2, approx. 0.5mm x 0.5mm in
dimension), was sprinkled on top of the PVA crosslinking solution inside the customized molds.
Afterwards, the samples went through fredzaw cycle as stated in Section 4.2.1.2. The resulting
PVA samples underwent the gelatin modification process described in Section 4.2.1.3 and
Sterilization of PVA samples stated in Section 4.2.1.4. The reg@éimples were washed by
submerging in 1x PBS and stirred with magnetic stir bar overnight to remove any loose glitter.
Afterwards, the samples were stored in 1x PBS until use.

5.2.2 Elastic modulus measurement

The thicknesses of the samples were measured tisingliper The prepared samples were loaded
onto theUniaxial materialtester(UMT; AGSX Shimadzu, Japaso that the long edge of the sample
was perpendicular to the clamp of the UMT. The samples were placed #twetgatige lengths of 2
cm. The samples were then stretched at a rate win2%nin until the tensile failure of the sample.
The thicknesssof the samples weliaput to the software of the UMT prior to making the

measurementS.he software was used to aallate the elastic moduli.

5.2.3 Strain mapping throughout the sample

Cyclic stretching was performed using MechanoCulture (CellScale Uniaxial stimulation of 2 parallel
specimens; discontinued). The device was programmed to have 10% strain; the initial |&mgth of
sample being 40mm, and the length after stretch was 44mm. the cyclic stretching was performed at
1Hz for 4 hours unless stated otherwise. The strain map of the PVA samples were made to ensure
even strain throughout the sample during stretching. T®\¢A, samples cultured with HUASMC

were loaded onto MechanoCulture to be exposed to cyclic stretching.
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Strainrmapping throughout the sample was done using the code developed by Dr. Keng Hwee
Chiam and the members of his flabm A*STAR Bioinformatics Institite, SingaporeThe samples
were prepared as stated in Section 4.2.1.4. The samples were loaded onto MechanoCulture. The
surface of PVA samples were dried by wiping wittv-dust wipes Then, blaclglitter wassprinkled
on top of the samples. A camera vpdeced so that it was directly on top of the sample, looking down
at the sample from vertical positiony solution remaining on the PVA sample was removed to
removeunwanted reflectionThe camera was used to record a video clip of the samples duriitg cyc

stretching.

5.2.4 Cell culture
Human umbilical arterial smooth muscle cell ( HUASMONR, catalog #CA10064266; lot #

458z025.2 was purchased frolmonza Cells were cultured iMaintenanceulture media duringell
passage and maintenanCells werecultured in experiment culture media during experiment.
Maintenance media was made by revising the commercially available comp{&3®rPer 100 ml

of maintenance media, the compositammedia used in this chapteas: 90 mloDul becc o0 s
Modified Eagle Medium/Nutrient Mixtur&-12 (DMEM/F-12) with L-glutamine and 15 mM-{2-
hydroxyethyl}1-piperazineethanesulfonic acid (HEPESDRNING), 5ml of fetal bovine serum

(FBS) (Avantor), 3.75ml of Glutam&%-1 (100x) (Gibco),Aml of Penicillinstreptomycin (PeiStrep)
(10, 00a2d¢g/em!l BIfudde, 2. 5¢l of epithelial growth
growth factor HUASMC with passage betweenal7 was used for the experiment$ie composition

of maintenance media was revised to make experiment niEtid00ml, the composition of
experiment media was: 94ml of DMEM/E2 with L-glutamine and 15mM HEPES, 5ml of FBS, and
1ml of PensStrep.

5.2.4.1 Maintenance cell culture

CryopreservetHUASMC was purchased at passage 2 ftamza The HUASMC were thawed and
immediately submerged in maintenance media with the volume equivalent to 2x the volume of the
cryoprotectantThe cell solution was transferred to conical tube and centrifuged at 1000 rpm for 5
min. The supernatant was removegi\ing the gllet in the conical tube. The celélfet was
resuspended imaintenance mediand seeded on calllture treated T25 flaskCells were allowed

to proliferate to 905% confluence. After reaching the target confluence, cells susgendefrom

the T25 flasksurface using 0.05% TrypsEDTA. The suspended cells were diluted in maintenance
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media. Afterwards, cell suspension was transferred to conical tube, then centrifugedrairl 606
min. The maintenance media and trypsin were aspimtedndcell pellet was resuspended in

maintenance medidhe resuspended cells were used to seed the subsequent cell culture flasks.

5.2.4.2 PVA sample cell adhesion test in 24-well plate

FabricatedPVA samples (from Section 4.2.1Mre cut into small piecend placed into 24vell

plate well.Silastic tube was cut into rings with 1émheight. The PVA samplewere clamped down

using silastic tubeCells were seeded onto the filhthe seeding density of 20,000 cells/ciihe

cells were cultured in experimemediaovernight to allow for cell adhesio@ells were washed with

1x PBSthree times, then fixebdy submerging % paraformaldehyde (PFA) solutiéor 15

minutes After fixing, 4% PFA solution was aspirated out. The samples were washed with 1x PBS for

three timesrior to immunofluorescenddf) staining.

5.2.4.3Cell culture on PVA sample strips

Seeding protocol developed to ensure consistent seeding onto PVA sandpdaen inFigure4.2.
Customized seeding mold was made to for the purpose of seeding HUASMCs onto PVA samples
strips.Poly(dimethyl siloxane) PDMfDow Corning Syglard 184rosslinking solution was made
using 1:10 ratio of curing agent to base, mixed thghty, then centrifuged to remove air bubbles.
The customized seeding mold was 3D prinfHte seeding mold wa®ated withPDMS by dipping

the seeding mold into PDMS, then letting the excess drif bffcustomized seeding mold that was

dipped in PDMS asslinking solution was covered and was left in room temperature for two days.

PVA samplestripswere loaded onto customized seeding mEldASMC were then seeded onto
the PVA samplstrips at the seeding density of 20,000 cell$/@8,000 cells/cr or 40,000
cells/cnt. The cells were allowed to adhere onto the PVA samples by incubating oveulightd
in experimental mediaAfter overnight incubation, the experimental media asgirated out. The
samples were washed with 1x PBS three tifis. samples wertaenfixed by submerging in 4%
PFA for 15 minutesAfter fixing, the samples were washed with 1x PBS three tpries toIF
staining The samples with different seeding déysiere stained with IF markers immediately after

fixation.

For cyclic stretching, HUASMC were seeded oR¥A samples at the seeding density of 20,000

cells/cnt. Four PVA samples were seeded per experinigmg.cells were incubated in experimental
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media,and allowed to adhere to the PVA samples overnigietwo strips ofsamples were then

loaded into thevlechanoCultureand submerged iexperimental medialhe remaining two strips of

PVA samples seeded with HUASMC weemnoved from the seeding mold and were cut into four
pieces per striftach piece was placed into a®&4ll plate well. The pieces were then submerged in
experimental media’lhe PVA samples Eded in MechanoCulture were stretched with 10% strain at

1 Hz for 4 hoursThe samples were washed with 1x PBS three timesth#taryclic stretchingAfter

the mechanical stimulation, the samples were either fixed in 4% PFA for 15 minutes, or protessed i
the steps specified in Section 4.2.7 for western bloe. samplethat were fixed were washed three
times, then moved to 24ell plate wells then used for the immunofluorescence staining stated in
Section 4.2.5 and Section 4.2.6.

5.2.5 Proliferation assay

EdU assayLifeTech)wasperformed followingcommercially availabl@rotocol[340]. In summary,

10 & M Ed Ustesilefiltenet 2-neercaptoethandlOmM solutior) was made in experiment
media.The cells were incubated with EdU solution for 4 hours during the application of cyclic strain.
EdU solution was also added to the control group for 4 hours of incubation concuifeetsamples
were fixed and transferred to-2¢ell plate as stated in Sém 4.2.4.3Then, the cells werelocked

by submerging in blocking buffer for at least 1 hour in room temperature. The blocking buffer was
made using 109oat serum + 0.03% TritdH X-100 Sigma-Aldrich; for molecular biologyin 1x

PBS After blocking, he samples were washed three times with 1x PBS.

Thesamples werethen stained by submerging in the staining solution for 1 &brgom

temperatureThe staining solution consisted®f7 6 . 5 ¢ | of 1 x P B Shuffedq 08 . 5

e |

e | of 108, MM GUSOTf 2 mM (AHermng Rishdf Scienttific) 4a8h8d a2z0i0d e |

0.5M ascorbic acid per 1 mL of staining solutidhe plate containing the samples were wrapped
with aluminum foil directly after adding the staining solutidhen, the samptewere washed with 1x
PBS three times. The samples were submergBd\RI staining solution for 30 minute$he dilution
and description of the DAPI staining solution is shown in TableTh@.samples were washed with

1x PBS three times then were imaged using fluorescent microscope.
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5.2.6 Immunofluorescence staining

5.2.6.1 Blocking

Samples were fixed and transferred indevizell plate wells as described in Section 4.2.71% cells
were then blocked by submerging in blocking buffer for at least 1 hour at room température.
blocking buffer was made using 10% goat serum + 0.03% Tt t8a100in 1x PBS. After blocking,

the samples were washed three times with 1x PBS.

5.2.6.2 Primary antibody

The cells were then incubated with primantibodieso v e r n i g.fiHe pramaryadtibodies that
were used aregabbit Desmirprimary antibody(Life Technologiesab32362 dilution from sbck
1:50),mouse Vimentimprimary antibody(Life TechnologiesV22582ML; dilution from stock
1:200),rabbit PDGFBB primary antibody (Thermo Fisher Scientjflis1316R dilution from stock
1:100) mouse YAP primary antibody (Proteinté¢l669001-1g; dilution from stock 1:100)and
rabbit pMLCK primary antibody (InvitrogePA5-17726;dilution from stock 1:100)Desmin and
Vimentin were cestained, PDGBB and YAP were cetained, and pMLCK was stained aloibe

stock solution used for dition was made following the protocol provided by the supplier.

5.2.6.3 Secondary antibody staining

The samples were washed with 1x PBS three times, then were stained using secondary antibodies for
30 minutes at room temperatufidne secondary antibodiesed wee as follows: goat anthouse

Alexa Fluor 488 (Thermo Fisher Scientific; dilution from stock 1:1000), goatalnltiit Alexa Fluor

488 (Thermo Fisher Scientific; dilution from stock 1:1000), goatmstise Alexa Fluor 546

(Thermo Fisher Scientific; dilutih from stock 1:1000), and goat arabbit Alexa Fluor 546 (Thermo
Fisher Scientific; dilution from stock 1:1000). The secondary staining solution was made so that it
consisted of either goat amtiouse Alexa Fluor 488 and goat aratbbit Alexa Fluor 546or goat
antirmouse Alexa Fluor 546 and goat aratbbit Alexa Fluor 488The plates containing the samples
were covered using aluminum foil with the addition of secondary antibody solGitiersecondary
antibody solution was removed, and the samples washed three times with 1x PR&stly, the
samples werstained with DAP[Sigma Aldrich; dilution from stock 1:500@ndAlexa Fluor

Phalloidin 647 knvitrogen; dilution from stock 1:200).

86



5.2.6.4 Fluorescence imaging

Fluorescencémages were acquired usidgiss MicroscopeAcquiredfluorescencémages were used
for quantification of the signal§or EdU stainingpositive nuclei was counted. The perceht
positive nucleiwerethen calculated by dividing by the total number of cells courterbrescence
intensity ofpMLCK signals and PDGBB were calculated by usirighageJ The rumber ofcells

with concentrated PDGBB was quantified by counting theellswith spheres ohigh intensity of
PDGFBB. The concentrated PDGBB signal was defined as regions with PBDBB intensity that
was 1.5 times higher than the adjacent regigA$ nuclear localization was quantified by dividing

the average intensity of the nucleus by the averagasity of the cytoplasm.

5.2.7 Western blot

Western blot was performed following the protocol by theBam[341]. The modifications to the
protocol were made taccommodate fahe cyclic stretching system used in the experimdttts.

modifications are stated in this section.

5.2.7.1 Protein purification from HUASMCs seeded on PVA samples

Just before the completion of the cyclic stretchiglt™ Protease & Phosphatase inhibitor cocktail
(100x) (Thermo Scientificjvas addeda 1mL of Piercé™ RIPA buffer (Thermo Scientifico make

lysis cocktail. The lysis cocktail was placed ontouodl use.After 4 hours of cyclic stretching, the
experiment media was aspirated out. The samples inside the MechanoCulture were washed three
times with 1x PBS. 10 mL of 1x PBS was used for each waish the used 1x PBS aspirated out

each timeThe cells vere scraped from the PVA sample, then pipetteddanteppendorf tubel00uL

of lysis cocktail was added to the Eppendorf tubes. The cells were mixed with the lysis solution using
pipet. The Eppendorf tubes were placed in ice, and were rocked for 30 mihkgeEppendorf tubes

were then centrifuged at 50009 for 1 holhe supernatants were transferred to fresh Eppendurs

andwere kept frozen until use.

5.2.7.2 Protein quantification

Protein concentration of the samples were quantfiémt to performing wstern blot. The samples
were thawed immediately prior to protein quantificatiBrotein extracted from Section 4.2.7.1 was

quantified using Pierc¥ BCA Protein assay Kit (Thermo Scientific) following the protocol provided

by the manufacturgB42]. The standard for the@orking rangeof 22 , 000 e€g/ ml was made
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Working reagent (WR) was prepared by mixing BCA Reagent A with BCA Reagent B in 50:1 ratio.

The protein quantification was performed using microplEdelL of each unknown sample and

standard were pipetted into each wellach sample and standard consisted of triplic&t€s was

added to each well so that the sample to WR ratio was Af@0.addition of WR, the plate was

mixed by placing on the shaker for 30 secoiit® plate was covered,nd i ncubated at 37
minutes. The plate was cooled to room temperature, then the absorbance was measured at 562nm on a
plate readefThe averageabsorbance of the blank standaras subtracted from other measurements.
Afterwards, he average absonbee of eaclstandard and each sample were calculatedstmelard

curve was plotted in EXCEL. The concentration of the proteins of the samples were determined by

using the created standard curve.

5.2.7.3 Gel electrophoresis

Electrophoresis buffgiEB) was made Y diluting 10x Tris/Glucine/SDS Buffe(Bio-Rad)in DI
water.4x Laemmli Sample Buffer (Bikad)was used to dilute the sampl&ank sample buffer
dilution was also made using ukpaire DI water and sample buff@he diluted sample solution was
activated at 9hesamples weresallomad towdolelewn enough so that they were
safe to touchThen,Mini-PROTEAN TGX Stn-Free Gels 45%, 10well comb, 30ul(Mini Gel;
Bio-Rad)wasunwrapped and placed into the gel electrophoraiap The clamp was placed into
the gel electrophoresis chamb€&he EB was poured into the clamp enough so that the buffer
overflowed. The bffier level was observeiditermittentlyfor 10 minutes to ensure no leakagéhen
there was no leakagEB was poured into the gel electrophoresis chamber to indicated Ténel.
wells inMini Gel were cleared adny potential air bubbles or debris by ptp®y in each well gently
usingmicropipette Then,samplesvereloaded into the wells so thairity/ml of protein wasloaded in

e ac h we IPtecisiobPlus ProteinfUnstained Standards*-{B#wl)was loaded in one of the
wells. The blank was also loaded in one of the wdllee lid of the gel electrophoresis chamber was
closed to complete the circuithe protein migration was allowed to occur at the voltage of 200 V at
1.5 A for 15 minutes, or until the sample buffer migrgted beyondheindicated line at the bottom
of the Mini Gel The Mini Gel was removed from the holder by using the key. The Mini Gel was
imaged using ChemiDoc (ChemiD8cMP Imaging SysterBio-Rad to ensure eveprotein
migration.If the protein migratiorwas deemed good, then the gel was used to transfer the protein

onto the transfer membrane.
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5.2.7.4 Protein transfer onto transfer membrane

TransBlot Turbo 5x Transfer Buffer (Bi&kad) was diluted using DI water prior to used. The diluted
transfer buffer wastored inthe fridgei n | ong enough advancBeto cool
TransBlot® Turbd“ Mini-size LF PVDF Membrane, 7.1cm x & (transfermembrane; BicRad)

was wetted with methanol for at least 30 minyésr to wetting in transfer buffelThe Western

Blotting Filter Paper, 7cm x 8.4cm, thickness 0.83rfiltef paper;Thermo Scientifiz werewetted

with transfer buffemlong with the transfer membranéhe transfer sandwich was made so that the

order wadilter paper, gel, transfer membrane, and fiiaperstarting fromcathode(- end)to anode

(+ end) The gel was transferred at 20With maximum amperage of 1mdps, for 1 hour.The gel and

the transfer membrane were imaged using ChemiDoc to ensurd¢rgosigr. The gel was discarded

if there was complete protein transfer.

5.2.7.5 Immunoblotting

The transfer membrane was place®iperBlock™ Blocking Bugger in TBS (blocking buffer;
Thermo Fisher Scientifi@ndwere blockedvith agitation for at lea? hours at room temperature

The blocking buffer was discardethen, the membrane was blocked using the blocking buffer for 2
additional hoursThe transfer membrane was then submerged in primary antibody solution made
using theantirabbit PDGFBB antibody [(nvitrogen;dilution from stock 1:1000) iblocking buffer.
The transfer membrane wstoredwith agitation in the primary antibody solutidor at leas hours

at room temperatur&he primary antibody solution was removed, and the transfer membrane was
washed with 1x PBS. Each wastnsisted of 10 minutes of agitationlx PBS at room temperature.
The secondary antibody solution was madmg goat antiabbitAlexa Fluor 488 Ifvitrogen

dilution from stock 1:200).The transfer membrane was then submerged in secondary antibody
solution andvere incubated with agitation for 1 hour at room temperaiure.secondary antibody
solution wadliluted according to the suggestions of t@nufacturerThe secondary antibody was
removed after the 1lincubation andvaswashed three times with 1x PBBhe transfer membrane

was then imaged using ChemiDoc.

5.2.7.6 Quantification of protein

The immunofluorescence protein signal was quantified using Imagtal.protein was used as the

control for normalization of the dat&he values of the IF signal of the tatgrotein veredivided by
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Figure5.2. PVACDIg modification and verification of cell adhesion on PVA fabricated with different gelatin immobilization conditPWag
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the normalized control value to achieve relative expression of the target pEo&istical analysis

was performed on the relative expression of the target protein after the normalization.

5.2.8 Statistical analysis

Statistical significance was determined usingatway ANOVA f ol |l owed by Tukey
comparison analysis with 95% confidence interval using MatLab. The data are presented as mean +
standard deviation. For all the presented data, p<48.@&noted by * unless otherwise specified in the

figure caption.

90



Stretch

A.

[
22|

o

Elastic modulus:
0.388 + 0.016 MPa

o MAX

MaKGx
+~ $Break

eBreak

T Break

Break

SE

o W& . | |
0 60 120 180 240 300 360 420 480 540 600 660 750
D. & M NC 2M 2NC
¥ 3
) 1.4
1.2
T
a
s 10
(2]
3
S 0.8
=]
g
o 06
2
©
04
0.2
0.0

2M

2NC

Figure5.3. Characterization of PVA samplg#\) Image of the sample in tensile test. The film is oriented so that the mismatch line was
perpendicular to the stretch direction. (B) the strestsain curve of the mismatched sample from tensile test shown in (A). (C) image of a
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5.3 Results

B. 20,000 cells/cm? 30,000 cells/cm? 40,000 cells/cm?

Figure5.4. Verification of cell seeding protoco{A) Image of the seeding molds in use and surrounding surface after overnight of incubat
(B) Factinimmunofluorescence staining of HUASMCs seeded with defined seeding density.
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5.3.1 Verification of sample properties

5.3.1.1 Cellular adhesion

PVA hydrogel does not support cellular adhesion without chemical modificatie@nefore, the

protocol had to be modified to ensure proper incorporatigyelaitinon PVA surfaceaising CDI

reaction As CDI is highly reactive with water, P\V&DI reaction must occur in anhydrous condition
[343]. Two different drying times were tdeo identify the level of dryness required for PNIDI
reaction of the hydrogel with desired dimensions. Also, the length ofg€atin reaction required

for the immobilization of gelatin was explored. Figure 5.2 shows the different reaction timesmused f
each step. The VSMCs cultured on PVA hydrogels that were dried for 3 days displayed lack of
uniform cellular adhesion regardless of the €latin reaction time. The PVA samples with 7 days
of drying resulted in good cellular adhesion regardless oClegelatin reaction time. Therefore,

PVA samples with 7 days of drying and 1 hour of CDI reaction was labeled and referred to-as PVA
CDlg, and were used in subsequent experiments

5.3.1.2 Physical properties

Elastic modulus was measured for each sample to neetmstiffnessof each of sample. Also, the
published chemical modification of PVA using CDI reaction requires drying of the PVA hydrogel
[28]. It is known that the drying of PVA hydrogel could cause chamyéhe stiffness of the hydrogel

[21]. Therefore, the stiffness of the PVA samples were measured aftayelddih modification.

To ensue the continuity of the samples, tensile test was performed so that the compliance
mismatch line was perpendicular to the direction of stretch. The samples remained intact and
displayed linear relationship in stress vs. strain graph until at least 366f6(Eig 5.3A and fig.
5.3B). Furthermore, the tensile test was performed so that the compliance mismatch line was parallel
to the stretch direction (Fig. 5.3E). The samples displayed clean break throughout the sample when
the compliance mismatched limas parallel to the direction of stretch (Fig 5.3C). Therefore, the
samples were concluded to have good integration of the chemically crosslinked PVA film in

physically crosslinked PVA sample.

Figure 5. shows the elastic modulus of each of the samqes.C represents the PVA samples
with elastic modulus similar to the native blood vesgelshowed elastic modulus of 0.636+0.021

MPa, which is similar to the reported elastic modulus of the native blood vessels of 0.683+0.147
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[102, 304]NC is a sample that is stiff throughout the entire samjilethe elastic modulus of
0.915+0.042 MPA throughout the samplkis thecompliance mismatch samples with compliant
region having the elastic modulus ob@dnot compliant egionhaving the elastic modulus of NC in
a continuous film2NC had elastic modulugere 1.109+0.055MPé&astly, 2M samples are
compliance mismatched samples with elastic modulus of C sample in the compliant region and elastic
modulus of 2NC sample in thot compliant region in a continuous filffihe elastic modulus of the
stiff regions in 2M samples wememparable to the circumferential elastic modulus of the PVA
grafts which were 1.08+0.03 MPaublished in the literaturf®9], while being significantly lower
compared to the elastic modulus of ePTFE is 42.9+2.608/PH. Therefore, while 2M samples
cannot be used to estimate ttwempliance mismatch between the native blood vessels and ePTFE
graft,2M can be used to reflettiie compliance mismatching between the native blood vessels and

PVA grafts which had thicker wall thickness without optimization to achmpliance matching

5.3.2 Verification of cell seeding procedure

Figure 5.4A shows the custemade seeding molds being usedtf@seedingof HUASMC on PVA
samples. The images of the cells that leaked from the seeding mold are shown as well. Different
seediy densities were tried in order to identify the ideal seeding density to achieve confluence of 50
60%. In Figure 5.4B, the samples seeded with different seeding density are shown. The samples
seeded witl20,000 cells/crhand 40,000 cell/cihad confluencef 50-60%. Thesamples seeded

with 30,000 cells/criresulted in confluence of 880%. It was observed that the samples seeded with
the seeding density of 40,000 cellsfamsulted in formation of cell clusters and areas with no cells.

Therefore, the folloing experiments were performed with the seeding density of 20,000 célls/cm

5.3.3 Verification of uniform strain throughout the sample during cyclic loading

For experimentgxposing the cells to cyclic stretchirigis important that the sample does not have
localization of strainThe formation of localized variatidn strain was additionally of concern as the
PVA-CDIg samples have two regions with different elasticityerefore, strain map was made to
ensure there was uniform strain throughoutsiaple. kgure5.5A is a representative imag®m

the video used for particteacking for assessing the strain on compliant sample. The resulting strain
is plotted in Figure 5.5BThestrain map revealed that the samples were being subjected to uniaxial
stretching with 10% strain, resulting in 1D stretchimg-direction No movement of the particles

were observed in the direction perpendicular to the stretch directdinegtion).Figure 5.5C is a
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Figure 5.6. Cell proliferation and phenotypic analysis of HUASM@) Representative images of EdU assay. (B) Represent
immunofluorescence (IF) image of each sample for Desmin, Vimentin, and DAPI staining. Samples seeded with human weribll&alwmtt

muscle cells (HUASMC) were exposed to 10% strain for 4 hours before IF stampl@nt, Mmismatched, and N@ot compliant.
{OFfSO6FNTpn>Y® 6/ 0 OSftt¢ LINPEATFSNI GA2Yy ljdzZl yiAFASR dzindigat8s sttiktjcal
significance between indicated groups to their respective control group with p<0.05. # indicates statistically signffimamtcgi between the
indicated groups with p<0.05. Tweay ANOVA used for statistical analysis. N=6. Numbeeltsf per sample=100.

representative image of compliant mismatched saog®e for stem mapping The resulting strain is

plotted in Figure 5.5D. Figure 5.5E is a representative imatieeebmpliant sample. The resulting
strain is plotted in Figure 5F. Note that the plots are centered around 10% strain to visualize the

deviation from the 10% strain. It was found that the deviation from 10% strain was less than 0.1%
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throughout the samples for all samples. Therefore, the platform was deemed asfsuitableyclic

stretch study.

A. Control Stretched
pMLCK DAPI pMLCK DAPI

B. pMLCK intensity

#
_— *
£ T
%‘).s E * %
_‘306 E ~ \
4 : R\

2 0.0 1 S § \
i \ \
il 2 N N
C M NC C M NC
Control Stretched

Figure5.7. Expression of pMLCK in HUASNWK). Representative immunofluorescence (IF) stain of pMLCK. pyhi@isphorylated Myosin light
chain kinase. Samples seedeith human umbilical arterial smooth muscle cells (HUASMC) were exposed to 10% strain for 4 hours before
stain. Gcompliant, Mmismatched, and Ng 2 i O2 YLX Al yi® { OFt S6ol NI'pn>Y® 610 vdzl yGATFA
statisticalsignificance between indicated groups to their respective control group with p<0.05. # indicates statistically signffexamicei
between the indicated groups with p<0.05. Tway ANOVA used for statistical analysis. N=6. Number of cells per santple=10

Afterwards, the strain and duration of cyclic stretching was tested to identify the experimental setup

(Figure 5.5G). The duration and magnitude of the cyclic stretching needed to be identified as they are

important factors in mechanical stimulatiotperiments. Compliant samples were used to test the
9
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Figureb5.8. Distribution of PDGIBB and YAP within HUASM@,) Representative immunofluorescence (IF) stain of PB&&nd YAP. PDGF
BBc¢ platelet derived growth factoBB, and YARyesassociated protein. Samples seeded with human umbilical arterial smooth muscle ¢
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C_ctrl = compliant sample withib exposure to cyclic stretching. (Batio of nuclear to cytoplasmic YARndicates statistical significance

between indicated groups to their respective control group with p<0.05. # indicates statistically significant differeneerbéte indicated
groups with p<0.05. Twavay ANOVA used for statistical analysis. N=6. Number of cells per sample=100.
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following conditions: 10% strain for 4 hours, 5% strain for 12 hours, and 10% strain for 12 hours.
Both of the 12 hr stretching resulted in samples vath ¢ell density after stretch, and observation of
cell clusters. The cell clusters were not visible in samples that were stretched for 4 hrs with 10%
strain. The cells cultured on samples stretched for 4 hrs with 10% strain also displayed good cell
adhesio. Therefore, the following experiments were decided to have 10% cyclic strain for 4 hours.

5.3.4 Effects of compliance mismatch on HUASMC

HUASMCs were stained with various biomarkers to visualize the cefled@onses to the mechanical
stimulation The cellswvere stained with Desmin, Vimentin, PD@EB, YAP, and pMLCK along with
DAPI and Factin.For understanding the role of compliance mismatch in development of I1H,
proliferation and migration must be asses&atl) assay is a DNA proliferation assay, where EdU
binds with the replicating DNAThe assay displaydtiat the cells had higher proliferation after
mechanical stimulationg-igure 5. and Figure 5.6). Among the groups, HUASMC cultured on
mismatched films displayed highest proliferatib@smin and Vimaetin staining is used to determine
the phenotype of VSM(O844-346]. Figure 5.8 shows the IF images of the cells that were stained
with Desmin, Vimentin, and DARBENd thequantification is shown in Figure $an terms of

Desmin to Vimentin ratioThe decrease in desmtimvimentin ratio observed inigure 5.® after
exposure to cyclic stretching indicates that the cells displayed migratory phef8tgperhe ratio of

desmin to vimentin was lowest for the not compliant grexjposed to cyclic stretching.

Increasean expression of pMLCK is observed WSMC with contractile phenotyd847]. Figure
5.7A shows IF stain images of pMLCK and DAPI with and without exposure to cyclic stretching. The
IF signal was quantified and plotted as shown in Figure 3t#%as found that all of the groups
exposed to the cyclic stretching resulted in higher expression of pMLCK compared to the control
groups. Among the stretched group, mismatched groups displigyéficantly higher expression of
pMLCK.

Both PDGFBB and YAP are known to be influenced by the stiffness of the substrate as well as the
presence of mechanical stimulati@35, 348] Both PDGFBB and YAP are associated with increase
in SMC proliferation[336, 349] PDGFBB is known to bind with PDGF receptor to start
proliferation cascad64]. YAP stays scattered throughout théscrormally, then undergoes
nuclear localization when the cells become proliferative phen$®atd. Figure 5.8A shows the IF

staining of PDGMBB, YAP, and DAPI. The overall intensity was quantifiadd shown in Figure
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5.8B. It was found that the overall expression of PEBE-was lower for the group exposed to the
mechanical stimulation, with mismatched sample having the lowest intensity. However, pockets with
high intensity of PDGIBB were observeth M and NC after exposure to cyclic stretching.

Therefore, the number of cells with the concentrated RBBBignal was quantified (Fig. 5.8C).

The groups exposed to cyclic stretching resulted in higher number of cells with concentrated PDGF
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Figure5.9. Proliferation and phenotypic changes on HUASMC cultured on higher compliance mismatch with and without cyclic sifgtch
Representative images of EJU Assay. (B) Immunofluorescence (IF) stain of Desmin and Vimentin. Samples seeded with haahan umb
arterial smooth muscle cells (HUASMC) were exposed to 10% strain for 4 hours before IF stain for stretched grdugh@Mompliance
YAAYFGOK® {OFtSoFNIpn>Yd 6/0 OStf LINBEAFSNI GA2Y | dzleptif. # RdicSds
statistically significant difference between the indicated groups with p<0.05-WayoANOVA uskfor statistical analysis. N=6. Number of
cells per sample=50.
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BB signal. To assess whether there was difference in total expression ofBE)@festern blot was
performed on the samples exposed to cyclic stretching (Fig. 5.8D). There was no diffeeDGF

BB expression. Lastly, YAP nuclear localization was quantified and shown in Figure 5.8E. No
differences were observed among the samples.

5.3.5 Effects of higher compliance mismatch on HUASMC

Additional samplesvere made to test the effects of the higtmnpliance mismatch. 2iind 2NC
samples were exposed to cyclic stretching with the sample parametegpiss/ious groups.
Representative images of EdU assay are shown in Figure Bd®Aassay was used to determine the
proliferation of the cells, andhé quantification are shown in Figls®C. There was significant
increase in the number of proliferative cells after exposure to the mechanical stimulation.
Representative IF images of Desmin and Vimentin staining are shown in Figurd BeOeatio of tle

IF intensity of Desmin and Vimentin were calculated and shown in Figuie Bt ratio of Desmin

to Vimentin was higher for the control group compared to the stretched Jivenefore, it can be
concluded that HUASMC displayed proliferative and mignafghenotye after exposure to stretch

on higher compliance mismatched fil@ are the compliant samples with elastic modofus
0.636+0.021 MPa, which is comparable to the reported elastic modulus of the native blood vessels of
0.683+0.1471102, 304] NC is a sample that is stiff throughout the entire sample with the elastic
modulus of 0.915+0.042 MPA throughout thengde. M is the compliance mismatch samples with
compliant region having the elastic modulus of C and not compliant region having the elastic
modulus of NC in a continuous film. In addition to M and NC, 2M and 2NC were developed to test
whether different sgerity of compliance mismatch could also affect VSNSIC are uniform

samples with the elastic modulus of 1.109+0.055MPa, which is similar to the reported elastic
modulus of 1.08+0.03 MPa for PVA graf9]. 2M is the compliance mismatched samples
comprised of region with elastic modulus of compliant samples on one side, and region with elastic
modulus of not compliant samples on tiker sidePVA from PVA fucoidan is not compliae
matching and close to 2N@ithout optimization Although 2NC is still far from ePTFE, it would still
be one step physiologically clogerdetermining the effects of compliance mismag¥ displayed
higher cell proliferation and lower Desmin to Vimentin ratio compared to 2M{. could indicate

that VSMC proliferation and migratiozould be increased when using PVA graftsascular bypass.
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Figure5.10. Comparison of YAP and PD8B with HUASMCs cultured on 2M with and without cyclic stretgh) Representative
immunofluorescence (IF) stain of PDBIE and YAP. PDBBc platelet derived growth factoBB, and YARyesassociated protein. Samples
seeded vith human umbilical arterial smooth muscle cells (HUASMC) were exposed to 10% strain for 4 hours before IF stain far stretc
group. 2McKA I KSNJ O2YLIX AL yOS YAAYI G4§OK® BB C) MumbeNdF gells with doncentratad PIBBRGNAls, &
(D) Ratio of nuclear to cytoplasmic YAP. # indicates statistically significant difference between the indicated group® 06tHTvevay
ANOVA used for statistical analysis. N=6. Number of cells per sample=50.

The experiments werepeated with 2M samples, then stained with YAP and RBBRantibodies

to test the effects of higher compliance mismatch. The IF staining of YAP and-BB@&~shown in
Figure 5.10A. The PDGBB intensity was lower (Fig. 5.10B), while the number of celthw
concentrated PDGBB signal was higher for the stretched group (Fig. 5.10C). 2M had higher
number of cells with concentrated PDBB signal compared to 2NC. Also, it was observed that the
location of the concentrated PD@B signal overlapped with thRAPI signal, indicating that the
PDGFBB could have migrated into the nucleus. Lastly, the YAP nuclear localization was observed
for the higher compliance mismatch (Fig. 5.10D). 2NC displayed comparable amount of nuclear

localization compared to 2M.

5.4 Discussion

Currently available sSDVG face low patency due to intimal hyperplasia (IH). IH refers to stiffening
of the vascular wall due to migration and excessive proliferation of VSMC. It is known to develop
near the heel, toe, and floor of distal anastonddis There are multiple factors that affects

development of IH. It can be triggered due to biomechanical factors, material incompatibility of the

graft, WS, as well as WS34]. The detailed revie on factors contributing to the onset and

development of IH was published in 202@]. One of the biomechanical factors that is hypothesized
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to influence onset and development of IH is compliance misnf2& 1, 45, 114, 273PDespite
many efforts, the exact extent of the effects of compliance mismatch on IH, and therefore on the

failure of SSDVG, is still not fully understood.

The mechanical properties of the surroundings affetkiagellular behavior ia wellobserved
phenomean. In stem cells, mechanical cues are shown to cause the differentiatvegil as self
renewal[87]. In the study published by Bandaru et al. in 2020, they addressed the effects of
mechanical elasticity on angiogenesis by human mesenchymal stef3®@]lsn osteoblasts,
substrate stiffness is shown to influence the functional maturf@idsj. Basal epithelial cells have
displayed varying level of nuclear localization of YAP depending on the stiffnélse stibstrate
[348]. Additionally, PDGFBB has been known tofimence the proliferation of VSM{J835], and
has been found to be upregulated in cells expos@dxfil57]. Behaviors of VSMC are alsaifected
by mechanical stimulatiofzor example, VSM@&xposed tanechanical injuryesulted in increased
expression of vimentin and decreasggression of desmii352]. Studies have found that exposure

to cyclic strain causes VSMC to release PEBH; triggering[268] cell proliferation and migratian

5.4.1 Development of continuous compliance mismatched samples

There are many difficultiei® understanding the effects of compliance mismatch on IH. One of the
difficulties is to decouple the mechanical factdS, WSS sutureline, and compliance mismatch

are all factors that can contribute to the development of IH. These factors aretddfigaiise as they
occur concurrentlyn vivo. In order for a vascular graft to be implanted, it has to be sutured onto the
native blood vessels. Implantation can cause disturbance on the blood vessel wall leading to
development of abnorm®VS around the mastomosisAlso, the suturdine causes localized high

stress to occur around the sutdi@4. The angle andize of the anastomosis and the shape of the
graft contribute to the development of abnoridS Lastly, compliance mismatch can contribute to
development of both abnormalS and abnormalVSS While theeffectsof sutureline, WS, and

WSSon VSMC hae beenstudied, the decoupled effect of compliance mismatch has not been studied
yet. The benefit of having a continuous compliance mismatched film is that it can simplify the
analysis by removing the sutdlige. It is inevitable that suturkne will be formed inin vivo
experimentsas a vascular graft has to be implanfiduerefore, it is important to develop &nvitro
modelwith continuous compliance mismatch fitimat carbe used tatudy the isolated effexbf

compliance mismatch.
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PVA used in literature are crosslinked primarily thropglysical crosslinking method using
freezethaw cycle orchemical crosslinking method usig MP.The number of freezthaw cycles
can be used to vatheelastic modulusf the resulting PVA hydrogel to be the 56250kPa range
[353]. The polymer concentration can be further changed to achieve higher elastic modulus ranging
between 40 MPa[90]. PVA hydrogel chemically crosslinked with STMiave been reported to
have theelastic modulus 0200 KPa[25]. Furthermore, raking continuous hydrogel with different
stiffness can be achieved by P\VWor example, methods to make continuous PVA hydrogels with
varying stiffness has been studi&d]. In the study published iB015, stiffness gradient was
achieved by varying the freetieaw cycleto study the stem celifferentiation in response to the
stiffness of the substrafg7].

While achieving stiffness gradient in a continuous hydrogalbeuseful it cannot be useid
study the effects of compliance mismatEbr compliance mismatch, a continuous fikith two
sections having distinctively differeatiffness is require¢Fig. 5.1A). By combining the chemical
and physical crosslinking method (F&1B-D), a continuous PVA hydrogel with compliant and not
compliantsides weranade as shown in FiguEelC. However,the gel had to be modified further as
PVA without biochemical modification does not support cell adheSiba.dehydration step required
for CDI-gelatin modification can alter the stiffness of the resulting PVA hydr¢g@]sTherefore, it
wasimportant to measure the elastic modulus ofsthmple after the CDiyelatin modification was
performedFigure5.2 shows the differemeaction timesised for PVACDI-gelatin reactionlt was
found that 2day drying of the PVA hydrogels resulted in insmtent HUASMC attachment
regardless of the length of the GBelatin reaction timeBoth 7-day drying and -hour CDlgelatin
reaction as well as 3hour of reaction resulted in uniform cellular attachment. Thetfedore,
biochemical modification step of &ags of drying and 1 hour of CBjelatin reaction was used for the

samples for the subsequent experiments

After determining the procedures for the fabrication of PVA compliance mismatched samples,
tensile tests were performed to quantify the elastic modulus of each sAsipleown in Figure
5.3A-C, thecompliance mismatched PVA samples lgadd integration ophysically and chemically
crosslinked PVACompliance in vascular graft is a measure of strain when the graft is exposed to a
specified internal pressure. Therefore, measuring compliance of a film is difficult due to the
geometric limitation. Here, the pwpliance of the PVA samples were estimated using the elastic

modulus, which is a measurement describing the relationship between strain and stress of the film.
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The elastic modulus of the natitabod vesselbave been reported t@ary from0.3- 5.5 MPa[354].
Thereforethe elastic modulof the samples fall within theinge of the elastic modulus possible by
native blood vesselélso, elastic modulof C, M, NC, 2M, and 2NC displayed significant difference
betweereach other with exception of M and Ni@.used for the experiments consisted of the
compliance side with the elastic modulus of 0.636021 MPa and not compliant side consisting of
0.915+% 0.029 MPa. As shown in Figure 5.3E, the 2M samples consisted of the compliartiside
elastic modulus as compliside of Mand not compliant side with the elastic modulus of 1409
0.065 MPa.The 2M samples displayed elastic modulus valueishamparable to reported value of
circumferential elastic modulus of smdiameter PVA graff29], and therefore was used todu
more physiologically relevant compliance mismattkvas concluded that the physical and chemical
crosslinking of PVA hydrogel resulted in continuous compliance mismatched sample with

physiologically relevant elastic modulus.

The dimension and seedidgnsity needed to be identified priomterformingin vitro experiments
for reliable resultsThe samples hawe be 1cm by 6 cm in dimensions in order to be loaded onto
MechanoCulture to be exposed to cyclic stretchifmgensure even seeding, custordizeeding mold
was maddFig. 5.4A). The seeding method using the custorade mold resulted ileakage of the
cells along the shorter edges of the seeding mold. However, there were no cells observed along the
long edges of the seeding molds, andstémples resulted in consistent seedirtge second
consideration is the seeding dens\t$aMC is one of the cell types that display contact inhibition
[355, 356] To maximize the understanding of proliferation and migration of the VSMC, confluence
of 50-60% was chosen to avoid contact inhibitiéfter trying different seeding densities, 20,000
cells/cnt yielded 5660% seeding densitfig. 5.4B).

Becauselte developed sample contained two distinct sections with different stiffthesgrain
map had to be made in order to verify uniform strain througti@usamplesStrain mapping tracks
the movement of the particles in 2D directiés. shown in Figur®.5A through Figuré.5F, uniform
uniaxial strain(in y-direction)was observed throughout the PVA samples regardless sathple
type. There were no movement of the particles in thdirgction. This is thought to be that the
samples were not undergoing enough strain to cause displacement of the particles-iatnbyh x
direction.The setup was then used to identify the strain and duration of cyclic stretching to which
HUASMC could be exposedtlan et al. showed that the PVA graftisplayed that the mechanical

properties of the PVA grafts changed after exposuoytbc stretching for 1 hour at 5680% strain
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[334]. It was speculated that the PVA grafts would not undergo such change in mechanical properties
under 10% strainColombo et al. observed that different legéktrain could affect the proliferation

and migration of VSMC. In their study, they observed that VSMC proliferation was incrieased

after exposure to 10% strdi242]. Therefore, 5% and 10% strain were usestudying the effects of

cyclic stretching in HUASMCAs shown in Figur&.5G, significant number of cells detached when
exposed to 12 hours of cyclic stretchiegiardless of the straiifhis could be due to the cells being

in culture for too long, and beme confluento form cell clustergFig. 5.5G, red circles)his could

be a promising explanation esll clusters werebserved with the samples that weeeded with

40,000 cells/crhseeding densit{Fig. 5.4B, red circles) Therefore, 10% strain for 4 hours was

concluded to be the ideal tine be used in the following experiments.

5.4.2 Application of the continuous compliance mismatched samples in vitro

Theeffects of cyclic stretching on VSM@sewell-studied[22, 157, 357]It has been found that the
extent of strain applied to the cells can influence the proliteratnd migration of the cel[$22,

358]. Alterations in the s&in have also been found to induce inflammatory respgh58s 156]

Also, some stretch experimeititied various lengthef exposure to cyclic strato study the acute
responses as well as letgym responsesf VSMC [256]. However, these responses used a substrate

with singlestiffness, and could not be used to understand the effects of compliance mismatch.

With the development of the cyclic stretching system with continooogpliance mismatgthe
independent effects of compliance mismatch on VSMCs can be stodigab. It has been found
already that the compliance mismatch may have additional effects on top oflsdweund the
anastomosis in development of [£b4]. Sutureline forms localized stress around the swtuiiéhe
stress that are experienced around the anastomosis depends on the suture type, the gauge of the suture
needed, and the flow through the anaston@dis154] Having the platform to study the effects of
compliance mismatch alone will allow for simplification needed to understand the effects of

individual factors.

5.4.2.1 Effect of compliance mismatch on VSMC exposed to cyclic stretch

The developed compliance mismagamplewas used to expose HUASMCs to cyclic stretching with
the strain of 10% for 4 hourthenwere analyzed using IF staining to assess their biological responses

(Fig. 5.6 through Fig5.8). EdU assay is a proliferative assay that quantifies the proliferating cells by
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binding to the replicating DNA. The assay showed that the proliferation was significantly increased
with compliance mismatcheshmples after application of cyclic stretching (FH¢C). Then, the

phenotypic change of the VSMC was studied usiegnun and/imentin[344, 345, 359]The ratio of
desmin tovimentin was significantlylecreaseth the groups that were exposed to cyclic stretching

(Fig. 5.6D). This is in agreement with published literaturéhagher expression ofimentin hae been
observed inVSMC with migratory phenotypE46]. In combination with the increased Vinten
expression, it could be concluded that the exposure to cyclic stretching resulted in cellular responses
towards arterial remodelinglso, it can be concluded that compliance mismatch influenced the cells

to have higher proliferation.

It has been fouhin literature that pMLCK can influence the contractility of VSMB37], and
regulate migration and proliferation of VSMC through mitogetivated protein kinase cascade
[337]. IF signals opMLCK shown in Figurés.7A is quantified in Figure 5.7BThe expression of
pMLCK wasincreasedn compliance mismatch sample compared tootiher groupsvhen exposed
to cyclic stretchinglt can be concluded thathile exposure to cyclic stretching caused significant

increasecompliance mismatch also played a role in increasiagxpression of pMLCK

PDGFBB is another biomolecules known to regulate the proliferation and migration of VSMC
[267, 349] The overall intensity of PDGBB was lower for the compliance mismatched group (Fig.
5.8B). This is opposite to the findings in the literature,raseéase iPDGFBB has been found to
increase proliferation and migration of VSM[360]. However,areasof high intensity signieof
PDGFBB were observed (Figh.8A). Therefore, the cells with the areas of high intensity of PDGF
BB was quantified (Fig. 5.8C). It was found thatréhevas significantly higher number of cells with
concentrated PDGBB signalfor compliance mismatcheshmples and not compliant samplesis
could be that the PDGBB in those cells were binding to PDGF receptors to trigger the subsequent
biological reactionsAlso, western blot was performéd quantify the amount of endogendeBGF
BB (Figure 5.8D) It was found that the expression level of PDBIE was not significantly different
between all of the stretched groups. Therefore, it was concthdethe PDGHBB did not change in
the expression level, but were redistributeBGFBB could be packed into exosome to be secreted
out of the cells. This is in correspondence with the literatuse@®tion oPDGFBB is observed in
proliferating VSMC[267].
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YAP nuclear localization is observéa inhibit apoptosi$272]. Furthermore, YAP is known to
contribute totHUASMC changing tgoroliferativephenotype when exposed to cyclic stretcHRigL].
Therefore, YAP nuclear localization was also studied Hére.quantification of IF signal shown in
Figure 5.8A indicated that there was nelear localization observed regardless of the exposure to
cyclic stretching, of the stiffness of the substrate (Fig. 5B&¥ could be due to the fact that the
stretch duration is too short for YARanslocatiorto occur

5.4.2.2 VSMC response to higher compliance mismatch

In order to assess the effects of compliance mismatch fustimeples with highezompliance

mismatch were usedhecell proliferation (Fig 5.€) increased with the exposure to cyclic stretching
on higher misratch sampleAlso, decrease in desmin to vimentin ratio was observed (FiD).5[@e
PDGFBB signal intensity (Fig5.10B) decreased as it did the compliance mismatched model (Fig.
5.8B). Furthermore, it was observed that cell proliferation and change to migratory phenotype was
more pronounced in 2M compared to 2NQese findings were in correspondence with the earlier
data shown in Figure 5.6.

Theregions with high intensity of PDGBB signal werealso observedith samples with higher
compliance mismatchfter exposure to cyclic stretchiigig. 5.10C). 2NC also haddwernumber of
cells with concentrated PDGEBB signal which is in agreement with the data shown in Figure 5.8.
Unlike in earlier data, however, it was clear that the PEBEFsignals were localized at the nucleus
(Fig. 5.10A).It could be that the localization of PD&B to the nucleus promotes further expression
of PDGFBB, leading tancrease in PDGF around the nucleYi8P localizationwas also observed
with higher compliance mismatch samples exposed to cyclic stret¢hitige first compliance
mismatch model, no nuclear localization of YAP was observed §M¢). However statistically
significant amourgof cells displayed nuclear localization of YAP when exposed to cyclic stretching
on higher compliance mismatch sang{leig. 5.10D). It is important to note that the HUASMC
cultured on 2NC also displayed nuclear localization of YAP after exposure to sireliching2M
and 2NC displayed statistically similar level of nuclear localization, indicating thatittiear
localization occurred due to higher stiffness, but not necessarily due to compliance mismatch.
Therefore, it can be concluded that the eixtércompliance mismatched samples influenced the
behavior of PDGHBB and YAP differently. The difference in biological response due to higher

compliance mismatch indicate potential increase in the proliferation and migration of HUASMC.
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5.5 Conclusion

In orderto study the isolated effects of compliance mismatch on VSMiBgintious PVA hydrogel
with two distinct sections with different elastic modulus was develdpise continuous PVA
hydrogel could allow for removal of sutuliae stress localization so thide effects of the
compliance mismatch between the implanted graft and the native artery stadied independently
The continuous PVA hydrogelith compliance mismatch was made by using both physical and
chemical crosslinking methodhe resulting hydrgel displayed good integration between the two
different types of crosslinking methods. Algoptocols forbiochemical modification to enhance
cellular adhesioandcell seedingn strips of PVA hydrogel&ere developedlhe strairmaps of the

samples were made to ensure uniform strain throughout the samples.

The developed PVA compliance mismatched samples were used in experiments to assess the
effects of compliance mismatcm HUASMCs with exposure to cyclic stretchifidne samples with
compliance mismatch resulted in higher proliferation as well as higher pMLCK intensity after
exposure to cyclic stretchingdditionally, pockets of high concentrations of PD8B signalwere
observed from theompliance mismatched sampl&se concentration d?DGFBB signal wasnore
pronounced in higher compliance mismatched samplethermore, nuclear localization was
observed witthighercompliance mismatched samplégerefore, it can be concluded that different

level of compliance mismatatan have varyig effects on HUASMC.

The compliance mismatch PVA films can be usefilittherstudy the effects afompliance
mismatch on IHFor example, cellular responses to cyclic stretching while on compliance
mismatched substrate in the presence of PIBBHRnhibitor could be studiedvSMC proliferation is
promotedwhen the cells were cultured time presence of PDGBB [349]. By using the developed
compliance mismatched films, it will be possible to sttilymechanistic effects of PDE&B in IH.
Also, the experiments performedtinis study focused on the spatial distribution of intrinsic PDGF
BB. External patial distributiois of growth factors are actively being stud{@86, 361] The In
2018, Tannenberg et al. found that extracellular retention of PB@Byed an important role in
hypoxia-induced pulmonary hypertension. Since the surface of PVA can be easily modified with
biochemical moleculed, is a promising platform to be us&alstudy the spatial distribution of

different growth factorand the effects of stiffness concurrently
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Chapter 6

Conclusion and future direct

In this chapter, the conclusion and suggestions for future directions for each chapter will be
addressed.

6.1 Conclusion

Researchers are actively studying to understand and overcome the failures of symidledi@meter
vascular grafts (sSDVG). One of the identified hurdles in overcoming the limitations of sSSDVG
intimal hyperplasia (IH), which refers to the thickening of the blood vessebwalto excessive
proliferation and migration of vascular smoothsule cells (VSMC)It was found that the

proliferation and migration of VSMCs are influenced by mechanical stimulation. Therefore, it was
hypothesized that compliance mismatch, which is the mismagtiffimessbetween the native blood

vessels and the planted sSDVG, could cause the abnormal proliferation and migration of VSMC.

Poly(vinyl alcohol) (PVA) was proposed as a potential candidate to be a compliant §3B]VG
PVA is a bieinert, lowrthrombogenic, and loveytotoxic hydrogel with adjustable mechanical
properties. In this thesis, the effects of crosslinking densityraadayer adhesioon the compliance
of PVA vascular graftsvas studiedlt was found that highenterlayer adhesioresulted in increase
in theburst pressuref the resulting tubesiowever, the compliance of the resulting grafts were
lower than the grafts with lowémterlayer adhesiarTherefore, the posed hypothetiatthe increase
in interlayer adhesiowill allow for higher compliance and higher burst pressure when the grafis ha
the same wall thicknesgas proven to be fals&éheincrease in crosslinking densitysulted in
improvement in théurst pressurbut decreased complianoéthe graftsindicating that the

hypothesis posed was correct. Lastly, the fasticationmodification did display changes in

crosslinking density, and resulted in grafts with increased burst pressure and decreased compliance.

Thereforejt can be concluded thatetast hypothesis posed for the chapter prased to be true

In Chapter 4, automated PVA fabrication process was developed to decrease variation due to
fabrication process. It was determined that the process allow&dtdth Year Design Project
(FYDP) group to fabricat®VA grafts with consistency.he equipment was further modified to
increase the throughput while decreasing the wasted crosslinking soliuivas.found that

automated fabrication resulteddecrease in wall thickness and burst pues§ his could bebecause
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the consistency in dippingrocesseduced error during dipasting procesd herefore, it can be
concluded that thirst hypothesis posed comparing the variation of the two fabrication nsatrasd
true.Also, theassessmerstability of PVA graft concluded that PVA grafts lost less than 2%sof
physical contenpver 180 days of incubatioffhe second hypothesis that was posed in the chapter

was also proven as true.

Lastly, a continuous compliance mismatched PVA film wagigped to test the effects of
compliance mismatch dmuman umbilical arterial smooth muscle cells (HUASNCa simplified
systemln Chapter 5first hypothesis of chemical and physical crosslinking can be used
simultaneously to achieve a continuous fikiith compliance mismatch was testdthe resulting
samples displayed continuityhile having distinct regions with different stiffneggoving that the
hypothesis was tru&@he samples were then usedimvitro experiments to assess the effects of
complance mismatch oWSMCs with the exposure to cyclic stretchitogtest the hypothesis that
HUASMC cultured on compliance mismatch film will result in higher proliferation rate compared to
both compliant and neoompliant films It was found that compliangaismatchresultedn higher
cell proliferation. Also, the phenotypic changemaratory phenotypwas observedrhis can
indicate that compliance mismatch without sutlime can causenigration and proliferation of
VSMCs.The last hypothesis that was tested in this chapter was that HUASMC cultured on
compliance mismatched film would result in higher phosphorylated myosircligtih kinase
(PMLCK) expression, higher platelderived growth facteBB (PDGFBB) expression, rrd nuclear
localization of yesassociated protein (YAPImmunofluorescence staining of PD®B also showed
concentration of PDGBB and increased pMLCléxpressiorior compliance mismatched model.
The concentration of PDGBB overlapped with the locatiorf auclei in higher compliance
mismatch sampld-urthermorenuclear localization of YARvas observed in samples with higher
compliance mismatch, whereas tteanpliance mismatch did not sh@my YAP nuclear localization.
Therefore, it can be concluded timat only does compliance mismatch result in highgaression of
pPMLCK, in localization of PDGFBB, and nuclear translocation of YAP, but also the degree of

compliance mismatch also plays a role in the extent of biological responses.
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6.2 Future directions

6.2.1 Mechanical properties of poly(vinyl alcohol) tubes for vascular graft application

The relationship between the compliance imerlayer adhesigrand compliance and crosslinking

density was explored. It was found that bothittierlayer adhesioand crossliking density play a

vital role in themechanical propertiesf the PVA tubesThe findings can be usddbricate PVA

grafts withdesired mechanical properties by manipulatingrterlayer adhesioand crosslinking

density Based on the data presented in this thesis, adjustmentioféiayer adhesiomay be

interesting to explore to further improve the compliaf@e.example, the standard method that have

been used for fabrication of PVA grafts used differing waitingeirnetween each dip as shown in

Figure 3.1AlInstead of increasing the time between eachaR®0D minuteskeeping the time between

dip at flat 15 minutes. Then, number of dips can be increased to reach desired wall thickness to ensure
burst pressure thatould be safe for clinical us®ynamic mechanical analysis (DMA) could be used

to further identify the mechanical properties of PVA grafts. DMArissquipment that could
characterize a material 6s propert éforesDMAsduIdg t emp e
be used to determine the frequeni®pendent behavior of PVA hydrogdlsistly, the preliminary

simulation study shown in Appendix A could be modified to reflect the elastic modulus of the grafts

that are fabricated with desired compliaac& burst pressur&he simulation could allow for

understanding of theemodynamics required prior p@rforming the experimenis vitro orin vivo.

6.2.2 Consistency of poly(vinyl alcohol) vascular grafts

It was found that the automated fabrication processabiaw for fabrication of PVA vascular grafts

with thinner wallsThis means the platform can be used to fabricate gritfishigher compliance
However, the grafts made using automated process bberhariation in both burst pressure as well

as compliance. It will be importatd identify thesource of error for the automated -gigsting

equipment in order to decrease ttaiation between graft&or example, the variation could come

from the facthat the molds were not kept completely vertical during each waiting period. It would
also be due to the fact that the crosslinking solution was not changed capped during the fabrication
process. For manual di@asting method, the crosslinking solutiopisvented from crosslinking by
keeping the crosslinking solution in a sealed container. The automated fabrication process, however,
does not allow for therosslinking solution to be stored in a sealed @ioetr. This could allow for

partial crosslinkingpf PVA inside the crosslinking solution bath, resulting in different coatfrie
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mold as the process continues. Therefibreguld be worthwhile tary further modifying the
automated dizasting equipment toy sealing the solution baths between didso, the stability of
PVA grafts showed little degradation of the hydrogel after 180 days of incubétiole the
experimenshowedthat the physical properties of the grafts didctwinge, the mechanical properties
of the grafts were not assesséHte stability experiment should be repeated usinduihdength PVA
grafts to test different mechanical properties of the grafsn, while the stability of the 1x

phosphate buffered lgge with 10% penicillinstreptomycin and 1% Amphotericin B tested the fong
term storage, it could not test the stability of the graft in working condition. Thertferstability of
PVA grafts inblood-mimicking fluid or in the presence wiole blood Bouldbe testedlf the grafts

were to be used in clinical setting, then they would be exposed to bloctelomg

6.2.3 Isolated effects of compliance mismatch on vascular smooth muscle cells

Arterial stiffening can occur due to diseases such as diabetestdmgien, pseudixanthoma
elasticum, and Marfan syndrorf@62]. Also, many lifestyle factors can contribute to the arterial
stiffening. Such factors include smogirsedentary lifestyle, aging, and sleep disturb&@2]. The
altered stiffness of the blood vessel walls can lead to lethal medical conditions such as aneurysm
stroke, kidney diseases, and heart fai[862]. In Chapter 5, the platform for exposing continuous
compliancemismatchsamples with two distinct regiomavingdifferent stiffness was exploredhe
platform allowed formpplication ofuniform cyclic stretchingn vitro to understand the effects of
compliance mismatch on VSMQChe hybrid crosslinking methaaf PVA hydrogelscan be modified
to become ain vitro platformto study the arterial stiffeninig difference diseasebor examplethe
hybrid PVA crosslinking process can be modified so that the resulting sarimples the shape of
different stages of arterial stiffenimyie to thrombosis. Thrombosisooes due to deposition of
plague on tharterial wall, which may not result in uniform stiffening of the arterial viddkerefore,
chemically crosslinked PVA film withrarying wall thickness could be madestody whether the
localized wall stiffness wouldesult in exacerbating the progression abthbogenesisThis could
allow for understanding thextentat whichthe arterial stiffening can affeohset and propagation of

atherosclerosias well

The compliance mismatched samples could also be used with different cells types to study the
effect of different stiffnese conjunction with mechanical stimulatidror example, stem celige

known to either differentiate or not differentiate dependimgstiffness of the substrg&¥]. The

113



differentiaion of stem cells could be further studieddst whether the presencedifferent stiffness
along with mechanical stimulation could also affect the cell fate of stemloeife case of
osteocytes, theompliance mismatch could be used to study whetteedifference in stiffness could

result indifferentlacunae formation.

The effect of compliance mismatch should also be further stubledexperiments studied the
proliferation and phenotypic expression of VSMC to identify that they are displasofifpative
and migratory phenotype. However, the actual migration of the cells was not observed. Therefore,
cell migration study using the platform should be performed. This experiment could elucidate
whether the migration of the VSMC differs in regiamih different compliance, df the cellular
migration occurs uniformly throughout the sample as long as there is compliance mismatch present in
the sampleg-urthermore,tie experiments performed in this thesis studied the cellular responses to
themechanical stimulatiowithout the presence of foreign biomoleculEkse presence of exogenous
PDGFBB on VSMC proliferation is welknown phenomeng67]. Therefore, repeating the
experiments with the addition ®DGFBB could also lead to the understandingubiether the
presence oéxogenous PDGBB could further increase the proliferation and migration of VSMC.
This is especially important as the experiments that were performed did not account for exogenous
growth factors that are availabitevivo. The cell migration studgould ako be performed
concurrently with th@gresence of exogenous growth factors to study the combined effects of
compliance mismatch ardifferent growth factord-urthermore, theuppressive effects of proteins in
VSMC proliferation can be studies well For example, adenosine monophospletévated protein
kinase is known to suppress VSMC proliferatjd3]. The compliancenismatch experiments could
be repeated tstudy whether the increased proliferation due to compliance mismatch and mechanical
stimulation could be countered by the presence of the proteins that are known to suppress the

proliferation or migration o/ SMC.

Furthermore, the platform should be used in inhibition studies to identify the potkatibeutic
targets fordecreasing the formation of intimal hyperplasia in vascular grafes platform allows for
experimentsnimicking the compliance mismatttetween the native blood vessels and vascular
grafts to occuin vitro. Thisindicates that the platform can be usedddress physiologically
relevant VSMC behaviors in gene expressiadprotein expressiarin the experiments presented,
gene expressioof the cells was not studied. Also, while the western blot was used to quantify the

expression of PDGBB, other proteins that are associated with proliferation and migration of VSMC
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were not studied-or examplep53 gene was found to be a potentiajjéarto inhibit VSMC
proliferation[364]. A study in 2009 found that miR21 and miR222 could also promote
development of intimal hyperplasia through increasing VSMC prolifer§8iés]. Also,increase in
matrix metalloproteinasis known to increase the proliferation of VSNI&56]. These studies could
be repeated using the developed compliance mismatch platfatndtpthe effects of the gene
expressions omtimal hyperplasia.

Lastly, the effects obutureline stress can be directly compared to the effects of compliance
mismatch using the developedntinuous compliance mismatched samgbegureline can be made
along the compliance mismatch line, and be directly compared to the group withoutButure.
sutures with different gauge could bmade along the compliance mismatch line to study the effects of
different suture thickness on the behaviors of VSMISo, the effects of different suture techniques
resulting in cell damage around the anastomosis was dti@éi€]. Different suture techniques could
be used to study whether there are synergistic effects of the suture method and compliance mismatch.
The compliance mismatch platform wouwtiow for physiologically relevant understanding of the

effects of different suture techniques on VSmM@ascular grafts.
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Appendix

Preliminary data for Computational Fluid Dynamic Simulation

1.7 mm

0.4 mm

3 . o 2

B. Transient Table (Discrete Time Steps)’ Tens 1 Oy
0.02 0.16
0.04 015
1 006 012
0.08 01
0.9 01 085
012 08
0.8 0.14 055
016 03
0.7 018 01
- 02 005
< 06 022 008
E 024 013
205 026 016
G 028 017
2 030 016
2 W 032 013
034 012
0.3 0.36 01
0.38 085
0.2 04 08
042 053
0.1 044 05
046 01
0 048 00
(i} 0.1 0.2 0.3 0.4 0.5 0.6 0% Sl
052 013
Time (s) 054 0.16
056 017

C. Compliance D. Elastic modulus
;;’ 31 14 *

g 2.5 A % 1.2

S 2; g *

£ 15 4 308

9 g 0.6

5 ' o 04

5 05 ; %02

S 0 = 0

S )

LC HC LC HC

Figure A.1 Simulation parameters(A) Dimension of the object used for the simulation. (B) input flow rate (i388]. (C) Compliance of the
implanted PVA grafts used to compare with the simulation data&,|lb® compliance, HGhigh compliance(D) Elastic modulus of the implante
PVA grafts* indicates statistical difference between indicdtgroups with p<0.05.-test used for statistical analysis. N=3.
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C. Simulation vs. in vivo flow velocity
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Figure A.2. Comparison between the simulation parameters and in vivo measurement. (A) Ultrasound images and blood @dwompréfil A
grafts implanted in rabbit common carotid arter§B) The velocity of blood flow measured from the ultrasound records. Black kwverage
flow velocity. (C) plot of the flow velocity from simulation (blue) and in vivo (orange).
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Figure A.3. Pressure and flow velocity of model withatdmpliance mismatchElastic modulus of 0.55 MPa was used for all regions of
model [369, 370] (A) Pressure throughout the model at 0.28 seconds. (B) Velocity throughout the model at 0.28 seconds. (C)
throughout the modéat 0.1 seconds. (D) Velocity throughout the model at 0.1 seconds. (E) Pressure throughout the model at 0.12 seq
Velocity throughout the model at 0.12 seconds. (G) Pressure throughout the model at 0.18 seconds. (H) Velocity throughodeltiae0.18

seconds.
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Figure A.4. Pressure and flow velocity of model with compliance mismatch at the graft re@ilastic modulus of 0.55 MPa was used for art
regions of the mode]369, 370] Elastic modulus of 5 MPa was used for graft region of the m@dgePressure throughout the model at 0.2
seconds. (B) Velocity throughout the model at 0.28 seconds. (C) Pressure throughout the model at 0.1 secdfediscifp}hroughout the
model at 0.1 seconds. (E) Pressure throughout the model at 0.12 seconds. (F) Velocity throughout the model at 0.12 Ggderedsute|

throughout the model at 0.18 seconds. (H) Velocity throughout the model at 0.18 seconds.

Simuation was developed by Michael Tong under the Supervision of Dr. Keng Hwee Chiam and
Yedin JeongThe shape and dimensions of the model used in simulation is shown in Figare A.1

The dimension was chosen to reflect shape and dimension of tpely(vinyl alcohol) PVA) graft
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