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Abstract 

With the growing age of average population throughout the world, progress of biomaterials research 

is important to overcome current limitations. Vascular graft is one of the examples. Currently, 

synthetic vascular grafts made using expanded polytetrafluoroethylene (ePTFE) or Dacron are 

commercially available as treatments to cardiovascular diseases. These 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 life-saving procedures in the United States alone. However, the available synthetic 

grafts have limitations – their patency is poor when used in small-diameter application. Synthetic 

small diameter vascular graft (sSDVG) is defined by synthetic vascular grafts with internal diameter 

less than 6mm. sSDVG face limited 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 muscle cells (VSMC).  Mechanical compliance mismatch 

of the sSDVG is proposed as one of the key factors that contribute to the formation and development 

of IH. Compliance in vascular engineering is referring to the radial elasticity of the vascular graft or 

the blood vessel. Native blood vessels are highly elastic; compliance of human internal mammary 

artery with the diameter of 1-2 mm is reported to be 12% per 100mmHg. The compliance of sSDVG, 

however, is very low. The compliance 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 mismatch. Compliance mismatch is suggested to play an important role in IH because of 

mechanotransduction. Mechanotransduction refers to the cellular responses to mechanical stimuli. In 

the literature, many biological molecules inside VSMC, such as platelet-derived growth factor-BB 

(PDGF-BB), platelet-derived growth factor receptor, phosphorylated myosin light-chain kinase 

(pMLCK), have been found to be influenced by the mechanical stimulation. Compliance mismatch 

forces the cells around the anastomosis to be exposed to abnormal mechanical stimulation, which is 

translated to biological responses to increase proliferation and migration of VSMC. 

Different biomaterials are being studied to develop compliant sSDVG. For example, polyurethane 

is being studied as a potential compliant vascular graft. Polyurethane vascular grafts were modified 

with gelatin and collagen to enhance endothelial cell adhesion and were modified using heparin to 

reduce thrombogenesis. Likewise, poly(vinyl alcohol) (PVA) vascular grafts were developed in 2008. 

PVA hydrogel is bio-inert, low-thrombogenic, and non-cytotoxic biomaterial with easily modified 
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mechanical properties. The compliance of PVA vascular graft developed by Chaouat et al. had 

comparable compliance to the native blood vessels. However, the compliance, as well as other 

mechanical properties, of the PVA grafts were heavily influenced by the conditions in which the 

crosslinking of the hydrogel occurred. While the variation was observed, it was not studied 

systematically to identify the effects of the fabrication conditions on mechanical properties. In this 

thesis, the roles crosslinking density and interlayer adhesion play in compliance and burst pressure of 

PVA vascular grafts were studied. Fabrication parameters were categorized based on their effects on 

either crosslinking density or interlayer adhesion. PVA tubes with different fabrication conditions 

were made to yield tubes with lower crosslinking density, higher crosslinking density, lower 

interlayer adhesion, and higher interlayer adhesion. It was found that the higher crosslinking density 

resulted in higher burst pressure and lower compliance. Furthermore, it was found that higher 

interlayer adhesion resulted in higher burst pressure and lower compliance as well. Elastic modulus 

and suture-retention strength of the control, higher interlayer adhesion, and higher crosslinking 

density were compared as well. The result displayed that only the circumferential elastic modulus was 

affected by the interlayer adhesion and crosslinking density. Therefore, the study concluded that it is 

important to balance crosslinking density and interlayer adhesion to fabricate PVA grafts with desired 

compliance.  

Consistency is important for research to ensure reliable result. In part due to the sensitivity to 

fabrication condition, the consistency of PVA vascular graft suffered from person-to-person variation 

in fabrication process. PVA vascular grafts are fabricated using dip-casting method. In this method, a 

cylindrical mold is dipped into PVA crosslinking solution to produce thin layer of PVA hydrogel on 

the mold. The dipping is repeated until the PVA graft reach desired wall thickness. Also, while PVA 

hydrogel crosslinked using chemical crosslinking method is observed to be non-degradable, the 

stability of PVA grafts were not studied. The batch-to-batch consistency of PVA tubes made using 

automated process was studied, as well as the long-term stability of PVA grafts. The automated 

fabrication method developed displayed similar capacity as those made using manual fabrication 

method. The grafts made using automated process displayed consistent variation in wall thickness, 

burst pressure, and compliance. The grafts made using automated process and manual process 

exhibited comparable burst pressure and compliance when accounting for the wall thickness. Lastly, 

physical dimensions were compared to study long-term stability of the PVA grafts. Wall thickness, 

graft length, and dry 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 mismatch on VSMC. 

Mechanical stimulation is essential for understanding the responses of VSMC on formation of IH. 

Studies have found that PDGF-BB and pMLCK are upregulated when VSMC are exposed to cyclic 

stretching. Furthermore, VSMC have been observed increase in proliferation and changes to 

migratory phenotype when exposed to cyclic strain. However, understanding the isolated effects of 

compliance mismatch has been difficult due to lack of continuous sample with two distinct regions of 

stiffness. In this thesis, a hybrid method using both physical and chemical crosslinking was developed 

to form continuous compliance mismatched samples using PVA hydrogel. The samples were 

characterized and found to be continuous in both parallel and perpendicular to the mismatch line. The 

samples were then used to perform in vitro experiments using human umbilical arterial smooth 

muscle cells (HUASMC) with exposure to cyclic stretching at 10% strain for 4 hours. Exposure to 

mechanical stimulation resulted in higher proliferation, change into migratory phenotype, 

compactification of PDGF-BB, and higher expression of pMLCK for the all the groups Among the 

stretched groups, compliance mismatch resulted in highest proliferation, pMLCK expression, and 

highest number of cells with concentrated PDGF-BB signal. However, no nuclear localization of yes-

associated protein (YAP) was observed. The experiments were repeated with samples with higher 

compliance mismatch. Nuclear localization of PDGF-BB 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 compliance mismatch plays a role in the 

responses.  
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Chapter 1 

Introduction 

This chapter will address brief background information, motivation, followed by the overall 

hypothesis of the thesis. Then, individual aims for each hypothesis will be explained in detail. Lastly, 

the outline of the thesis will be explained.  

1.1 Background 

With the advances in medicine, individuals are enjoying longer lifespan on average. Ironically, longer 

lifespan exposes people to more diseases. Cardiovascular diseases, chronic renal failure, Alzheimer’s 

diseases, and cancer are but few of the examples of diseases that have old age as one of their risk 

factors. [1-5]. Numerous biomedical researches are performed worldwide to overcome the old age, 

but the solution is still far from present. Therefore, it is important to focus on the solutions that could 

be achieved sooner. For example, gene therapy is being studied to treat breast cancer [6]. Drugs are 

being developed to treat Alzheimer’s diseases [7]. Vascular grafts are available for bypass surgeries 

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

failure [9].  

Cardiovascular diseases (CVD) still remain as one of the major causes of death worldwide [1]. 

According to Centers for Disease Control and Prevention (CDC) of United States of America (USA), 

approximately one person dies every 36 seconds in USA due to CVD [10]. Typically, CVD occurs 

due to occlusion of a blood vessel. Occlusion of blood vessel can occur due to build-up of plaque, 

also known as atherosclerosis, or due to thrombus formation. The 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 to the tissues and organs in the body, and can result in necrosis [11]. 

To ensure proper blood flow to all regions of the body, bypass surgeries are performed to implant 

vascular grafts to circumvent the occluded regions [12]. Many commercially available synthetic 

vascular grafts are successfully used in bypass surgeries each year [13]. However, synthetic small-

diameter vascular grafts (sSDVG), which are grafts with inner diameter less than 6mm, still face 

limited success [14].  

Peripheral artery disease (PAD) and chronic renal failure (CRF) are two examples of diseases that 

require sSDVG. PAD refers to the medical condition where the arteries in the extremities are either 

partially or completely occluded [11]. It can cause serious swelling and pain at the affected limb, and 
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bypass surgeries can be performed to redirect the blood flow to avoid the affected region of the artery. 

as the diameters of these arteries are small, they are especially vulnerable to the limitation of sSDVG. 

CRF also requires the use of synthetic vascular grafts. CRF refers to failure of the kidney to filter the 

waste and fluid from blood, resulting in the need of hemodialysis [2]. 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 and vein [15]. 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 use sSDVG because the diameter of the artery and vein used for AVG 

typically range from 3-5mm for artery and 6-10mm for vein [16].  

The long-term success rate of synthetic small-diameter vascular grafts (sSDVG) is low. For 

example, the patency of expanded-polytetrafluoroethylene vascular grafts have 23% of patency after 

2 weeks of implantation [17]. Another synthetic vascular graft sold under the trade name Dacron have 

29% patency after 7 months when graft had less than 6mm in diameter [18]. The biggest reason for 

failure of sSDVG is development of intimal hyperplasia (IH). IH refers to the thickening of the blood 

vessel wall due to excessive proliferation and abnormal migration 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 reason for the development and progression of IH is the mechanical mismatch 

between the native blood vessel and the implanted sSDVG [14]. Specifically, mechanical compliance 

mismatch is considered as one of the potential factors responsible for IH. Compliance in vascular 

engineering refers to the elasticity of the blood vessel or vascular graft [20]. Native blood vessels 

have high compliance, or high elasticity [21]. However, available sSDVG have low compliance, or 

low elasticity [21]. In healthy compliant blood vessel, the flow rate is decreased due to the fact that 

the blood vessel expands to accommodate for the blood flow. In non-compliant sSDVG, 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 anastomosis [22].  

Understanding the effects of compliance mismatch between the native blood vessel and the 

implanted graft is difficult due to many other factors. Studying the blood flow within the implanted 

graft in vivo is difficult due to resolution limitation of available equipment [14]. The limitation in in 

vivo measurement prevents validation of the values acquired through computational fluid dynamic 
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simulations. Therefore, the simulations are often compared to in vitro experiments [14]. The 

experiments often decouple shear stress and wall stress to understand the effects of individual 

component. Furthermore, suture-line stress is also unavoidable due to the fact that vascular grafts are 

sutured onto the native blood vessels [23]. Studying compliance mismatch requires a connection 

between a compliant side and a not compliant side. Studies have found that suture-line can cause 

abnormal localization of stress around the sutures [23, 24]. With the addition of suture-line, the 

isolated effects of compliance mismatch cannot be studied. Just like wall shear stress and wall stress 

being decoupled to simplify the experimental setup, suture-line stress and compliance mismatch has 

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

However, the effects of compliance mismatch alone 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 developed [14]. Poly(vinyl alcohol (PVA) 

vascular graft have been suggested as a potential compliant vascular graft in 2008 [25]. Later, dip-

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 grafts. PVA is a bio-inert, low-thrombogenic, and low-cytotoxic hydrogel. While PVA 

without modification does not allow for cellular adhesion, it can be easily modified to increase 

cellular adhesion [28-30]. For example, PVA has been modified using gelatin, fucoidan, and other 

molecules that allows for cellular adhesion [28, 29, 31]. The grafts are actively used ex vivo as well as 

in vivo experiments.   

In vitro mechanical stimulation has played a vital role in understanding IH in vascular graft 

engineering. Cellular responses to mechanical stimulation is a well-observed phenomena [32]. 

Mechanical loading on osteocytes are used to encourage alignment of lacunae [33]. VSMCs are also 

one of the cell types that are sensitive to mechanical stimulation. In the case of VSMC, platforms to 

expose the cells to shear stress in vitro are developed and used in various labs [34, 35]. There are 

commercially available devices that exposes samples to cyclic strain [36]. Likewise, mechanical 

stimulation is important for understanding the role compliance mismatch plays in IH. For the 

exposure to cyclic strain, however, the continuous compliance mismatch sample has to be made with 

good integration of the two sides with different compliance.  
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1.2 Motivation 

While the PVA vascular grafts displayed good compliance in study published by Ino et. al [27], the 

compliance of the grafts varied depending on the fabrication condition. To identify the parameters 

that affect the compliance of PVA vascular grafts, different fabrication parameters were studied. The 

parameters were categorized as either affecting the crosslinking density of interlayer adhesion. The 

PVA grafts were fabricated with different fabrication conditions, and the effects of crosslinking 

density and interlayer adhesion had on compliance of the graft were studied. Additionally, mechanical 

parameters that are important for vascular graft were quantified to assess the effects of crosslinking 

density and interlayer adhesion.  

Also, the consistency of PVA grafts were explored. Because PVA vascular graft fabrication 

process is prone to variation between batches, automated method was developed to test whether the 

consistency between 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 long-term storage.  

Lastly, the hydrogel was used to make continuous compliance mismatched samples to study the 

effects of compliance mismatch on VSMC. One of the difficulties in studying effects of compliance 

mismatch decoupled from suture-line stress is the lack of available 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 crosslinking methods, continuous compliance mismatched PVA hydrogel 

samples were developed. The developed compliance mismatched samples were then used to study the 

cellular responses of VSMC with exposure to cyclic stretching.  

1.3 Hypothesis  

The overall hypothesis is that compliance mismatch will result in higher proliferation and migration 

of VSMC with exposure to cyclic stretching.  

In Chapter 3, we hypothesize that (i) the increase in interlayer adhesion will allow for higher 

compliance and higher burst pressure when the grafts have the same wall thickness, (ii) decrease in 

crosslinking density will result in higher compliance and lower burst pressure when the grafts have 
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the same wall thickness, and (iii) post-fabrication 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, burst pressure, 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 5, we hypothesized that: (i) chemical and physical crosslinking can be used 

simultaneously to achieve a continuous film with compliance mismatch, (ii) human umbilical arterial 

smooth muscle cells (HUASMC) cultured on compliance mismatch film will result in higher 

proliferation rate compared to both compliant and non-compliant films, and (iii) HUASMC cultured 

on compliance mismatched film would result in higher phosphorylated myosin light-chain kinase 

expression, higher platelet-derived growth factor-BB expression, and nuclear localization of yes-

associated protein.  

1.4 Aims 

The overall aim of this thesis is to use invitro experiments to investigate the above-listed hypotheses.   

In Chapter 3, different fabrication parameters were altered to identify the factors that can influence 

the compliance of PVA vascular grafts. The chapter aims to identify the effects of crosslinking 

density and interlayer adhesion on the mechanical properties.  

Chapter 4 aims to identify the methods to increase the consistency of the PVA grafts between 

batches, as well as to identify whether there is any significant loss in the physical properties of the 

PVA grafts after long storage.  

Chapter 5 aims to study the isolated effects of compliance mismatch on VSMCs exposed to cyclic 

stretching. Continuous sample with distinct regions of different stiffness was developed using 

physical and chemical crosslinking methods. Using continuous compliance mismatch samples, 

cellular responses of VSMC were studied to identify the expression of biological factors associated 

with proliferation and migration. 
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1.5 Outline of the thesis  

In Chapter 2, detailed literature review on cardiovascular diseases, current state of synthetic vascular 

graft engineering, and uses of synthetic vascular 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 address the mechanical characterization of PVA tubes. PVA tubes were fabricated 

under different fabrication condition to modify the crosslinking density and interlayer adhesion within 

the tubes. Compliance along with other mechanical properties of the PVA tubes were characterized to 

conclude on the effects of crosslinking density and interlayer adhesion on the compliance of the PVA 

tubes.  

Chapter 4 will explore the consistency of PVA grafts between batches and after long-term storage. 

Automated dip-casting equipment developed by Fourth-Year 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 quality. Also, the physical properties of the PVA grafts were assessed to 

ensure consistency after long-term storage.  

Chapter 5 will address the cellular study on the effects of compliance mismatch using continuous 

compliance mismatched sample. Continuous compliance mismatched samples were fabricated and 

characterized to ensure cellular adhesion and application of uniform strain throughout during cyclic 

stretching. Then, the samples were seeded with VSMCs and exposed to cyclic stretching. Various 

biological molecules associated with proliferation and migration of VSMC were quantified 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 also suggest future directions and applications of the techniques 

developed and used in this thesis.  
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Chapter 2 

Literature Review 

In this chapter, brief overview of diseases requiring vascular graft intervention will be discussed. 

Then, conditions that result in blood vessel occlusion will be explained in more detail, followed by 

the applications of synthetic vascular grafts. The synthetic vascular graft engineering research that 

have been done using poly(vinyl alcohol) will be explained. Afterwards, the current state and 

limitations of synthetic vascular graft engineering will be addressed. Use of mechanical stimulation in 

understanding cellular behavior of vascular smooth muscle cells will be addressed. Finally, 

compliance in vascular graft engineering will be discussed 

2.1 Diseases requiring vascular intervention 

Cardiovascular system is an essential system that distributes oxygen and nutrients to the cells 

throughout the body. Any problem in cardiovascular system can result in serious complications, and 

therefore have been a focus of research for many decades. Through many efforts, synthetic vascular 

grafts have been developed and are actively being used in life-essential treatments [12]. In 2012, 

approximately 400,000 vascular implants were used for coronary artery bypass in USA [37]. 

Currently, synthetic vascular grafts are made using expanded polytetrafluoroethylene (ePTFE), 

polyethylene terephthalate (Dacron®), or polyurethane [38]. Synthetic vascular grafts are used 

because they can be made and be readily available [38]. In the case of autografts, the grafts have to be 

harvested from the patient. However, the synthetic vascular grafts can be mass-produced 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% patency after 8-week of implantation in mouse 

when using heparin-coated ePTFE [39]. The efforts to make higher patency synthetic vascular graft 

continued, and synthetic vascular graft became a reliable option for large-diameter vascular grafts.  

However, limitation to the synthetic vascular graft engineering remains. The synthetic vascular 

grafts have low success rate when the luminal diameter is less than 6mm [40]. These vascular grafts 

are called synthetic small-diameter vascular grafts (sSDVG). With sSDVG the patency of the grafts 

can be as low as 23% after 2 weeks of implantation [17]. One of the proposed problems with the 

available sSDVG is the compliance mismatch between the native blood vessels and the synthetic 

vascular grafts [41]. The limited success of sSDVG 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 cells (VSMC) [43]. One of the hypothesized reasons for the formation of IH 

in sSDVG is compliance mismatch between the native blood vessels and the vascular graft [44]. 

Compliance is a measurement of the luminal volume due to change in internal pressure [45]. sSDVG 

have low compliance, and the abnormal wall stress (WS), wall shear stress (WSS), and suture-line 

stress. Detailed affects of compliance mismatch on sSDVG will be addressed in Section 2.4.  

Here, the clinical problems that necessitates the development of sSDVG with high success rate are 

explained. Cardiovascular system is the system connecting the heart and blood vessels to allow for 

blood circulations throughout 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 the body for oxygen exchange as well 

as transport or nutrients. If something within this process goes awry, it could cause cardiovascular 

disease (CVD) [1]. In the case of occluded blood vessels, synthetic vascular grafts are implanted to 

circumvent the blockage. Synthetic vascular grafts are also used in patients with chronic renal failure 

(CRF) [2]. Patients suffering from CRF requires surgical intervention to connect artery and vein, 

usually in the forearm of the patients [46]. While the connection can be made by using the native 

blood vessels, sSDVG are implanted in 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 various causes, potentially leading to development of CVD. CVD is any 

health condition that affects either the heart or the vascular system [1]. It is one of the leading causes 

of death worldwide, accounting for approximately 17.9 million deaths worldwide each year according 

to World Health Organization [48]. Some of the known risk factors of CVD includes smoking, high 

cholesterol diet, diabetes, sedentary lifestyle, genetic predisposition, and old age [49]. These factors 

are often shared on news and social media platforms, explaining the importance of keeping healthy 

lifestyle and diet [50-53]. The dangerous part of CVD is that having one CVD increases the risk of 

developing other or multiple CVDs. Having peripheral artery disease (PAD), for example, can 

increase the risk for developing coronary artery diseases. In the case of heart failure, it could be due 

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

blood supply due to blood vessel occlusion [54]. A clot formation can give rise to ischemic stroke if  
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 the clot blocks a blood vessel in the brain. Because the focus 

of the thesis is on vascular graft, the review in this section 

will be limited to the vascular systems.  

Coronary arteries are the major arteries that supplies blood 

to the heart muscles. There are two major coronary arteries: 

left main coronary artery, and right coronary artery (Fig. 2.1. 

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

muscles, any blockage of coronary arteries can result in 

increased strain on the heart, potentially leading to heart 

attacks, and even heart failures [54]. The severity of the 

coronary arterial diseases can affect the type of heart disease 

that may occur. If the blockage of coronary artery is minimal, then the patient may have a mild case 

of angina - which is also known as chest pain [50]. However, if significant amount of the coronary 

artery is blocked, then it can cause heart attack.  

Heart attack, also known as myocardial infarction, is a well-known leading cause of death [51]. It 

occurs when the blood flow to the heart is significantly reduced [51]. The symptoms of heart attacks 

are typically pressure, tightness, pain in the chest, nausea, shortness of breath, fatigue, and dizziness 

[51]. The type of symptoms or the severity of the symptoms may vary depending 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 symptoms [51, 54]. One of the dangers of heart 

attack is that it can result in long-lasting damage. Heart attack results in disruption of blood flow 

throughout the body. In severe case, heart attack can result in brain damage due to the interruption of 

blood flow. Bypass surgeries are performed as treatments to heart attacks caused by coronary arterial 

blockage to circumvent the blockage, and to restore blood flow to the heart [55].   

Peripheral arteries refer to arteries that are in the peripheries of the body. They allow for blood flow 

away from the heart to the arms and legs. The names and the diameters of some of the peripheral 

arteries are shown in Table 2.1. Typically, the diameter of the arteries in the left and right side are not 

different [56].  

 

Figure 2.1. Schematic of the heart with left and 
right coronary arteries in red [55]. 
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 Peripheral artery disease (PAD) is a medical condition where the blood flow within these arteries 

is reduced due to blockage [64]. PAD typically occurs due to plaque build-up on the arterial all that 

results in reduction in luminal diameter. Some of the symptoms of PAD are pain, aches, or cramps at 

the location of blockage [11]. Also, people may feel weakness in the affected limbs, as well as hair-

loss, smooth and shiny skin, slow healing, and coldness [11]. However, about 40% of people with 

PAD are asymptomatic [53]. PAD is known to be highly affected by age, affecting 6.5 million people 

that are older than 40 years of age in the United States of America (USA) [65]. Healthy lifestyle is 

suggested as preventative measure of 

PAD. PAD is typically treated using 

antiplatelet medication along with 

change in lifestyle [11]. However, 

bypass surgery may be needed if the 

disease is too severe to be treated using 

medication [53]. Due to the diameters of 

the peripheral arteries, PAD requires 

implantation of sSDVG. 

2.1.2 Chronic renal failure  

CRF, also known as chronic kidney failure, refers to the decrease in the function of the kidney to 

filter waste and fluid from the blood due to kidney damage [66, 67]. Insufficient removal of waste and 

fluid from the blood can cause swelling in the extremities, pulmonary edema, and hyperkalemia [2, 

66]. The risk factors of CRF includes diabetes, high blood pressure, smoking, obesity, and old age 

[66]. There are reversible and irreversible kidney failure. In the case of reversible renal failure, the 

kidney function can be restored when the causes are resolved. Irreversible kidney failure, on the other 

hand, is as the name indicates – the damage to the kidney is too severe that the function of kidney 

cannot be restored. Irreversible renal failure is treated using one of three methods: kidney transplant, 

peritoneal dialysis, or hemodialysis [2]. Kidney transplant is a surgical process where the damaged 

kidney is replaced by the donated kidney [2]. While kidney transplant is the preferred treatment 

because of good long-term outcome, it is limited due to the availability of the donor kidneys [2, 9]. 

Therefore, either peritoneal dialysis or hemodialysis is performed on patients who suffer from CRF. 

Peritoneal dialysis is a process of performing dialysis using the lining of the patients’ abdomen [68]. 

While the process is less invasive to people, peritoneal dialysis is not suitable for people with low 

Table 2.1. Names and diameters of peripheral arteries in healthy individuals. 

Name Diameter Reference 

Arteries in the legs  

Iliac artery 18.8 - 20.9 mm [57] 

Femoral artery 7 - 8 mm [58] 

Popliteal artery 4.9 - 6.9 mm [59] 

Tibial artery 3.1 - 3.4 mm [56] 

Fibular artery 3.08 - 3.10 mm [56] 

Arteries in the arms  

Subclavian artery 7 - 10 mm [60] 

Axillary artery 6.38 - 6.52 mm [61] 

Brachial artery 2.0 - 6.4 mm [62] 

Ulnar artery 2.358 ± 0.39 mm [63] 

Radial artery 2.329 ± 0.4 mm [63] 
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renal function, obesity, or abdominal scarring [69]. Also, peritoneal dialysis failure can occur due to 

technique failure [70]. Hemodialysis is a process where the waste and excess fluid is removed from 

the blood using a dialyzer located outside of the body [9]. For hemodialysis, a connection between the 

artery and vein are made for easy access to the dialyzer. The connection is surgically made by 

connecting the artery and vein to create arteriovenous fistula (AF) [15]. In the case where the AF 

cannot be made or are not usable, then vascular graft is implanted to make arteriovenous graft (AVG) 

[2]. Hemodialysis is performed once every 2-3 days, requiring the AF and AVG to be robust and have 

self-sealing properties to prevent leakage of blood [71].  

2.2 Causes of blood vessel occlusion 

The occlusion of blood vessels can occur due to thrombosis, atherosclerosis, or intimal hyperplasia 

(IH) [70-72]. Thrombosis is build-up of blood clots. In the case of atherosclerosis, it is caused by 

build-up of plaque. IH is thickening of blood vessel wall due to over proliferation and anomalous 

migration of vascular smooth muscle cells (VSMC). While one may trigger the onset of another, they 

all have distinct pathology. Summary of the progression of the three phenomena is shown in Figure 

2.2.  

2.2.1.1 Thrombosis 

Thrombosis refers to formation of blood clots within blood vessel causing either partial or complete 

blockage of the artery or vein. Some of the symptoms of thrombosis can include pain, swelling, or 

numbness [11]. Development of thrombosis often are attributed to stiffening of the arteries [74, 75]. 

The stiffening can occur due to fat or calcium deposit build-up on the arterial wall [72]. Building up 

of the deposits further stiffens the vascular wall, encouraging thrombogenesis [76, 77]. 

 

Figure 2.2. Schematic showing progression of thrombosis, atherosclerosis, and intimal hyperplasia [42, 72, 73]. 
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Thrombogenesis can trigger inflammatory response near the site. The inflammatory response 

exacerbates thrombogenesis [72]. It can occur anywhere on the body, and can cause serious 

complications such as heart attack and coronary artery diseases [11]. Furthermore, the inflammatory 

response can also trigger onset of atherosclerosis [73]. 

2.2.1.2 Atherosclerosis  

Similar to thrombosis, atherosclerosis initiates with deposition of particles floating in blood onto the 

blood vessel wall [73]. Atherosclerosis can also cause the symptoms such as pain, swelling, or 

numbness of the affected region. In the case of atherosclerosis, the particles that deposit onto vascular 

wall are cholesterol [73]. The collection of cholesterol that build-up on the vascular wall is called 

plaque. If plaque build-up continues, then the lumen of affected blood vessel can become either 

partially or completely occluded [11]. Immune responses have also been found to play a role in 

development and progression of atherosclerosis [73]. Similar to how thrombosis can cause 

atherosclerosis, inflammatory responses due to atherosclerosis can also cause thrombosis to occur 

[73]. The concurrent progression of thrombosis and atherosclerosis can expedite the blockage of the 

vascular lumen. It can occur anywhere in the body, and can also cause various cardiovascular 

complications.  

2.2.1.3 Intimal hyperplasia  

Intimal hyperplasia (IH) refers to thickening of the blood vessel wall due to anomalous migration and 

over-proliferation of VSMC. IH can occur when the cells composing the vessel wall gets damaged 

due to trauma, high shear stress, surgical injury, inflammation, etc. [15]. This type of occlusion of 

blood vessel occurs typically in vascular bypass, AF, and AVG [15, 78]. For the purpose of vascular 

graft engineering, IH is the biggest hurdle to overcome graft failures. Detailed review of IH will be 

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

2.3 Applications of synthetic small-diameter vascular grafts  

Two main applications of synthetic small diameter vascular grafts are bypass surgeries to circumvent 

blocked arteries and arteriovenous grafts for access for hemodialysis [79]. PAD is treated with 

medication and lifestyle changes initially [11, 50, 51]. However, if these measures are not sufficient 

and the disease progress, then bypass surgeries are needed. These surgeries are typically considered 

as last option since it is an invasive process. Hemodialysis is a procedure to remove waste and fluid 
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from the blood [9]. It is done for the patients with CRF [9]. In order to perform hemodialysis, a 

connection between artery and vein in the forearm is made surgically. AVG refers to the vascular 

grafts used to form the connection for the purpose of hemodialysis [9].  

Vascular bypass surgeries involve the implantation of a vascular graft in order to circumvent 

blocked section of the blood vessel. Bypass surgeries are invasive, so it is used when other methods 

of treatment fail to prevent blood vessel occlusion, or if the blockage is significant enough to cause 

heart damage [55]. If bypass surgeries are considered necessary, the first choice for bypass graft are 

autografts. Autografts are the blood vessels of the patient harvested from another location of the body. 

For example, autografts that are used for coronary artery bypass are saphenous vein in the legs [80]. 

After autografts are harvested, they are immediately connected to create a bypass the occluded region 

of the blood vessel. They are least likely to be rejected by the body and have good patency [81]. 

However, autografts face some drawbacks such as limited availability and risks associated with 

additional surgeries [82]. If there are no autologous graft that can be used, then synthetic vascular 

grafts are used for the bypass surgery. 

Similarly, autologous blood vessels are considered a good candidate to make the access for 

hemodialysis access. The 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 connected [15]. The 

hemodialysis would be then connected to the fistula. Blood would be drawn from the remodeled 

superficial vein of the AF, filtered in the hemodialysis, then returned to the patient through the vein. 

Because connection of artery and vein is connecting two differently structured blood vessels together 

to expose them to abnormal blood flow for repeated access to hemodialysis, AF faces many 

difficulties in long-term maintenance [83]. Since AF is used as an access for hemodialysis, it is 

regularly punctured using needles. This 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 

hemodialysis [84]. This maturation sometimes does not occur in some patients [84]. In the case of 

failed AF, AVG is used. AVG is the connection between artery and vein made using synthetic 

vascular graft.  

2.3.1 Poly(vinyl alcohol) vascular grafts  

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

and have tunable mechanical properties [21]. It is used in many biomedical research areas due to 
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these beneficial properties. For example, when crosslinked using freeze-thaw cycles, PVA can have 

similar mechanical property as cartilage [85, 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 stiffness [87]. 

In a study published in 2015, stiffness of PVA was varied using gradual freeze-thawing method to 

investigate stem cell differentiation [87]. In another study, PVA hydrogel crosslinked using trisodium 

trimetaphosphate (STMP) as the crosslinking agent was studied as a potential substitute of vitreous 

humor [88]. PVA hydrogel crosslinked with STMP has been found to be very compliant, and have 

been suggested as a material to make compliant vascular graft [89]. In this section, I will review 

usage of PVA in vascular graft engineering for the development of compliant sSDVG.  

There are multiple methods of crosslinking PVA hydrogel. The two popular types are physical 

crosslinking method and chemical crosslinking method. The most common method of physical 

crosslinking of PVA uses freeze-thaw cycles to cause entanglement of the PVA molecules [90]. The 

relationship between the number of freeze-thaw cycles and the mechanical properties of resulting 

PVA hydrogel is very well characterized [90, 91]. There have been a few different chemical 

crosslinking methods of PVA hydrogels. PVA has been crosslinked using the glutaraldehyde, which 

resulted in PVA hydrogel with cytotoxicity [92]. Later, different chemical crosslinking methods of 

PVA were explored to result in PVA hydrogels without cytotoxicity. For example, Darabi et al. 

published a method of alkaline based crosslinking method of PVA hydrogel that is optically clear 

[93]. They also showed the method allowed for 3D printing of the PVA hydrogel [93]. Another group 

studied the crosslinking of PVA using different molecules [94]. In their study, crosslinking of PVA 

using citric acid, succinic acid, iron (II) sulfate heptahydrate, hydrogen peroxide, and sodium 

hydroxide [94]. PVA has also been crosslinked with epichlorohydrin as the crosslinker in 1992 [95]. 

PVA hydrogel have been crosslinked using STMP as the crosslinking agent in a basic solution [88, 

96-98]. A review published in 2014 addressing crosslinking of hydrogel summarizes different 

crosslinking method of PVA [99].  

The PVA hydrogels crosslinked using STMP is elastic, and was suggested to be a good material to 

make compliance vascular grafts [25, 29, 89, 96]. Recently, the detailed effects of different 

crosslinking parameters of PVA hydrogel crosslinked using STMP was studied in Chapter 3 [21]. 

This allows for the fine-tuning of the compliance and mechanical properties of PVA vascular grafts. 

Furthermore, some aspects 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, understanding the effects of sterilization on the mechanical properties of the PVA grafts is 

important for the development of compliant PVA grafts. 

One difficulty in using PVA hydrogel is that it does not allow for cellular attachment without 

modification. While the lack of cellular adhesion could be beneficial for other applications, it is 

important to allow cellular adhesion for vascular graft engineering. For sSDVG, endothelialization is 

key to long-term success of the graft [29, 100]. PVA has been modified using gelatin, collagen, and 

fucoidan to enhance cellular adhesion [28, 29, 101]. Among these, gelatin and fucoidan has been 

found to enhance endothelialization [28, 29]. The capacity to enhance cellular attachment is important 

also for using PVA hydrogel in in vitro experiments as well as for long-term patency of the grafts. 

PVA grafts are being studied in both in vivo and ex vivo animal models to test the performance of the 

PVA grafts. Improving the compliance and cellular interaction of PVA grafts would allow for 

positive results from these animal models, which is a prerequisite to proceeding to the FDA approval 

and clinical application.  

2.4 Current state of synthetic small-diameter vascular graft engineering 

Small-diameter vascular grafts, defined as vascular grafts with an inner diameter less than 6 mm, 

continue to show poor patency [102], most often caused by IH [46, 103]. sSDVG are small-diameter 

vascular grafts made using synthetic material. The lack of viable options for sSDVG impacts more 

than 52 million people who suffer from peripheral arterial diseases (PAD) in the United States of 

America (USA) alone due to maintenance of the [104, 105]. Furthermore, the lack of synthetic 

options for arteriovenous grafts (AVG), which are also sSDVGs, affects patients with end-stage renal 

disease [47].  

The leading cause of poor sSDVG patency is IH. IH is the thickening of the tunica intima of blood 

vessel walls, 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 vessel [106, 107]. 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 studied extensively. 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 and cellular 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 vascular grafts and 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 stiffness – it is the circumferential elasticity 

of the vascular graft with application of pressure. 

The theory that compliance mismatch could affect the patency of vascular grafts has been around 

since the 1970s [111-113]. Since then, many have tried to understand the effect of compliance 

mismatch using various methods—from flow analysis using 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 mismatch [41, 113-115], while others showed that 

the effect was negligible [44]. 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 using 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 limitations in understanding the 

complete effect of compliance mismatch by assessing the methods that are used to analyse 

compliance mismatch. 

2.4.1 Pathophysiology of intimal hyperplasia  

Native blood vessel walls are made of three layers: tunica externa, tunica media, and tunica intima 

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

fibers, and tunica media is the thick middle layer composed of SMCs [117]. Tunica intima is the 

innermost layer composed of endothelial cells (EC) and connective tissues [106]. Intima is a single 

layer of EC, endothelium, and an endothelial-specialized basement membrane of tunica intima. It 

contains laminin, collagen type IV, 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 non-thrombogenic 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 (PGI2) [120], and 

synthesize heparin-like molecules that prevent platelet adherence, aggregation, and coagulation [121]. 
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VSMCs, elastin tissue, 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 a proliferative state and 

eventually migrate to the intima and form IH.   

 Formation of IH involves all the components in the blood vessel and occurs 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 followed by leukocyte chemotaxis. The activated platelets release 

growth factors, such as platelet-derived growth factor (PDGF) [122-124]. In response to all the 

changes, SMC change phenotype from quiescent state to proliferative state, then start to proliferate 

and migrate from media 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. Histological analysis of IH corroborates 

this process and shows abundant VSMCs, fibroblasts, myofibroblasts, and inflammatory cells [125-

129]. Excessive damage to the adventitia can also lead to IH. During vascular surgeries, adventitia is 

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

found that these injuries result in the 

remodeling of adventitia and 

increased proliferation of fibroblasts 

in adventitia within a few days [130, 

131]. The proliferating fibroblasts 

would further migrate from adventitia 

to intima and form myofibroblasts, 

contributing to the formation of IH 

[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 grafts [19, 133-135], and at graft-vein junctions of 

AVGs (Fig. 2.3) [136-138]. The IH is thought to develop around the distal anastomosis due to the fact 

that distal anastomosis is the region most heavily affected by combination of altered hemodynamic 

 

Figure 2.3. Locations of intimal hyperplasia formation in synthetic vascular 
grafts. IH in synthetic vascular grafts occur mainly at the floor of the native 
blood vessel and the toe, and heel and toe around the distal anastomoses [43]. 
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and WS [133]. Surgical trauma, material bio-incompatibility, and biomechanical factors, have been 

found to contribute to IH formation in synthetic vascular grafts. Figure 2.4 summarizes the influence 

of these factors to the formation of IH [43, 73, 122-126, 130-132, 139-159]. This section will discuss 

material bio-compatibility and biomechanical factors and their effects on IH formation.  

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 formation [139]. For instance, macrophages were commonly observed in 

expanded polytetrafluoroethylene (ePTFE) graft stenosis [140]. 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 VSMCs [73, 142, 160]. T-

 

Figure 2.4. Factors that influence intimal hyperplasia formation. WS – wall stress, EC – endothelial cells, VSMC – vascular smooth muscle cells, 
PDGF – platelet-derived growth factors, MMP – metalloproteinase, TNF-α – tumor necrosis factor-α, and eNOS – endothelial nitric oxide synthase 
[43, 73, 122-126, 130-132, 139-159]. 
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lymphocytes have also been observed in the intima of injured vessels. They secrete tumor necrosis 

factor- (TNF-), which has been proven to induce migration of SMCs [143]. In addition to 

inflammation, the lack of endothelial lining on the luminal surface of synthetic materials triggers 

platelet aggregation and thrombosis formation, resulting in narrowing of the lumen. Activated 

platelets and thrombin have also been demonstrated as mitogens of VSMCs and stimulate VSMC 

proliferation [144-146]. 

2.4.1.1.2 Biomechanical factors 

The mismatch of mechanical properties 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 diastole. Introduction 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 Abbott et al [161, 162]. Later studies also confirmed the role of compliance mismatch in 

IH formation [45].  

Accompanied with compliance mismatch, the geometric discontinuity 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 around 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 proliferation [19, 43, 147]. Also, the disturbed flow will trap 

platelets and cause platelets aggregation 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 ECs [148, 149]. Under physiological WSS, the phenotype of ECs changes 

from random orientation to aligned with flow direction during neovascularization. With high steady 

laminar shear force, ECs produced more NO, lowering the proliferation of SMCs and thus inhibiting 

the pathways leading to IH [150]. 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 induce a sharp shear stress change, with the directional change of shear force, 

which may lead to endothelial deformation [151]. 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 ECs and promote altered 

morphology. Monocyte adhesion was found to increase on the EC layer under low shear stress [152]. 

In addition to WSS, DePaola et al. found gradient WSS near arterial branches could induce a change 

of endothelium and potentially contribute to IH formation [163]. Later studies confirmed the  

hypothesis that the gradient shear stress induces platelet-derived growth factor-A (PDGF-A) and 

monocyte attractant protein-1 expression in ECs [164], and potentially regulates the direction of SMC 

migration [165]. Ho et al. also found that immunoglobulin and proline-rich receptor-1 (IGPR-1) 

responded to shear stress and increased stiffness of the ECs [166]. EC stiffness contributes to the 

alteration in WSS and induces transdifferentiation of VSMCs, exacerbating IH [166, 167]. 

Meanwhile, endothelial NOTCH1 has been shown to affect cellular junctions and endothelial 

proliferation in response to shear stress [168].  

Other than in affecting ECs, the effect of 

WSS can be compounded with other factors 

that affect the blood vessel wall, such as 

SMCs, platelets, and leukocytes. In synthetic 

vascular grafts, vascular EC denudation at the 

anastomoses exposes underlying VSMCs to 

oscillatory WSS and regulates SMC 

proliferation, protein synthesis, and mitogenic 

activity [169]. Extensive studies have shown 

that high, yet still within physiological range, 

steady laminar WSS inhibited proliferation of 

SMCs [170-172]. However, when exposed to oscillatory shear stress, SMCs, had increased 

proliferation and cell survival [173]. Furthermore, low shear stress due to reduced blood flow speed 

traps platelets and leukocytes [153]. The attached platelets and leukocyte may become activated and 

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

In addition to WSS, vascular WS (WS) also plays an important role in IH formation, mainly for 

vein grafts or the venous side of AVGs [174]. It has been found that compliance mismatch, and the 

resulting increase in WS, could also influence the formation and development of IH [43, 154, 159]. 

Compliance mismatch has been shown to cause increased WS around the anastomoses [154]. It was 

 

Figure 2.5. Vascular vessel wall remodelling due to alteration in wall 
shear stress [169, 170]. 
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found that high WS may serve as an initiator of the inflammatory response, such as increased PDGF 

and MMP expression, that is important for SMC proliferation [155, 156, 175]. Studies on PDGF 

responses to stress showed that upon increasing WS, PDGF secretion is promoted [176]. Also, 

increased suture-line stress has been found at compliance mismatch anastomoses [154]. As 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 suture-line stress may stretch SMCs and 

cause SMCs to proliferate, and contribute to IH formation [43, 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 elusive. The difficulty in solving the question comes from the fact that 

IH formation in synthetic vascular grafts is due to complicated feedback loop. The difficulty is further 

exacerbated due to lack of consensus on a standardized measurement methods available for 

identifying the compliance of native blood vessels [177]. Furthermore, the difference in compliance 

of the vascular graft or native blood vessels are affected by the different 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 either in vitro or in vivo measurements. However, the sensitivity and 

accuracy of 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 set consensus 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 index (AIx) 

or resistance index [177, 178]. Others use changes in the diameter of the blood vessel or vascular 

grafts using echo tracking systems to determine the compliance. Lastly, an ultrasound based method 

called arterial stiffness evaluation for non-invasive screening (ARTSENS), developed in 2015, can be 

used to measure the arterial stiffness [179-181]. Different methods that can be used to measure the 

PWV and AIx (Table 2.2: Eq. 1–6), resistance index (RI; Table 2.2: Eq. 7), or compliance (Table 2.2: 

Eq. 8–15) are listed in Table 2.2. While all of the equations can be used in both in vitro, ex vivo, and 

in vivo, PWV and AIx equations are most suitable for measuring compliance in vivo due to accuracy.  
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Common measurement methods use PWV and AIx to overcome the limitations of the Doppler 

ultrasound—low accuracy and sensitivity [177]. In 2018, Joseph et al. developed magnetic 

plethysmography (MPG) to measure arterial compliance using PWV [182]. Another method 

developed in 2016 is ARTSENS® Pen. The benefit of ARTSENS® Pen is that it is an automatic and 

image free method of measuring arterial stiffness with good accuracy [183, 184]. This method is 

actively being tested for its accuracy, and recently showed repeatable and high sensitivity 

measurements through assessing 523 subjects in a clinical trial [185]. Radial artery tonometry is also 

used to measure the arterial stiffness in diabetic children using PWV and AIx [186]. AIx is a method 

using ascending aortic pressure waveform to measure the systemic arterial stiffness [186-188]. It is 

often used in conjunction with PWV as an indirect method of measuring arterial stiffness [189]. In 

clinical practice, AIx is used as a method to measure arterial stiffness because it is independent of 

geometry and is determined by age and aortic PWV [190]. The biggest benefit of AIx is the 

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

The problem with these different types 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 measuring arterial 

stiffness of the patients [177, 190-192]. Unfortunately, this yields inaccurate results depending on the 

resolution of the imaging instrument used, the location of the blood vessel, and size of the blood 

vessel [178, 193]. For example, some transcranial Doppler ultrasound cannot measure the arterial 

geometry, therefore requiring the flow velocity to be used for compliance measurement [193]. As 

means to minimize the errors due to the measurement method, RI is used to assess the vascular 

stiffness instead of measuring vascular compliance of the native blood vessels directly [178, 194]. 

Although these AIx and RI are closely associated with vascular compliance, they are not sufficient for 

the measurement of arterial compliance [195]. 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 techniques [190, 196, 197]. However, these 

methods do not overcome the innate resolution problem Doppler ultrasound has; its accuracy and 

repeatability depend on the sonographer. The consensually most accurate method is using 
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Table 2.2. Equations used to calculate arterial stiffness. 

 Equations Unit Ref. 

1 

PWV=
1

√ρk
, k=

2∆DD0+∆D2

∆PDD
2   

PWV = pulse wave velocity, ρ = blood mass density, k = distensibility, D = vessel 

diameter, P = pressure 

m

s
 [198] 

2 
Local PWV =

D

∆t
  

PWV = pulse wave velocity, D = distance, t = time  

m

s
 [199] 

3 

PWV =  √
Eh

2ρR(1−v2)
  

PWV = pulse wave velocity = arterial stiffness, E = vessel wall Young’s modulus, v = 

Poisson’s ratio, R = lumen radius, h = wall thickness, ρ = density of the wall  

m

s
 [189, 200] 

4 
Ci =

Vi

ρ

1

PWVi
2  

Ci = volumetric compliance, Vi = volume, ρ = blood density, PWVi = pulse wave velocity   

ml

mmHg
 [201] 

5 

D =
1+ η

ρ(PWV−u)2
, C = VD  

D = distensibility, V = volume, u = axial flow velocity, ρ = density of incompressible 

fluid, PWV = pulse wave velocity, η = ratio of the wall deflection to internal wall radii, C 

= compliance  

mm2

mmHg
 [202] 

6 

AI =
∆P

PP
  

AI = augmentation index, ΔP = pressure difference between peak blood pressure 

during systolic period and break point, PP = pulse pressure difference 

% 
[188, 190, 

203] 

7 
RI =

Vmax−Vmin 

Vmax
∗ 100  

RI = resistance index, Vmax = peak systolic velocity, Vmin = minimal diastolic velocity 
% [178] 

8 

kp
dP

dt
+ Ao

du

dx
= 0,

du

dt
+

1

ρ

dP

dx
+ KRu = 0   

kp = local vessel compliance, P = blood pressure, u = blood velocity, t = time, Ao = 

reverence vessel area, KR = fluid resistance 

m2

Pa
 [204] 

9 

AC =
π(DsDs−DdDd)

4(Ps−Pd)
  

AC = aterial compliance, Ds = systolic diameter of the blood vessel, Dd = diastolic 

diameter of the blood vessel, Ps = systolic pressure, Pd = diastolic pressure 

mm2

kPa
 [203] 

10 

C =
stroke volume 

K(Pdist−Rend dist)
, K =

As+Ad

Ad
  

C = compliance, Pdist = pressure at the beginning of diastole, Pend dist = pressure at the 

end of the diastole, As = systolic area, Ad = diastolic area  

ml

mmHg
 [205] 

11 

Q

C
=

dP

dt
+

P

RC
, Zin =

R

1+jwRC
  

Q = flow, C = compliance, P = pressure, t = time, R = total resistance 

1

Pa
 [206, 207] 

12 
Cder =

dA

dP
  

Cder = compliance, A = lumen area, P = blood pressure 

mm2

mmHg
 [208] 

13 

C = (Ds −
Dd

Dd
) ∗

104

Ps−Pd
    

C = diametrical compliance, Ds = systolic diameter, Dd = diastolic diameter, Ps = 

systolic pressure, Pd = diastolic pressure 

% per
mmHg

102
 [209] 

14 

C =
d120−d80

d80
  

C = radial compliance, d120 = diameter of the graft at 120mmHg, d80 = diameter of the 

graft at 80mmHg  

% per 40mmHg [25] 

15 

C =
Ds−Dd

(Ps− Pd)Dd
  

C = compliance, Ds = systolic arterial diameter, Dd = diastolic arterial diameter, Ps = 

systolic pressure, Pd = diastolic pressure  

% radial change

mmHg ∗ 102
 [210] 
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mechanotransducer [197]. 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 settings [196, 197]. Although many 

measurement methods are available, none of the currently available methods meet all of the 

requirements needed for accurate assessment 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 induced in 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 wall. For example, He et al. found that end-to-end anastomosis model showed the 

presence of significant disturbance in blood velocity, WSS and 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 phenomenon [211, 212]. This 

conclusion is consistent with the earlier findings of Steinman et al., who showed that the magnitude 

of shear stress is directly related to the pressure exerted by the flowing fluid [213]. As for WS, many 

tissue-engineered vascular grafts (TEVGs) use computational modelling to assess whether the TEVGs 

are suitable in physiological pressure [214]. However, as the models often overlook biological 

factors, the models are not capable of accurately predicting the generation of IH [187, 212, 215]. The 

computer models developed by Stewart and Lyman showed that protein transport patterns differ 

between compliance mismatched models and the compliance matched model, further giving weight to 

the importance of understanding compliance mismatch in vascular graft engineering [213, 215]. 

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, Szafron et al. 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 limitations of in vitro validation 

methods: the lack of high compliance materials and the lack of biomimetic available for in vitro 
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setups. For synthetic vascular grafts, there is a basic requirement 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 be modified to have different mechanical properties, hydrogels have been used to 

fabricate various sSDVGs. For example, Wise et al. made an elastin/polycaprolactone hybrid vascular 

graft that can match the compliance of the native blood vessel with the same diameter [217].  

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 lack the high compliance 

variability of native blood 

vessels. For example, the native 

artery has the compliance of 8 ± 

5.9 percent per 10-2 mmHg, 

whereas poly(carbonate) 

urethane-based synthetic 

compliant vascular graft has the 

compliance of 8.1 ± 0.4 percent 

per 10-2 mmHg [209]. This is 

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

due to physiological phenomena. Due to the fact that polyurethane vascular graft displaying 

compliance comparable to the native blood vessel, the grafts were studied as a potential candidate to 

be a sSDVG [209]. Poly(carbonate) urethane vascular grafts are being studied as a hemodialysis 

access in clinical trials [223, 224]. Despite the developments of new and improved biomaterials, the 

materials that displays the qualities required to mimic the mechanical properties of small-diameter 

blood vessels is yet to be found. 

 

Figure 2.6.  Summary of the techniques used for calculation of compliance of vascular grafts 
in vitro [25, 189, 199, 200, 206, 210, 218-220]. 
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The other drawback of using in vitro model is that the experimental setup used to measure the 

compliance is not an accurate representation of the in vivo condition. As depicted in Figure 2.6, 

various techniques can be used for in vitro testing of synthetic graft compliance [25, 189, 199, 200, 

206, 210, 218-220]. Due to the ease of setup, hydrostatic pressure-induced expansion has been used to 

measure the compliance of synthetic grafts [25]. 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 well-characterized, many in vitro tests and cell culture use 

simulated physiological pulsatile flow [161, 219, 225, 226]. For example, Gong et 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 the graft [219].  

Even with the physiologically relevant culture conditions, it is impossible to get an accurate 

representation of the effect of mechanical properties on IH in vitro, as the biological factors involved, 

such as cells, platelets, and growth factors, in the formation and development of IH is either 

simplified or non- existent in the fluids used in in vitro cultures. The idea of blood-mimicking fluid 

(BMF) for the purpose of in vitro blood flow and vascular graft testing has been studied since late 

1990’s [227]. Despite the fact that BMFs are commercially available, these fluids mainly focus on the 

mimicking the biological acoustic noise for ultrasound imaging rather than the biological factors; they 

are mostly used for ultrasound imaging [228, 229]. As shown in Figure 2.4, the biological factors 

such as inflammatory responses and thrombogenesis play an important role in development of IH. 

Without blood factors and cellular interactions to simulate these interactions, in vitro tests cannot 

accurately represent the in vivo environment. Furthermore, performing in vitro WSS and WS 

experiments relating to compliance and compliance mismatch are still difficult as experimental 

methods are still not well established [230]. While particle tracing is the preferred method for 

measurement of WSS, this method is still yet to be used in conjunction with cell culture [231, 232]. 

Unlike, the effects of WS on cellular behaviors have been studied in vitro [154]. However, most of 

the recent publications focus on the FEM computer modelling rather than in vitro experiments [214, 

233]. In vitro methods without multiple biological components cannot be useful beyond being a tool 

to understand only the basic interaction between one cell type and synthetic vascular grafts rather than 

assessing the interaction of various biological factors with different compliance.  

To overcome the drawbacks of in vitro models, ex vivo models are used to perform more 

physiologically relevant experiments while minimize the use of animals. Ex vivo models are more 
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extensively used for biological or tissue-engineered vascular grafts as they provide a less invasive 

method to assess the graft’s hemocompatibility than in vivo experiments. There are two different 

types of ex vivo models that can be used to assess the effect of compliance mismatch: the ex vivo 

shunt model and ex vivo organ culture.  The ex vivo shunt is a well-established procedure to test the 

hemocompatibility of synthetic vascular grafts [98, 221]. Ex vivo shunts use externally reinforced 

vascular grafts surgically connected to a part of the animal. The limitation of this setup is that the 

shunt is supported by external structure, which masks any potential influence by the compliance.  

Recently, an ex vivo organ culture model for screening the synthetic vascular grafts have been 

developed [45]. This system is different from ex vivo shunt since it uses ex vivo bioreactor rather than 

the animal itself [234]. This system screens for the markers that are known to induce IH formation to 

screen for the synthetic vascular grafts their potential to form IH [45]. The strength of this model is 

that it allows for screening of the biological effects of vascular grafts with difference compliance. 

Further development of ex vivo models would enhance the ability to easily test synthetic vascular 

grafts with different compliance while having higher accuracy than in vitro models [234]. Ex vivo 

shunts or ex vivo bioreactors have the capacity to account for much higher variety of biological 

factors. Some have even developed ex vivo organ culture model for screening synthetic vascular 

grafts for compliance compatibility [45]. However, the techniques are still young and require further 

validation before application. 

The best and most physiologically relevant method of studying the relationship between the 

biological and mechanical factors and IH is using in vivo model. An example of a well-established 

vascular graft implantation model for SDVG is end-to-end rabbit common carotid arterial 

implantation [235-237]. However, studies using in vivo model are extremely difficult due to many 

factors. First, non-invasive measurement 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 accurate. But Doppler ultrasounds are not sensitive enough to isolate individual 

mechanical properties, and could not be used to accurately understand the extent to which the 

compliance and compliance mismatch influences IH [238]. 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 research labs [20, 239]. 

Another limitation of in vivo models is inconsistency between protocols. When testing the 

biomaterials of vascular grafts in vitro, international standards and guideline such as International 



 

 28 

Standard Organization (ISO) has been established to which researchers can refer [240]. However, 

there are still many different models to account for depending on the application, making it crucial to 

choose the most applicable models [236]. For example, even though the end-to-side anastomosis is 

more common method of implanting SDVG clinically, small animal models predominantly use end-

to-end anastomosis [241]. On the other hand, end-to-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 grafts [236]. 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. 

For example, having different diameters of vascular graft and the native blood vessel would decrease 

the blood flow around the anastomoses, which could cause thrombogenesis. Byrom et al. published a 

very comprehensive comparison between animal models and identified the potential animal models 

that are suitable for sSDVG application [236].  

In vitro, ex vivo models, and in vivo models are used to understand the effects of compliance 

mismatch on the pathophysiology of IH. While in vitro models provide a convenient method to test 

the compliance and basic cellular interaction with the synthetic vascular grafts, there lacks a 

connection between the compliance mismatch and the onset of IH. In vivo testing 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 of compliance mismatch 

on IH as an accurate and non-invasive compliance measurement method in vivo does not exist. In vivo 

models must be carefully chosen to have appropriate animals, correct procedures, appropriate 

anastomoses, and correct diameters between vascular graft 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 is a well-

observed phenomenon in medicine, and 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 shown to be 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 signal then triggers irregular biological responses. These irregular biological 

behaviors then manifest as pathophysiological phenomena known as IH. While many strides have  

 

Figure 2.7. Summary of current progress in understanding intimal hyperplasia formation in synthetic vascular grafts [42, 211, 212, 231, 242-
247]. 
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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 completely (Fig. 2.7 [42, 211, 

212, 231, 242-247]).  

With the number of cardiovascular disease incidences increasing as time passes, the need to 

fabricate better vascular grafts is evident—especially so for sSDVGs [248-250]. 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 compliance mismatch, 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 assessed without being 

influenced by the chemical and biochemical factors. Also, a way to ensure consistency in compliance 

measurements between in vivo experiments must be established so that the results from different 

vascular grafts can be compared to one another. This 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 importance of mechanical stimulation in triggering biological functions have been studied in 

various cell types [32, 251]. For example, in the case of osteocytes, bones are exposed to compressive 

loading and torque [33]. Mechanical loading has been found to play a critical role in the shape of the 

lacunae formed by the osteocytes [33]. A study published in 2021 found that exposure to mechanical 

loading can activate the Yes-associated protein (YAP) pathway [252]. YAP is a known protein 

involved in extracellular and intracellular signaling pathways for regulating essential functions such 

as cell density, cell polarity, mechanical cues, cell proliferation, and survival [253]. Likewise, 

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

Cells are exposed to mechanical stimuli in vivo. For example, VSMC are constantly exposed to 

WSS due to the blood flow and WS due to the stretching blood vessel wall [14, 243, 254]. WSS is the 

shear stress due to the flow of the blood. The extent of WSS experienced by the cells also vary 

depending on the location of the blood vessel in the body [147]. For example, the blood flow rate 

inside the aorta is significantly different from the shear stress within the arterioles [255] WS is the 

cyclic stretching the cells composing the vascular walls are exposed. Blood vessels are elastic tubes 

that expands to allow for the blood flow with each pulse. The repeated expansion results in exposing 
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the cells composing the blood vessel walls to cyclic stretching [256]. VSMCs in the body are formed, 

matured, exposed to, and undergo apoptosis in constant exposure to the combination of WS and WSS. 

Presence of WSS is also important for understanding the behaviors of VSMC. The direction as well 

as the magnitude of the shear stress was found to influence the migration and orientation of VSMCs 

[257]. It was also suggested that shear stress can act as an inhibitor of VSMC proliferation [258]. In 

2018, Sun et al. found that shear stress induced phenotypic modulation of VSMC [259]. In their 

study, VSMC were exposed to 15.28 dynes/cm2 for 6, 12, and 24 hours and quantified the protein and 

DNA expressions. They found that the cells exposed to shear stress displayed elevated expression of 

phosphorylated-adenosine monophosphate-activated protein kinase (pAMPK) [259]. pAMPK is 

known to be involved in regulation of proliferation of mammalian cells [260]. 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 strain in studying the behaviors of VSMC is widely accepted [261-

263]. In 1998, Hu et al. found that exposure to strain can be used for the activation of PDGF receptor 

α in VSMCs [264]. The intracellular signaling pathway involving the PDGF receptor induced by the 

mechanical strain was suggested in 1998 as well [265]. PDGF-BB specifically have been found to be 

stimulated by cyclic stretching [266]. PDGF-BB is found to promote migration of VSMC even 

without mechanical stimulation [267]. The PDGF-BB is thought to be released by cells when exposed 

to cyclic strain, resulting in binding of the molecule to PDGF receptor [268]. The cyclic stretching is 

also found to influence the VSMC alignment. In 2002, Standley et al. found that nitric oxide 

signaling was responsible for the alignment of VSMC that are exposed to cyclic stretching [269]. In 

another study, cyclic stretch with 10% strain for 4 hours resulted in expression of vascular endothelial 

growth factor in VSMC [270].  The resulting upregulation of YAP1 has been found to inhibit 

apoptosis in VSMC exposed to cyclic stretching [271, 272].  

2.6 Graft mechanical compliance in vascular patency 

One of the hypothesized causes of the failures of sSDVG is compliance mismatch between the native 

blood vessels and the implanted grafts [273]. In vascular graft engineering, the volume change of the 

vessel due to internal pressure is defined to as compliance [274]. Compliance is affected by the 

stiffness of the arterial wall, with higher stiffness being associated with lower compliance [275, 276]. 

Currently 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 the native blood vessel. The difference in compliance results in 

formation of abnormal WSS as well as WS around the implanted graft. Furthermore, the connection 

requires application of suture [277]. The gauge and type of suture technique used for suturing the 

vascular graft onto the blood vessel also 

poses additional mechanical stimulation 

that VSMC are not exposed to in a 

healthy environment.  

Implantation of vascular graft results 

in abnormal WS, WSS, as well as 

suture-line stress. The connection 

between the native blood vessel and the 

implanted grafts are called anastomosis. 

It can be made to be either end-to-end or 

end-to-side anastomosis (Figure 2.8) 

[278]. Simulation analysis of the shear 

stress caused by both types of 

anastomoses have been actively studied [213, 279-281]. The simulations tried to understand the 

effects of the compliance mismatch in WSS. The presence of compliance mismatch 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 flow. While WSS in grafts implanted with end-to-end 

anastomosis is also affected by compliance mismatch [220], studies found that end-to-side 

anastomosis resulted in higher variable WSS [280]. The angle at which the end-to-side anastomosis 

are formed also played a role in formation of abnormal WSS, with the less acute change in flow path 

being found to cause least disturbance in WSS [282-284]. This leads to increased WSS around the 

distal anastomosis [285]. The increase in WSS also causes abnormally high WS around the distal 

anastomosis [285]. The abnormal WS causes direct effects to the cells around the anastomosis, but 

also affects suture-line stress. Suture-line stress is the stress around the anastomosis caused by the 

sutures. Computational analysis results shows that there are high concentration of stress around the 

sutures [23]. Others have studied the effects of suture-line stress, and reached the conclusion that 

compliance mismatch may affect formation of IH formation by altering the suture-line stress [23].  

 

Figure 2.8. Two types of anastomoses. (A) end-to-end anastomosis, and (B) end-
to-side anastomosis.  
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The isolated effect of compliance mismatch on smooth muscle cells is difficult to study. In vitro 

studies have been developed and performed to test the theoretical effects of compliance mismatch on 

WSS, WS, and suture-line stress studied in computational analysis. Platform to study the effects of 

WSS are developed by various labs and companies [219, 286, 287]. Similarly, devices to expose cells 

to cyclic stretching are developed to understand the effects of WS [268, 270]. The cellular behavior to 

suture-line stress was studied. Using gelatin modified PVA hydrogel, effects of cyclic strain on 

VSMC cultured on compliance mismatched PVA film were studied and is presented in this thesis. 

Lastly, preliminary data from simulation developed using the parameters are shown in Appendix A.  
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Chapter 3 

Mechanical characterization of small diameter polyvinyl alcohol 

vascular grafts 

This chapter will address the range of mechanical properties that is achievable through variation of 

fabrication process. This chapter will address different combinations of compliance 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 grafts with diameter less than 6 mm, are not 

commercially available due to having low patency. The low patency has been attributed to many 

mechanical and biological factors [41]. Among the different factors, mechanical compliance has been 

shown as one of the potential parameters that can influence the performance of small diameter 

vascular grafts [14, 214]. Compliance is defined in vascular graft engineering as the elasticity of the 

conduit when exposed to internal pressure [214]. The commercially available synthetic grafts, such as 

expanded polytetrafluoroethylene (ePTFE) and Dacron, have significantly lower compliance than 

native blood vessels [209].  However, the exact role compliance plays in the failure of small diameter 

vascular graft still remains elusive [14]. 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 potential off-the-shelf small-diameter vascular graft 

is poly(vinyl alcohol) (PVA) [29, 89, 96, 288, 289]. PVA is a bioinert and low thrombogenic polymer 

that allows for easy chemical and topographical surface modification [29]. In addition to having 

beneficial biomaterial properties, PVA has tunable mechanical properties [89]. As a result, PVA is 

used in various applications. PVA vascular grafts are fabricated via dip-casting using cylindrical 

molds. PVA grafts have been shown to have dimensions and suture retention strength close to the 

native artery while withstanding burst pressure higher than that of the maximum systolic blood 

pressure [25]. Although PVA grafts have higher compliance than ePTFE grafts, PVA grafts are still 

not as compliant as the native blood vessels [290]. Therefore, there is a need to investigate the 

different fabrication conditions of PVA 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 sacrifice the mechanical 

integrity of the grafts to ensure the safety of the patients. One of the parameters used to test the 

mechanical integrity of the vascular grafts is burst pressure. Burst pressure is the internal pressure at 

which the graft bursts, and is known to be closely correlated to the wall thickness of a tube [291]. The 

motivation of this study is to make 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 density were explored. Interlayer adhesion and 

crosslinking density have been shown to contributed to dip-casting polymer and hydrogel mechanical 

properties. An increase in interlayer adhesion is known to increase the mechanical integrity of 

hydrogels [292]. 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 polymer [292-294]. Increasing crosslinking 

density can result in stiffer hydrogels. PVA is a material with multiple mechanisms of chemical 

crosslinking with different chemical crosslinkers [295] and physical crosslinking with physical 

entanglement or via hydrogen-bonding [296, 297]. In an effort to increase compliance while 

maintaining high burst pressure, which will be 400mmHg, interlayer adhesion and crosslinking 

densities were altered by altering fabrication process. PVA grafts are fabricated using layer-by-layer 

additional of crosslinking solution. Therefore, interlayer adhesion, which is due to the adhesion 

between these layers, could alter the mechanical properties of the resulting PVA grafts. We 

hypothesize that the increase in interlayer adhesion will allow for higher compliance and higher burst 

pressure when the grafts have 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 that post-fabrication processing can cause 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 previously [288]. 

Briefly, cylindrical molds are dip-cast in the crosslinking solution, then dried in controlled 

environment as shown in Figure 3.1A. The complete list of the parameters that were varied during the  
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Figure 3.1. Standard graft fabrication protocol and description of the varied parameter for each experimental group. (A) standard protocol, 
(B) representative images of the fabricated grafts for each experimental group, and (C) abbreviations and descriptions of the varied parameter 
for each experimental group. Samples for all groups were fabricated following the standard protocol except for the described parameter. 
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fabrication of the grafts is shown in Table 3.1. Variation in the fabrication process is highlighted in 

Table 3.1. All of the grafts made using different fabrication parameters had 9 layers. The images of 

the grafts that were successfully fabricated using different fabrication parameters are shown in Figure 

3.1B. The abbreviations and the fabrication conditions that was altered 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 (Sigma-Aldrich, 85-124 

kDa, 87-89% hydrolyzed) was mixed with 15% 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 base-catalyzed STMP crosslinking. The PVA crosslinking 

solution was immediately dip-cast 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 (Sigma-Aldrich, 85-

124 kDa, 87-89% hydrolyzed,) low molecular weight PVA (Sigma-Aldrich, 13-23 kDa, 87-89% 

hydrolyzed) (LMW), or medium molecular weight PVA (Sigma-Aldrich, 31-50 kDa, 87-89% 

hydrolyzed) (MMW) were used while all other parameters were kept the same as the standard 

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 density.  

3.2.1.2 Dip-casting PVA vascular graft  

PVA vascular grafts were cast as previously described (Figure 3.1A) [96]. In short, the molds for the 

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

dried at 20-21℃ and 30% humidity for 15 minutes, before dipping in the crosslinking solution again 

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 drying time between dips for the 

eighth dip and higher was 30 minutes. The molds were inverted every-other dips to ensure even 

crosslinking throughout the mold. After the dipping completed, the PVA grafts were dried at 18℃ 

and 70-80% 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 quantification assay, samples were 

rehydrated in 9 % w/v sodium chloride (NaCl) for 2 hours, 0.9% w/v NaCl for another 2 hours, and  

Table 3.1. Fabricated grafts and their fabrication conditions. 

  
PVA MW 

(kDa) 

STMP 
(% w/v) 

NaOH 
(% w/v) 

Humidity 

during 

fabrication 

(%) 

Dry time 

between dips 

Post-

fabrication 

Graft 

fabrication 

Control (C) 85-124 15 30 30 ± 5 

1-4: 15min 
5-7: 25min 
8+: 30min 

NA Successful 

Low MW 

(LMW) 
13-23 15 30 30 ± 5 

1-4: 15min 
5-7: 25min 
8+: 30min 

NA 
Not 

successful 

Medium MW 

(MMW) 
31-50 15 30 30 ± 5 

1-4: 15min 
5-7: 25min 
8+: 30min 

NA 
Not 

successful 

Low STMP (LS) 85-124 7.5 30 30 ± 5 

1-4: 15min 
5-7: 25min 
8+: 30min 

NA Successful 

Low NaOH (LN) 85-124 15 15 30 ± 5 

1-4: 15min 
5-7: 25min 
8+: 30min 

NA 
Not 

successful 

High humidity 

(HH) 
85-124 15 30 60 ± 5 

1-4: 15min 
5-7: 25min 
8+: 30min 

NA 
Not 

successful 

15 min drying 

(15W) 
85-124 15 30 30 ± 5 15 mins NA Successful 

30 min drying 
(30W) 

85-124 15 30 30 ± 5 30 mins NA Successful 

Post-fabrication 

2wk 60℃ dry  
(60-2D) 

85-124 15 30 30 ± 5 

1-4: 15min 
5-7: 25min 
8+: 30min 

Dried in 60℃ 

for 2 weeks 
Successful 

Post-fabrication 

4wk oven dry  
(60-4D) 

85-124 15 30 30 ± 5 

1-4: 15min 
5-7: 25min 
8+: 30min 

Dried in 60℃ 

for 4 weeks 
Successful 

Post-fabrication 

2wk 18℃ dry  
(18-2D) 

85-124 15 30 30 ± 5 

1-4: 15min 
5-7: 25min 
8+: 30min 

Dried in 18℃ 

for 2 weeks 
Successful 

Post-fabrication 

4wk 18℃ dry  
(18-4D) 

85-124 15 30 30 ± 5 

1-4: 15min 
5-7: 25min 
8+: 30min 

Dried in 18℃ 

for 4 weeks 
Successful 
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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 grafts were then 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 could vary the 

interlayer adhesion. The 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 drying rate on interlayer adhesion, 

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 facilitate 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. The post-fabrication drying conditions were: 2 weeks at 60 ℃ (60-2D), 4 weeks at 60 ℃ 

(60-4D), 2 weeks at 18℃ (18-2D), and 4 weeks at 18 ℃ (18-4D). Before testing, the grafts were 

rehydrated in DI water. 

3.2.2 Storage of the fabricated grafts  

The samples were kept at room temperature at all times. All samples were stored in DI water 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 diameter of 35 mm. The petri 

dish was covered and stored in a 18℃ chamber with a relative humidity of 70-80% for 3 days. The 

petri dish was then uncovered and stored at 18℃ and 70-80% humidity for another 4 days. The dried 

PVA film (Film) was removed from the petri 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 diameter and wall 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 average inner 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 equation [25]:  

𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 𝑎𝑡 120𝑚 𝑚𝐻𝑔−𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 𝑎𝑡 80 𝑚𝑚𝐻𝑔

𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 𝑎𝑡 120 𝑚𝑚𝐻𝑔
∗ 100 = % 𝑐𝑜𝑚𝑝𝑙𝑖𝑎𝑛𝑐𝑒 𝑝𝑒𝑟 40 𝑚𝑚𝐻𝑔  …Equation 1 

ePTFE vascular graft (Gore-Tex®, 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 published method [97]. 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 pressure at which 

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 protocols described in published literature with modifications 

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

then they were held in a flat position and dried at 60 ℃ for 7 days. Segments prepared as such were 

partially rehydrated for 15 minutes and trimmed into 5 mm x 10 mm rectangular specimens. The 

surface of the specimens 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 30 minutes. After 

rehydration, any residual water on the surface was removed. The non-overlapping parts of the holders 

were loaded onto a tensile testing equipment (AGSX Shimadzu, Japan), which was equipped with 1 

kN load cell, and stretched at a rate of 25 mm/min until failure. Images of the samples after the test 

were taken using the laser confocal microscope (Olympus LEXT OLS5000-SAF, Japan) to measure 
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the thickness variation within the destroyed samples. The heights of the samples were measured using 

Olympus data 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 

rehydrated PVA grafts were dried at 60℃ for 7 days. The dried grafts were then degraded in 10% 

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 absorbances of 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  

Fourier-transform infrared (FTIR) spectroscopy was performed following a published protocol [290]. 

PVA grafts were cut to 1 cm segments, and the segments were then cut open longitudinally. The 

grafts were dried flat. Fourier-transform infrared (FTIR) spectroscopy was performed using Thermo 

Fisher Scientific FTIR (Nicolett 6700) fitted with germanium and a high sensitivity pyroelectric 

detector.  Percent transmittance of the samples were collected between 400 and 4000 cm-1. Sixty-four 

scans were acquired at a spectral resolution of 4 cm-1. Data were normalized by modifying previously 

published protocol [299]. The data was normalized 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 protocol [290]. In brief, the samples were dried at 60 ℃ for at least 1 week. 10g  0.1g of 

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 ℃/min. Data were analyzed using the TA Universal 

Analysis software. Fractional crystallinity was calculated using heat of melting of 100% crystalline 

PVA of 138.60 J/g [300].  

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 
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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. The weights of the sections were measured every day 

for the subsequent days until the weight of the sections did not change further. Swelling ratio was 

calculated using the following equation [301]:  

𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔 𝑟𝑎𝑡𝑖𝑜 =
𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 ℎ𝑦𝑑𝑟𝑎𝑡𝑒𝑑 𝑝𝑜𝑙𝑦𝑚𝑒𝑟 𝑠𝑎𝑚𝑝𝑙𝑒

𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑑𝑟𝑖𝑒𝑑 𝑝𝑜𝑙𝑦𝑚𝑒𝑟 𝑠𝑎𝑚𝑝𝑙𝑒
 …Equation 2 

3.3.1 Elastic modulus 

For longitudinal elastic modulus and ultimate strength measurement, the grafts were cut into 8cm 

segments. The prepared samples were loaded onto the tensile machine (AGSX Shimadzu, Japan) with 

the gauge lengths of 2cm. The samples were then stretched at a rate of 25mm/min until the tensile 

failure of the sample. For 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 held by the holders. The 

holders were then separated to achieve a gauge length of 5mm. The samples were then stretched at a 

rate of 10mm/min until the sample failed.  

3.3.2 Suture retention strength  

Suture retention strength of the PVA grafts were measured using published protocol with 

modifications [25, 290]. PVA grafts were cut into 4 cm segments. Using 7-0 suture, a single suture 

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. The weight at which the sample broke was 

measured. 

3.4 Statistical analysis  

Statistical significance was determined using a two-way ANOVA followed by Tukey’s multiple 

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 statistical software.  
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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 cross-sectional images of the PVA grafts 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 successfully are shown in Figure 3.1B. The cross-sectional 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, 60-2D, and 60-4D had significantly thinner walls than the control 

group, while 30W, 18-2D, and 18-4D showed no statistical difference from the control group. The 

wall thickness of 15W was significantly thinner than 30W. 60-2D and 60-4D did not show any 

statistical difference in wall thickness. Also, 18-2D and 18-4D did not show any statistical difference 

in wall thickness. 

Despite having thinner walls than the control, grafts from LS, 60-2D, and 60-4D conditions had 

significantly lower compliance than the control group (p<0.05, Figure 3.4A). Regardless of the post-

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 having comparable 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 60-4D 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 3.2 Physical and mechanical characterization of grafts with different number of layers. (A) cross-sectional images. Red arrows used to 
identify difference level of transparency between layers within a sample. (B) Wall thickness of the samples for different number of layers. (C) 
Burst pressure plotted against the wall thickness. (D) Compliance plotted against the wall thickness. * = p < 0.05 between indicated groups. n = 
9 for all groups. Error bar represents standard deviation. 
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(Figure 3.4B). Burst pressure of 15W was significantly lower than control, which was as expected 

due to the lower wall thickness of the group (Figure 3.4C). However, 60-2D and 60-4D had higher 

burst pressure than the controls despite having thinner walls. LS, 30W, 18-2D, and 18-4D did not 

have significantly different burst pressure with respect to the control group. Further assessment of the 

 

Figure 3.3. Physical characterization of the experimental groups. (A) Cross-sectional images. Red arrows are used to identify difference level 
of transparency between layers within a sample. (B) Wall thickness of the samples for different number of layers. (B) wall thickness of the 
samples. * indicates p< 0.05 with respect to control group. # indicates p<0.05 between the groups being compared.  n = 9 for all groups. 
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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, LS, 60-2D, and 60-4D had significantly higher 

normalized burst pressure than the control group. Additionally, 60-2D and 60-4D had higher 

normalized burst pressure than 18-2D and 18-4D. Within each group with the same fabrication or 

post-fabrication variations, all of the groups showed positive linear relationship between the wall 

thickness and the burst pressure (Figure 3.4D). 

Figure 3.5 shows graphs of the different properties measured plotted against either the wall 

thickness (Figure 3.5A-3.5D) or compliance (Figure 3.5E-3.5H). Within each group with the same 

fabrication or post-fabrication variations, all groups displayed an inverse relationship between wall 

thickness and compliance (Figure 3.5A). 

Phosphate content was 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, 60-2D, and 18-2D (Figure 3.6A). On the other hand, both LS and 15W 

 

Figure 3.4. Bulk properties of the samples. (A) Compliance of each group. (B) Swelling ratio of each group. (C) Burst pressure of each group. 
(D) Burst pressure of each group normalized to their respective wall thickness. Average values of burst pressure and wall thickness of the 
internal replicates used to plot the graph. * indicates p < 0.05 with respect to control group. # indicates p < 0.05 between the groups being 
compared. n = 9 for all groups. 
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had significantly higher phosphate content than the 18-2D and Film. FTIR was performed to identify 

if there were any changes in crosslinking between the groups or if there were any changes in 

functional groups introduced due to change in the fabrication process. Figure 3.6B shows FTIR data 

using normalized percent transmittance of the control group (C), LS, 60-2D, and 18-2D 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 crosslinking. DSC is a reliable method [302]. 

After consulting the technician at the Analytical Facility in Chemical Engineering Department at 

University of Waterloo, the measurement was made using n=1 with repeated heating and cooling 

cycles. Figure 3.7A through Figure 3.7F shows the DSC plots of each of the group. The resulting 

values car compiled in Figure 3.7G. The DSC thermogram for control, LS, 15W, 30W, 18-2D, and 

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 to the control 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 higher than that 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 are shown in 

Figure 3.8B, then were used to acquire the height profile used to plot graphs in Figure 3.8C-J. These 

height profiles were then used to identify whether the polymers had high interlayer adhesion. 15W 

had the highest slope, and therefore high interlayer adhesion, 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 3.9B). 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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Figure 3.5.  Plots of different properties plotted against wall thickness or compliance. (A) Burst pressure, (B) Swelling ratio, (C) Phosphate 
content, and (D) Shear strength plotted with respect to wall thickness. (E) Burst pressure, (F) Swelling ratio, (G) Phosphate content, and (H) 
Shear strength plotted with respect to compliance. No correlation was observed.  
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Figure 3.6.  Functional groups and STMP crosslinking density in PVA films. (A) Quantification of phosphate content for the samples to 
characterize covalent crosslinking by STMP. * indicates p< 0.05 between the indicated groups. n = 6 for all groups. C PBS was control sample 
rehydrated in PBS. C, LS, 15W, 30W, 60-2D, and 18-2D were rehydrated in NaCl solution. * indicates p < 0.05 with respect to the control 
groups. # indicates p < 0.05 between the groups being compared. (B) Fourier-transform infrared spectroscopy data. Data was normalized to 
PVA films. n=3 for all samples. 
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Figure 3.7.  Differential scanning calorimetry (DSC) used to measure crystallization and melting temperature. (A)-(F) DSC plot of (A) control, 
(B) LS, (C) 15W, (D) 30W, (E) 18-2D, and (F) 60-2D. Data is shown for the second heating and cooling cycle. (G) Heat of fusion and fractional 
crystallinity of the samples. 
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Figure 3.8. Interlayer adhesion analysis using lap shear test. (A) the adhesive strength of groups. 15W had p=0.0571 with respect to the 
control group, and p=0.0495 with respect to the 30W. (B) height map of the samples after adhesive shear test. (C)-(J) height profile of the 
samples. * indicates p< 0.05 with respect to control group. # indicates p<0.05 between the groups being compared. n=3 for all  groups. 
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Figure 3.9. Principle component analysis of each component with respect to component 1. (A) PCA plot of component 1 vs. component 3. (B) 
PCA plot of component 2 vs. component 3. (C) Component 1 vs. Component 4. (D) Component 1 vs. Component 5. (E) Component 1 vs. 
Component 6. (F) component contribution plot describing the contribution of each of the principal components. (G) shows the correlations 
between variables. Red = negative correlation, green = positive correlation. 
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3.5.3 Additional analysis on selected groups  

Figure 3.10 shows the additional mechanical properties of selected groups. The groups with the 

highest and lowest compliance were chosen 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 (Figure 3.10A-D). The suture retention strength of the groups also did not show any 

statistical difference (Figure 3.10E).  

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 properties [209, 303-311]. Compliance, the elasticity of the blood vessel when 

 

Figure 3.10. Additional bulk mechanical properties of the selected groups. (A) Longitudinal tensile curve. (B) Circumferential tensile curve. (C) 
Longitudinal ultimate tensile strength and elastic modulus for each groups. (D) Circumferential ultimate tensile stress and elastic modulus. (E) 
Suture retention strength. n=6 for tensile test results, and n=9 for suture retention strength for all groups. * indicates p<0.05 with respect to the 
control group. 
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exposed to internal pressure, is one of the important parameters that is being studied in vascular graft 

engineering to understand the current limitations of small diameter vascular grafts [14, 214]. There 

are methods to increase the compliance of a material. One of the methods is to reduce the wall 

thickness [312-314]. 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 have on 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 density [293].  

Crosslinking of PVA has been extensively studied. A well-established physical crosslinking method 

of PVA is freeze-thawing. PVA grafts with freeze-thawing crosslinking are mainly fabricated by bulk 

molding fabrication.  PVA hydrogels crosslinked using freeze-thawing have been shown to have 

tailored mechanical properties by varying the number of freeze-thawing cycles [90, 316, 317]. The 

freeze-thawing crosslinking of PVA involves phase separation and crystalline formation. Hydrogen 

bonds form in the aqueous solution 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, water-insoluble hydrogels are formed in the later 

thermal cycles. The abundant hydroxyl groups in the backbones of PVA polymer chains also provide 

reactive sites for chemical crosslinking of PVA [318]. X-ray photoelectron spectroscopy (XPS) was 

used in previous literature to test the changes in surface chemistry of PVA. Surface chemistry of the 

standard method did not show difference without chemical modification [28, 29]. 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 level. One of the most commonly used crosslinking agent for 

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

Chaouat et al. found that the hydroxyl groups on PVA can also react with STMP to crosslink PVA 

hydrogels by phosphoesterification [25]. The PVA hydrogels chemically crosslinked with STMP 

were shown to be capable of achieving a wide range of mechanical properties by altering the 

fabrication parameters such as humidity and water evaporation [89]. A recent study comparing the 

hemocompatibility of PVA hydrogels crosslinked by STMP, glutaraldehyde, and freeze-thawing 

found that crosslinking methods also affect the biological performance of PVA [30]. 
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PVA vascular grafts are fabricated using dip-casting with cylindrical molds [100]. Dip-casting 

method allows for topographical modification of the PVA grafts, which plays an important role in 

orientation of the attached cells [232]. Also, different mechanical properties of the PVA vascular 

grafts can be achieved by altering the number of layers and fabrication parameters. We have observed 

heterogeneity in transparency between the layers (Figure 3.2A, 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 would be increasing the interlayer crosslinking [320]. 

With PVA hydrogels, 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 maintaining burst pressure. Moreover, 

the heterogeneity suggests that the crosslinking density can be further fine-tuned. We hypothesized 

that a decrease in the chemical crosslinking density will result in higher compliance and decrease in 

burst pressure. Furthermore, we hypothesize that post-fabrication processing will 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 assess the mechanical properties of the polymers [321, 

322]. Additional properties, such as residual stress, rheology, Izod impact measurement, etc. [321, 

322], are also tested depending on the application of the polymers. For vascular grafts, burst pressure 

and compliance are important parameters to measure. Although PVA vascular grafts have been 

studied previously [25, 289], the relationship between the wall thickness and burst pressure 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 thickness. The relationship between the wall thickness and 

burst pressure (Figure 3.2C) was expected as the structural integrity of tubes is dependent on the wall 

thickness [291, 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 during exercises, PVA 

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 mmHg. Furthermore, compliance of the PVA grafts with 

more than 9 layers had compliance less than 2% per 40mmHg. Native blood vessels are reported to 
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have significantly higher compliance than what was achieved by PVA grafts with 9 layers. A human 

carotid artery with the diameter of 5.11 ± 0.87mm has compliance of 6.6 ± 1.3% per 100mmHg [209, 

303-311].  As shown in Figure 3.4A, the compliance of the PVA grafts with 9 layers are lower than 

the native blood vessels. However, the compliance of PVA grafts with 9 layers had significantly 

higher compliance than ePTFE grafts, which are commercially available synthetic vascular graft [209, 

303-311]. After assessing the compliance and burst pressure of the groups, the PVA vascular grafts 

with 9 layers was chosen for further investigation as they had the highest compliance with good burst 

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 numerous times [25, 27, 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 results in a crosslinked polymer. This process can be 

modified via changing the PVA concentration, STMP concentration, NaOH concentration, 

temperature, humidity, and waiting time between the dips [25]. The fabrication conditions were 

varied to achieve different level of interlayer 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 fabrication method is a dip-casting process with waiting periods between dips. The dip-casting 

process is a type of polymer fabrication method where the mold is dipped multiple times to achieve 

the desired thickness [321, 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 for dip-casting process is the waiting time 

between the dips. Waiting time is required to allow for the chemical reactions that crosslinks PVA 

molecules to occur [25]. 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 adhesion [320]. 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 (Figure 3.1A). Instead of 

increasing the dipping time throughout the fabrication process, the waiting times between dips were 

kept consistent for the groups comparing the effects of the interlayer adhesion. 15W was fabricated 

with a flat 15-minute waiting time for all waiting steps instead of the standard protocol. 30W was 

made using a flat 30-minute 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 between layers [325]. The most 

standard method of measuring the interlayer adhesion is the adhesive shear test (which is also known 

as lap shear test) [325].  

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 lowered crosslinking 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 density [301]. Therefore, 15% w/v 

NaOH concentration was explored to achieve decreased crosslinking density to assess the effect of 

low crosslinking density. However, the graft could not be fabricated using the low concentration of 

NaOH (Table 3.1). We also speculate post-fabrication thermal drying may induce additional physical 

crosslinking, resulting in higher crosslinking density. To create the PVA grafts with higher 

crosslinking density, additional groups (60-2D, 60-4D, 18-2D, and 18-4D) were made with extra 

drying step post-fabrication to encourage additional physical crosslinking. 

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

As shown in Figure 3.4, 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 waiting times between the dips, control group had 15-minute waiting time for the first four 

dips, 25-minute waiting time for the 5th-7th dips, then 30-minute waiting time for 8th or more dips. The 

data showed that the longer waiting time is needed and waiting time of the 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 did 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 the control 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 Figure 3.8C-J. As 15W and 30W were 

fabricated with a flat 15-minute and 30-minute 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 the result of 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 crosslinks [325]. With longer waiting time 

between layers, the partial crosslinking sites can become crosslinked. This can reduce the crosslinking 

between the layers. Except for 15W and 30W, all of the samples had variable drying time. For the 

control group, LS, 60-2D, 60-4D, 18-2D, and 18-4D, the last two layers were applied with 30-minute 

waiting intervals. This could be the reason these groups did not show statistical difference in the 

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 ratio. This 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, indicating that the 

decrease in burst pressure could also be due to the thinner walls [291]. When the burst pressures were 

normalized to the wall thickness of the samples, 15W did not show significant difference from the 

control group (Figure 3.4D). This suggests that the affect from partial crosslinking on burst pressure 

was less significant than the influence from 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 reaction solution, 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 showed higher phosphate content than the control group (Figure 3.6A). The higher 

phosphate content 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 (Figure 3.4D). The burst pressure should increase with increase 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 can occur 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. This results in tighter 

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 with multiple 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 among 15W, 30W and the control, observed from the 

phosphate assay (Figure 3.6A), 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 crosslink occurs. The 

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 aligned for 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 change during the additional drying due to 

extensive washing steps, physical crosslinking may have occurred during 60 ℃ drying. After the 

STMP crosslinking of PVA, residual hydroxyl groups remain available for hydrogen bonding 
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formation. PVA polymer chains display increased 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 extra-drying groups were 60-2D, 60-4D, 18-2D, and 18-4D. 60-2WD and 60-4WD are the two 

groups that were dried in the 60 ℃ for 2 weeks and 4 weeks, respectively. These two groups had 

thinner wall thickness than the control groups. 18-2D and 18-4D were the two groups that were dried 

in the 18 ℃ for 2 weeks and 4 weeks, respectively. The wall thickness of these groups did not differ 

from that of the control group. The two groups dried at 60 ℃ had lower swelling ratio than the 

control group regardless of the length of drying, indicating that they may have higher crosslinking 

density than the control group. Drying in the 18℃ did not alter the swelling ratio of the samples, 

suggesting that the crosslinking density of the groups dried post-fabrication at 18℃ was not different 

from that of the control group. The compliance of the 18-2D and 18-4D were comparable to the 

compliance of 60-2D and 60-4D. All of the post-fabrication drying groups had lower compliance than 

the control group. 18-2D and 18-4D had similar burst pressure compared to the control group. 

However, 60-2D and 60-4D 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 

suggests that 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 18-2D and 60-2D only. According to the phosphate quantification 

assay (Fig. 3.6A), 60-2D and 18-2D 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 (Fig. 3.6B). DSC analysis was performed in addition to assess the degree of 

crystallinity and overall crosslinking (Fig. 3.7). The DSC results suggested that 18-2D had higher 

crystallinity and crystallization temperature than the control group, while 60-2D showed a slightly 

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 post-fabrication drying step. However, while physical 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) and the group that had the lowest compliance (LS) 

were used to perform additional mechanical property analysis. Both the longitudinal and 

circumferential tensile data (Figure 3.10A-D) agreed with the compliance data in that the 15W and 

control group did not show 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 

(Figure 3.10D). Suture retention was not affected by the different fabrication 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 thinner wall 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 strength as well.  

3.7 Conclusion 

We investigated the effects of interlayer adhesion and crosslinking density on the compliance of PVA 

vascular grafts. We found that the higher crosslinking density resulted in higher burst pressure, but 

resulted in lower compliance. Also, 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 still shortcomings of 

the PVA crosslinking method utilized here. PVA-STMP crosslinking method using dip-casting is a 

slow process. This limits the shapes, and therefore applications, of the grafts such fabrication method 

can produce. Furthermore, PVA tubular grafts are prone 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 of PVA-STMP vascular 

grafts to increase the potential application. Also, the kink resistance of the grafts should be improved 

to result in better clinical outcome. Lastly, additional methods of increasing interlayer adhesion could 

be explored to further increase the compliance of PVA grafts. For example, introduction of a layer of 

aqueous 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) vascular grafts 

In this chapter, the need to develop an automated process of fabrication of poly(vinyl alcohol) (PVA) 

vascular grafts will be addressed. The mechanical properties of PVA grafts made using the manual 

and automated fabrication method will be compared. Then, the stability of PVA will be examined. 

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 hyperplasia (IH) [40]. 

sSDVG is defined as vascular grafts made using synthetic materials to have internal diameter less 

than 6 mm. These grafts could be used for bypass surgeries as well as for arteriovenous grafts [15, 

79]. While there are commercially available vascular grafts, these grafts are often much stiffer than 

the native blood vessels [14]. The mismatch in the stiffness between the synthetic vascular grafts and 

the native blood vessels is called compliance mismatch. It can cause disturbances in wall stress and 

wall shear stress to the cells around the anastomosis because the stiff vascular graft does not expand 

to alleviate the blood pressure. To overcome the compliance mismatch between the sSDVG and 

native blood vessels, vascular grafts using compliant biomaterial called poly(vinyl alcohol) (PVA) 

was developed. PVA grafts have been proposed as a compliant vascular graft since 2008 [25]. Since 

then, many have tried to study the grafts in vitro, ex vivo, and in vivo experiments to assess whether it 

would be possible to use PVA grafts in the market [14, 25, 29]. Variable mechanical properties of 

polyvinyl alcohol (PVA) as well as other beneficial biological properties makes PVA be a good 

candidate for sSDVG. 

However, consistencies of PVA grafts must be improved so that they can be used in clinical 

application. The fabrication process of PVA vascular grafts is very prone to person-to-person 

variation. The fabrication of PVA grafts use dip-casting method, where the mold is dipped into 

crosslinking solution with waiting times between dips [21]. The dip-casting process requires the 

dipping to be performed with consistent speed to be free of any variation due to shear introduced by 

the crosslinking solution bath. The process also has to be performed free of air bubbles to minimize 
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introduction of defects. Also, the molds must be kept vertical between dips so that the crosslinking 

solution does not aggregate on the surface of the mold. If aggregation of the mold occurs, then wall 

thickness of the resulting grafts will be highly variable. Also, the benefit of having synthetic vascular 

graft is that the grafts are readily available off-the-shelf. While PVA hydrogel is chemically 

crosslinked to be a permanent hydrogel, the stability of the PVA grafts is not studied yet.  

In this chapter, the consistency of the PVA grafts made by the automated fabrication process and 

the manual process was studied. The automation of the fabrication process was used to test whether 

the consistency in PVA grafts can be improved. Also, the stability of the PVA grafts was studied to 

assess the consistency of the physical and mechanical properties of the PVA grafts after long 

incubation time. The hypotheses that 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 more than 5% loss 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 previously [288]. 

Briefly, cylindrical molds are dip-cast in the crosslinking solution (10% w/v PVA and 15% STMP 

w/v as listed below), then dried in controlled environment as shown in Figure 3.1A.  

4.2.1.1 PVA crosslinking solution preparation  

A 10% aqueous solution of PVA (Sigma-Aldrich, 85-124 kDa, 87-89% hydrolyzed) was mixed with 

15% 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 base-

catalyzed STMP crosslinking. The PVA crosslinking solution was immediately dip-cast on a cylinder 

mold to form tubular PVA grafts.  

4.2.1.2 Dip-casting PVA vascular graft  

PVA vascular grafts were cast as previously described (Figure 3.1A) [96]. In short, the molds for the 

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

dried at 20-21℃ and 30% humidity for 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 drying time between dips for the 

eighth dip and higher was 30 minutes. The molds were kept at room temperature at 30% humidity for 

each waiting period between dips. The molds were inverted every-other dips to ensure even 

crosslinking throughout the mold. After the dipping completed, the PVA grafts were dried at 18℃ 

and 70-80% 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 dip-casting equipment was designed and developed by Fourth-Year Design Project 

(FYDP) group under the supervision of YeJin Jeong and Dr. Evelyn Yim [326]. 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 by the author 

to increase throughput. Both the original automated dip-casting 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 cylindrical mold used in dip-casting 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 height, and held for 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 solution contained 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 minutes for 1-4 dips, 25 minutes 

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 modification made to the original dip-casting equipment is shown in 

Figure 4.1B and Figure 4.1C. 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 automated dip-casting 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 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 minutes for 1-4 dips, 25 minutes for 5-7 dips, and 30 minutes for 8 dip and more. 

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 using MatLab. For 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.  

 

Figure 4.1. Equipment for automated poly(vinyl alcohol) (PVA) vascular graft fabrication process. (A) The equipment for automation of PVA 
fabrication process developed by the Fourth-Year Design Project group. (B) Computer-assisted design (CAD) model of modified mold holder to 
improve output. (C) CAD of the solution bath made to match the modified mold holder.  
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4.2.4 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 equation [25]:  

𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 𝑎𝑡 120𝑚 𝑚𝐻𝑔−𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 𝑎𝑡 80 𝑚𝑚𝐻𝑔

𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 𝑎𝑡 120 𝑚𝑚𝐻𝑔
∗ 100 = % 𝑐𝑜𝑚𝑝𝑙𝑖𝑎𝑛𝑐𝑒 𝑝𝑒𝑟 40 𝑚𝑚𝐻𝑔  …Equation 1 

ePTFE vascular graft (Gore-Tex®, 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.  

4.2.5 Burst pressure  

Burst pressure measurement was performed following published method [97]. In brief, 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 pressure 

at which 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.  

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 tubes. The schematic for the testing the stability of the PVA hydrogel are shown in 

Figure 4.2. PVA tubes were cut into 1 cm segments. The segments were washed three times with 

deionized (DI) water. Cross-sectional and longitudinal images of each section were taken. The wet 

weight of the PVA segments were measured after thoroughly removing residual liquid with lint-free 

paper wipes (Kimwipes). The sections were then dried at 60℃ for 72 hours to measure the dry 

weight. The segments were then submerged in sterilization solution, which comprised of 10% w/v 

Penicillin-Streptomycin + 1% w/v Amphotericin-B 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 with fresh sterilization solution every two weeks. After the incubation, they 

were washed three times with DI water. The segments were then patted dry with lint-free paper 

wipes, and the wet weight of the segments were measured. The cross-sectional and longitudinal 

images of the segments were taken. Afterwards, the segments were placed into a 60℃ oven to dry the 

segments. The dry weights of the segments were measured after 72 hours of drying.  
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4.2.7 Statistical analysis 

Statistical significance was determined using a two-way ANOVA followed by Tukey’s multiple 

comparison analysis with 95% confidence interval using MatLab. The data are presented as mean ± 

standard deviation. Linear regression was performed to determine the statistical significance between 

the groups. For the data set displaying the non-linear behavior, the data was revised using logarithmic 

transformation. 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 requires multiple practices due to the fact that the fabrication 

process is prone for human errors. The FYDP group that developed the base automatic PVA graft 

fabrication equipment (Fig. 4.1A) tested the equipment by making PVA vascular grafts on their own. 

The group successfully made PVA grafts, and proved that the equipment can be used to minimize the 

learning curve required for making PVA grafts. I further modified the equipment to increase the 

 

Figure 4.2. Schematic of the stability test performed on PVA graft.  
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throughput (Fig. 4.1B and Fig. 4.1C). Furthermore, the design of the crosslinking solution holder was 

modified to decrease the amount of wasted PVA crosslinking solution. In Table 4.1, the comparison 

of the throughput and quantity of the required crosslinking solution is stated. The maximum number 

of grafts that could be made by the equipment increased by three-fold after modification. Also, the 

quantity of PVA crosslinking solution required decreased after modification to third of the amount 

required using the base equipment.  

 

Figure 4.3 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 (Fig. 4.3A). The grafts made using the automated fabrication 

method had significantly lower wall thickness compared to those that were made using the manual 

fabrication process (Fig. 4.3B). The burst pressure of the grafts made using the automated process 

was also lower compared to the grafts made using the manual fabrication method (Fig. 4.3C). 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 manual dip-casting method 

[327]. The grafts made using the automated method had significantly higher compliance compared to 

the grafts made using the manual fabrication method (Fig. 4.3D). It was also observed that the grafts 

made with 6 layers had wide standard deviation. This could be due to the fact that the walls of the 

grafts were thin.  

Figure 4.3E 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 to the wall thickness. 

The plot of burst pressure versus wall thickness shows that there was no statistical difference between 

the grafts made using different fabrication methods (Fig. 4.3E). Likewise, the plot of compliance 

versus the wall thickness showed no difference between the two groups. Therefore, it can be 

concluded that the difference in burst pressure and compliance is due to the wall thickness, rather than 

alteration in the properties of the hydrogel.   

Table 4.1. Comparison of productivity per required ingredient between the base and modified equipment.   

Equipment made by FYDP 

group 

Max. grafts made per operation 4  

Volume of crosslinking solution needed per graft 150 mL  

Equipment made by FYDP 

group with modification 

Max. grafts made per operation 12  

Volume of crosslinking solution needed per graft 40 mL  
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Figure 4.3. Assessment of physical and mechanical properties of the poly(vinyl alcohol) (PVA) grafts made using the manual and automated 
fabrication process. (A) luminal diameter, (B) wall thickness, (C) Burst pressure), and (D) compliance of the grafts made by the manual (black) 
and automated (grey) fabrication methods. * indicate statistical difference between the indicated groups with p<0.05. (E) plot of wall 
thickness vs. burst pressure, and (F) plot of wall thickness vs. compliance of the grafts fabricated with manual (black) and automated (red) 
methods. N = 9 for all groups. Standard deviation used as error bars.  
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4.3.2  Stability of the PVA vascular grafts  

The storage stability of the PVA hydrogel crosslinked with PVA vascular grafts have not been 

studied. In Figure 4.4, the stability of the PVA grafts after 180 days of incubation is shown. The 

representative images of the grafts on Day 0 and Day 180 showed that there was no observable 

change in the segments after the incubation (Fig. 4.4A). The length and wall thickness of the 

segments were measured, and are shown in Figure 4.4B and Figure 4.4C. No more than 2% average 

reduction in the length and wall thickness was observed for all groups. Furthermore, the dry weights 

displayed less than 2% reduction after 180 days of incubation.  

 

Figure 4.4. Stability of the poly(vinyl alcohol) (PVA) hydrogel. (A) representative images of the graft at day 0 and day 180. (B) lengths, (C) wall 
thickness, and (D) dry weight of the individual graft segments on day 0 and day 180. Each line represents 1 sample. n=8.  
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4.4 Discussion  

Consistency is important in scientific research – especially so in biomedical engineering. This is due 

to the fact that there are many sources of error, derivation, and variations. In cell culture, the 

behaviors of the cells are dependent on the confluence, the composition of the media, the temperature 

of the incubator, the humidity and carbon dioxide level inside the incubator, and more. In the case of 

biomaterials used in in vitro experiments, the materials can have variations due to derivation in 

making the bulk solution, and the standard experimental variation 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, as well as potential 

error in characterization of the material. The scientists perform experiments keeping as many sources 

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

Here, the consistency of PVA vascular graft was explored. At an initial glance, PVA vascular graft 

fabrication process looks easy. It just requires repeated dipping of the mold into the crosslinking 

solution, with defined waiting time between each dipping [21]. However, the dip-casting must be 

performed controlled speed or the chance of introducing defects increase. Also, depending on the 

angle at which the grafts are kept between each dip, the resulting grafts may have skewed wall 

thickness. Therefore, the grafts will often be made in batches and stored until use. It is possible that 

the grafts are stored for months before use. Therefore, the stability of the PVA hydrogel can also risk 

the consistency of the PVA vascular grafts.  

4.4.1 Automation of the PVA vascular graft fabrication 

Many technologies that are developed in laboratories do not result in translation into clinical settings. 

This is due to many factors; one of which is the quality control during scale-up [328, 329]. There are 

active efforts to try and scale-up the processes used in the laboratories. Scale-up of nanofiber 

manufacturing process for biomedical applications is one of the examples [330]. The publication 

addressed the use of electrospinning can increase the production of the nanofibers [330]. In semi-

conductors, the ability to produce thin layer of graphene sheet is very important due to the conductive 

and physical properties of graphene [331]. Many research groups developed methods of forming the 

graphene, which ultimately allowed for large-scale production of graphene [331]. Without the efforts 

of scale-up, the technologies developed in the laboratories will not be used in real-life applications. 

However, translation from the lab to the market requires consistency of the resulting product. It is 
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important that the fabrication process is simplified and controlled so that the process eliminates 

avoidable error [328]. Variation between batches limits the reliability of the technology, making the 

product not suitable for use. As a result, methods for good manufacturing practice (GMP) are 

developed and are actively used in industries for quality control [332].  

Variation in the dip-casting process could affect the PVA tubular graft properties. The molds used 

during the dip-casting must be dipped into the crosslinking solution slowly so that bubbles would not 

be introduced to the crosslinking solution bath. A bubble can potentially stick to the mold and create a 

defect, and ultimately cause the graft to fail prematurely at the site of defect [21]. If the mold was not 

kept vertical during the waiting period between dips, then aggregation of PVA crosslinking solution 

may form. This could result in varying wall thickness throughout the graft. Furthermore, the molds 

had to be inverted every-other dip to ensure even wall thickness throughout the graft as well. 

Therefore, automation of the process was needed to increase the consistency of the PVA vascular 

grafts made by different individuals. The base automated dip-casting equipment made by FYDP 

group (Fig. 4.1A) only produced maximum of 4 grafts while requiring 150mL of PVA crosslinking 

solution per graft. The design was modified to increase the production limit and to decrease waste 

(Fig. 4.1B and Fig. 4.1C). The resulting modification increased the maximum number of grafts that 

can be made at once to 12 grafts, while decreasing the volume of PVA crosslinking solution to 40mL 

per graft (Table 4.1).  

 The PVA grafts made using the developed automated fabrication process was then tested to ensure 

batch-to-batch consistency. Figure 4.3 shows the characterization of the physical and mechanical 

properties of PVA grafts made using manual and automated fabrication process. The lack of 

improvement in the variation in luminal diameter was expected, as this is determined by the shape of 

the mold rather than the fabrication process (Fig. 4.3A). On the other hand, the grafts made using the 

automated process had significantly thinner walls than the grafts made using the manual process with 

the same number of dips. This could be due to the fact that the dipping speed is controlled for the 

automated process, but not for the manual process. For automated 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 dip. The difference in shear caused by the movement of the mold could 

result in different amount of crosslinking solution remaining on the molds. The different amount of 

crosslinking solution would cause different wall thickness for each layer and for each graft. The 

difference could also be due to the fact that the molds were kept vertical for the automated dip-casting 
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process, whereas the molds were not kept completely vertical in manual fabrication process. The 

difference in the angle the molds were held could have played a role in the amount of crosslinking 

solution that was allowed to drip off from the mold, and result in less of the crosslinking solution 

remaining on the mold. It was also observed that the standard deviation of the wall thicknesses for the 

manual dip-casting 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. 4.3B). This could 

indicate that the automated fabrication process resulted in more consistent PVA grafts. 

The burst pressure, compliance and the variation in / derivation of burst pressure and compliance of 

the PVA grafts were also compared. It is important that the burst pressure of the PVA grafts 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 370/360 [333]. This necessitates that the burst 

pressure of the PVA grafts be higher than at least 400mmHg. The burst pressure of the grafts made 

using the automated method had much higher variation than the grafts made using the manual dip-

casting method (Fig 4.3C). The large variation of the grafts made using the automated method was 

also observed in compliance measurements (Fig 4.3D). However, it was also observed that the 

compliance of the grafts made using the automated process are higher than the grafts made using the 

manual dip-casting process. It is important to note that compliance of the vascular grafts should be 

matching that of the native blood vessels. Therefore, 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 well. It was found that rabbit femoral artery had compliance of 5.9±0.5 % per 40mmHg 

[89], which is similar to the compliance of 9 layer PVA grafts made using automated process. In 

conclusion, the PVA grafts fabricated using 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 thickness [291], the 

relationship between the wall thickness and burst press (Fig. 4.3E), and wall thickness and 

compliance (Fig. 4.3F) was considered. Using linear regression, it 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 rather than other 

factors. It is important to note that thinnest PVA grafts made using the manual fabrication process for 

grafts with 4mm diameter have 6 layers. This is due to the fact that the manual dip-casting method 

results in introduction of defects. The defects could cause grafts with 6 layers made using manual 
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fabrication process to fail during compliance measurement. However, the grafts made using the 

automated fabrication process resulted in PVA grafts with thinner layers that are capable of 

withstanding the internal pressure required for compliance measurement. This indicates that the grafts 

made using the automated process could result in grafts with less defects due to having better control 

of dip-casting process.  

4.4.2 Assessing storage stability of PVA grafts  

As PVA vascular graft fabrication process requires several days, PVA grafts are made in batches and 

stored in 1x PBS until use instead of being made as needed [21]. Therefore, the storage stability of 

PVA hydrogel is important for maintaining consistency between experiments. Figure 4.4 shows the 

physical changes of PVA grafts after 180 days of incubation in 10% Penicillin-Streptomycin and 1% 

Amphotericin B solution. There were no observable changes in the appearance of the graft after 180 

days (Fig. 4.4A). Detailed measurements were made to accurately compare the samples before and 

after long-term storage. There were less than 5% reduction in the length (Fig. 4.4B), the wall 

thickness (Fig. 4.4C), and the dry weight (Fig. 4.4D) of the samples. This is in agreement with the 

literature, as PVA hydrogels are considered non-degradable [25].  

4.5 Conclusion  

Here, the consistency of the PVA vascular grafts were studied. Through the development of 

automated fabrication method, the consistency of the fabricated grafts between each batch was 

improved. Also, the automated fabrication process allowed for fabrication of PVA grafts with thinner 

walls by reducing the introduction of defects. This could allow for development of PVA grafts with 

improved compliance and burst pressure. Lastly, the PVA vascular grafts were incubated for 180 days 

to test the long-term storage stability of the grafts. It was found that the grafts remained completely 

intact, with less than 5% loss of the hydrogel.  

It was also found, however, that the variability of the grafts resulting from the automated 

fabrication process can be large. This could be due to an error in the setup of the equipment and 

should be explored further. For example, the holders for the molds could be misaligned that the molds 

were tilted during the dip-casting process. Once the variation between grafts is removed by adjusting 

the setup of the equipment, the process can be used to understand the behaviors of PVA vascular 

grafts with thinner walls. Also, the automated process can be used to fabricate PVA grafts with higher 
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compliance, which could be used in clinical setting as a compliant vascular graft. Before reaching 

clinical application, however, the stability of the graft in exposure to the blood or blood-mimicking 

fluid should be studied to ensure the safety of the patients. 
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Chapter 5 

Isolated effects of compliance mismatch on vascular smooth 

muscle cells  

In this chapter, novel continuous compliance mismatched poly(vinyl alcohol) (PVA) sample will be 

described. Detailed procedure of fabrication of continuous compliance mismatch will be explained. 

Then, the effects of compliance mismatch on vascular smooth muscle cells will be addressed using 

the fabricated continuous PVA sample.  

5.1 Introduction 

Cardiovascular disease still remains an active topic of research. Despite much effort, synthetic 

small-diameter vascular grafts (sSDVG), defined as material-based vascular grafts having less than 6 

mm of internal diameter, still face limited success. Success of vascular grafts are determined using 

patency. Patency is a measure of the luminal opening and is used to determine whether the implanted 

vascular graft allows for blood flow. Commercially available sSDVG are made using expanded 

polytetrafluoroethylene (ePTFE) and polyethylene terephthalate (Dacron). These grafts have as low 

patency as 23% after 2 weeks of implantation for ePTFE [17], and 29% after 7 months for Dacron 

[18]. There are biological approaches and biomechanical approaches used to study the limited 

patency. For example, a biological approach to addressing limited patency is endothelialization of the 

vascular graft wall [29]. A biomechanical approach is through minimizing the discrepancy between 

the vascular graft and native blood vessels. One of the biomechanical properties that is being studied 

is compliance.  

Compliance in the context of vascular graft engineering refers to the expansion of the graft with 

exposure to the blood flow [274]. Compliance mismatch refers to the discrepancy in the compliance 

of the native blood vessel and the implanted vascular graft. The compliance of sSDVG is 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 100mmHg, whereas human carotid artery with diameter of 5.11 ± 0.87 

mm has compliance of 6.6 ± 1.3 % per 100mmHg [14, 306, 308].  The compliance mismatch could 

result in formation of abnormal wall stress (WS), ultimately affecting the formation of intimal 

hyperplasia (IH). IH refers to the blockage of the lumen due to the migration and excessive 

proliferation of vascular smooth muscle cells (VSMC), There are many biological factors that are 
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found to increase VSMC proliferation and migration [14, 335-337]. It has been observed that platelet-

derived growth factor-BB (PDGF-BB) can induce proliferation and migration of VSMCs [335]. Also, 

nuclear localization of yes-associated protein (YAP) has been found to be involved in proliferation of 

VSMCs [336], On the contrary, phosphorylated myosin light-chain kinase (pMLCK) has been shown 

to be responsible for the contraction of VSMCs [337]. The behaviors of these factors are influenced 

by mechanical stimulation, increasing the complexity of understanding IH. 

Numerous studies focused on mechanical stimulation to understand the effects of biomechanical 

factors, such as wall shear stress (WSS), suture-line stress, and WS, on VSMC and development of 

IH [14]. The WSS is the shear stress the cells are exposed to due to the blood flow. Abnormal WSS 

has been found to cause damage to VSMC, and result in causing proliferation of VSMC [35, 151, 

282]. Suture-line stress is the localized stress around the anastomosis due to suture. The localized 

stress of suture-line has been mapped through simulations, and have been correlated with biological 

observations [23]. The localized stress cause damage to the surrounding VSMC, and result in onset of 

proliferation of VSMC. WS is the stress that is applied on the substrate the cells are attached. In the 

case of vascular graft, WS occurs in radial direction because of the expansion of the wall due to 

internal pressure [273]. The effect of wall stress was assessed with the presence of suture-line [24]. 

While mechanical stimulation and stiffness of the substrate affecting the cellular behavior is well-

understood [273, 321], the effects of compliance mismatch alone is not explored. The effect of 

compliance mismatch is studied in combination with suture-line stress [23]. The suture-line creates 

regions with elevated WS, which can affect the biological responses of VSMC [24]. With the 

development of continuous sample with two distinct regions of stiffness that allows for cellular 

adhesion, the effects of suture-line and compliance mismatch can be studied independently of each 

other.   

Poly(vinyl alcohol) (PVA) hydrogel has been used in various biological research. PVA displays 

properties that are required for application to biological research, such as no cytotoxicity, low 

thrombogenicity, and bio-inertness, [29]. Additionally, PVA allows for easy manipulation of the 

mechanical properties of the resulting hydrogel [21, 87, 91, 338]. The stiffness of the substrate can be 

modified using the crosslinking method. For example, the number of freeze-thaw cycle can be used to 

determine the mechanical properties of the resulting PVA films [91]. Furthermore, Kim et al. showed 

PVA could be made to have a stiffness gradient by modifying physical crosslinking method in 2015 

[87]. Also, PVA hydrogels can be crosslinked using chemical crosslinking method. In 2021, 
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crosslinking parameters of chemical crosslinking method was altered to study the effects of each 

parameter on the mechanical properties [21]. While both of the crosslinking method allows for easy 

manipulation the mechanical properties of PVA hydrogels, it is difficult to achieve a continuous film 

with the elastic moduli spanning a wide range with a clear transition between the elastic and stiff 

region.   

In this chapter, a hybrid crosslinking method was developed to achieve a continuous PVA film with 

compliance mismatch. The developed compliance mismatch film was exposed to cyclic strain, and 

strain map was made to ensure equal application of strain throughout the film. Then, the developed 

film was used in in vitro experiments to assess the impact of compliance mismatch on human 

umbilical arterial smooth muscle cells (HUASMC) with the application of cyclic strain. The 

hypotheses of this chapter are: (i) chemical and physical crosslinking can be used simultaneously to 

achieve a continuous film with compliance mismatch, (ii) HUASMC cultured on compliance 

mismatch film will result in higher proliferation rate and display phenotypic change to migratory 

phenotype compared to both compliant and non-compliant films, and (iii) HUASMC cultured on 

compliance mismatched film would result in higher pMLCK expression, higher PDGF-BB 

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 Figure 5.1A 

through Figure 5.1C. Figure 5.1.A shows an example of end-to-side anastomosis, where the end of 

the graft is sutured onto the side of the blood vessel. The 3D anastomosis region (black box) is 

removed, cut, and unraveled to reveal 2D representation of the anastomosis. The 2D representation of 

the anastomosis is shown in the far right of Figure 5.1A. In Figure 5.1C, the bird-eye-view of the 

PVA compliance mismatch sample is shown in far right. The schematic of the experimental setup is 

shown in Figure 5.1D. Note that the samples are placed into the stretcher shown in Figure 5.1D in the 

same orientation shown in Figure 5.1C. Then, the samples were uniaxially stretched to mimic 1D 

circumferential stretching experienced by the anastomosis.  
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Figure 5.1. Schematic of sample fabrication and experiment. (A) anastomosis unravelled to yield film. (B) chemical corsslinking process of PVA 
film.  (C) physical corsslinking prcoess for making samples. (D) Schematic of the experiment. The cells were seeded onto PVA samples, then 
incubated overnight to allow for cellular adhesion. The samples were then exposed to cyclis stretching at the strain of 10% for 4 hours. The 
samples were then used in biological analysis.  
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5.2.1.1 PVA cast films  

PVA films were made using the previously published method [29]. In short, PVA crosslinking 

solution was prepared by mixing 10% w/v PVA (Sigma-Aldrich, 85-124 kDa, 87-89% hydrolyzed) 

solution, 15% w/v sodium trimetaphosphate (STMP, Sigma-Aldrich) 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 bubbles within 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 temperature- and humidity-controlled chamber. The 

crosslinking solution in the dishes were allowed to crosslink in 18℃ with the humidity of 70-80%. 

After 3 days of crosslinking, the lids were removed. The crosslinking solution were further incubated 

in the chamber for 4 days. After completion of crosslinking, the PVA films were rehydrated using 1x 

phosphate-buffered saline (PBS). The films were cut into 2 cm by 8 cm strips, and were stored in 1x 

PBS until use.  

5.2.1.2 PVA compliance mismatched samples 

PVA crosslinking solution was prepared using the same composition as above. Customized molds 

were made to have internal dimensions of 2 cm of height, 4 cm of width, and 8 cm of length. PVA 

crosslinking solution was poured into the customized molds so that approximately half of the height 

of the mold was filled 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 the freezer and were stored in room 

temperature for at least 12 hours (thaw cycle). The molds went through a total of three freeze-thaw 

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

The sample made using only the physically crosslinked PVA was labelled as compliant (C). The 

samples that had two sides: one side physically crosslinked only and other side had hybrid of 

physically crosslinked PVA and 1 mm chemically crosslinked PVA film = was labeled as 

mismatched (M). The samples consisting of hybrid of physically crosslinked PVA and 1 mm 

chemically crosslinked PVA film was labelled not compliant (NC). To study more physiologically 

relevant compliance mismatch [29], samples with higher compliance mismatch were made. The 
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higher compliance mismatch (2M) samples that had two sides, one side physically crosslinked only 

and other side had hybrid of physically crosslinked PVA and 2 mm chemically crosslinked PVA film. 

The samples consisting of hybrid of physically crosslinked PVA and 2 mm chemically crosslinked 

PVA film was labelled higher not compliant (2NC). The samples were then washed in deionized 

water (DIW) for 24 hours using magnetic stir bar. PVA samples were modified with gelatin 

immediately after the wash.  

5.2.1.3 Gelatin modification 

Surface modification of PVA using gelatin was performed following previously published protocol 

[28]. 2% w/v gelatin (Sigma-Aldrich, Gelatin from bovine skin, Type B) solution was made prior to 

gelatin modification 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 use. The samples were dried in a 60℃ oven. The samples were dried for 

either 3 days or 7 days. Carbonyldiimidazole (CDI) was dissolved in dimethyl sulfoxide (DMSO) at 

the concentration of 100 mg/ml. The resulting solution was referred to as CDI-DMSO solution and 

was made 24 hours prior to use. Once the samples were dried for the designated time, they were 

removed from the oven and were immediately submerged in CDI-DMSO solution. The samples 

submerged in CDI-DMSO solution were placed on a rocker at 120rpm and were rocked for either 1 

hour or 3 hours. While CDI reaction was taking place, 2% w/v gelatin solution was removed from the 

fridge and warmed up to 37℃. After the gelatin solution became liquid completely, the gelatin 

solution was diluted using DIW to make 1% w/v gelatin solution. After the CDI reaction, the samples 

were washed with equivalent volume of 1x PBS three times. After the wash, the samples were 

submerged in 1% w/v gelatin solution. The samples were kept in the incubator overnight to allow for 

CDI-gelatin reaction to occur. The samples were 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% w/v Penicillin-Streptomycin (Gibco, Penicillin-Streptomycin 10,000U/mL solution) + 1% 

Amphotericin B (Corning, Amphotericin B 250μg/mL solution) solution was made using sterile DIW.  

Sterilization solution was made prior to usage, and were stored at 4 deg C until use. If the sterilization 

solution was not used within two weeks of preparation, then the solution was kept frozen at -20 deg 

C, and was thawed immediately prior to use. The samples that were washed after gelatin modification 
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were kept under UV light inside biosafety cabinet for 45 minutes. The samples were partially covered 

with 1x PBS during the 45 minutes. After UV treatment, the samples were completely submerged in 

the sterilization solution for 30 minutes. The samples were then washed three times with equivalent 

volume of sterile 1x PBS. After the wash, the samples were again submerged in the sterilization 

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 until use.  

5.2.1.5 PVA compliance mismatched samples for strain mapping 

Some samples were fabricated with black glitter for the purpose of strain mapping. Just prior to 

freeze-thaw cycle, black glitter (LET’S RESIN, B08NJW18J2, 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 freeze-thaw 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 resulting samples 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 using the caliper. The prepared samples were loaded 

onto the Uniaxial material tester (UMT; AGSX Shimadzu, Japan) so that the long edge of the sample 

was perpendicular to the clamp of the UMT. The samples were placed so that the gauge lengths of 2 

cm. The samples were then stretched at a rate of 25 mm/min until the tensile failure of the sample. 

The thicknesses of the samples were input to the software of the UMT prior to making the 

measurements. The software was used to calculate 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 length of the 

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. Then, PVA samples cultured with HUASMC 

were loaded onto MechanoCulture to be exposed to cyclic stretching.  
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Strain-mapping throughout the sample was done using the code developed by Dr. Keng Hwee 

Chiam and the members of his lab from A*STAR Bioinformatics Institute, Singapore. The 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 with low-dust wipes. Then, black glitter was sprinkled 

on top of the samples. A camera was placed so that it was directly on top of the sample, looking down 

at the sample from vertical position. Any solution remaining on the PVA sample was removed to 

remove unwanted reflection. The camera was used to record a video clip of the samples during cyclic 

stretching.  

5.2.4 Cell culture  

Human umbilical arterial smooth muscle cell (HUASMC; VWR, catalog # CA10064-266; lot # 

458z025.2) was purchased from Lonza. Cells were cultured in Maintenance culture media during cell 

passage and maintenance. Cells were cultured in experiment culture media during experiment. 

Maintenance media was made by revising the commercially available composition [339]. Per 100 ml 

of maintenance media, the composition of media used in this chapter was: 90 ml of Dulbecco’s 

Modified Eagle Medium/Nutrient Mixture-F-12 (DMEM/F-12) with L-glutamine and 15 mM 4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) (CORNING), 5ml of fetal bovine serum 

(FBS) (Avantor), 3.75ml of GlutamaxTM-I (100x) (Gibco), 1ml of Penicillin-streptomycin (Pen-Strep) 

(10,000μg/ml), 125μl of 40% Glucose, 2.5μl of epithelial growth factor, and 0.5μl of fibroblast 

growth factor. HUASMC with passage between 4 to 7 was used for the experiments. The composition 

of maintenance media was revised to make experiment media. Per 100ml, the composition of 

experiment media was: 94ml of DMEM/F-12 with L-glutamine and 15mM HEPES, 5ml of FBS, and 

1ml of Pen-Strep.  

5.2.4.1 Maintenance cell culture  

Cryopreserved HUASMC was purchased at passage 2 from Lonza. The HUASMC were thawed and 

immediately submerged in maintenance media with the volume equivalent to 2x the volume of the 

cryoprotectant. The cell solution was transferred to conical tube and centrifuged at 1000 rpm for 5 

min. The supernatant was removed, leaving the pellet in the conical tube. The cell pellet was 

resuspended in maintenance media, and seeded on cell-culture treated T25 flask. Cells were allowed 

to proliferate to 90-95% confluence. After reaching the target confluence, cells were suspended from 

the T25 flask surface using 0.05% Trypsin-EDTA. The suspended cells were diluted in maintenance 
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media. Afterwards, cell suspension was transferred to conical tube, then centrifuged at 1000 rpm for 5 

min. The maintenance media and trypsin were aspirated out, and cell pellet was resuspended in 

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

5.2.4.2 PVA sample cell adhesion test in 24-well plate 

Fabricated PVA samples (from Section 4.2.1.4) were cut into small pieces and placed into 24-well 

plate well. Silastic tube was cut into rings with 1cm in height. The PVA samples were clamped down 

using silastic tube. Cells were seeded onto the film at the seeding density of 20,000 cells/cm2. The 

cells were cultured in experiment media overnight to allow for cell adhesion. Cells were washed with 

1x PBS three times, then fixed by submerging in 4% paraformaldehyde (PFA) solution for 15 

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

three times prior to immunofluorescence (IF) staining.  

5.2.4.3 Cell culture on PVA sample strips 

Seeding protocol developed to ensure consistent seeding onto PVA samples is shown in Figure 4.2. 

Customized seeding mold was made to for the purpose of seeding HUASMCs onto PVA samples 

strips. Poly(dimethyl siloxane) PDMS (Dow Corning, Syglard 184) crosslinking solution was made 

using 1:10 ratio of curing agent to base, mixed thoroughly, then centrifuged to remove air bubbles. 

The customized seeding mold was 3D printed. The seeding mold was coated with PDMS by dipping 

the seeding mold into PDMS, then letting the excess drip off. The customized seeding mold that was 

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

PVA samples strips were loaded onto customized seeding mold. HUASMC were then seeded onto 

the PVA sample strips at the seeding density of 20,000 cells/cm2, 30,000 cells/cm2, or 40,000 

cells/cm2. The cells were allowed to adhere onto the PVA samples by incubating overnight cultured 

in experimental media. After overnight incubation, the experimental media was aspirated out. The 

samples were washed with 1x PBS three times. The samples were then fixed by submerging in 4% 

PFA for 15 minutes. After fixing, the samples were washed with 1x PBS three times prior to IF 

staining. The samples with different seeding density were stained with IF markers immediately after 

fixation.  

For cyclic stretching, HUASMC were seeded onto PVA samples at the seeding density of 20,000 

cells/cm2. Four PVA samples were seeded per experiment. The cells were incubated in experimental 
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media, and allowed to adhere to the PVA samples overnight. The two strips of samples were then 

loaded into the MechanoCulture and submerged in experimental media. The remaining two strips of 

PVA samples seeded with HUASMC were removed from the seeding mold and were cut into four 

pieces per strip. Each piece was placed into a 24-well plate well. The pieces were then submerged in 

experimental media. The PVA samples loaded in MechanoCulture were stretched with 10% strain at 

1 Hz for 4 hours. The samples were washed with 1x PBS three times after the cyclic stretching. After 

the mechanical stimulation, the samples were either fixed in 4% PFA for 15 minutes, or processed in 

the steps specified in Section 4.2.7 for western blot. The samples that were fixed were washed three 

times, then moved to 24-well 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 assay (LifeTech) was performed following commercially available protocol [340]. In summary, 

10 μM EdU solution (sterile-filtered 2-mercaptoethanol 10mM solution) 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 concurrently. The samples 

were fixed and transferred to 24-well plate as stated in Section 4.2.4.3. Then, the cells were blocked 

by submerging in blocking buffer for at least 1 hour in room temperature. The blocking buffer was 

made using 10% goat serum + 0.03% TritonTM X-100 (Sigma-Aldrich; for molecular biology) in 1x 

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

The samples were then stained by submerging in the staining solution for 1 hour at room 

temperature. The staining solution consisted of 676.5 μl of 1x PBS, 108.5 μl of 0.93M Tris-buffer, 10 

μl of 100 mM CuSO4, 5 μl of 2 mM Alexa Fluor 488 azide (Thermo Fisher Scientific), and 200 μl of 

0.5M ascorbic acid per 1 mL of staining solution. The plate containing the samples were wrapped 

with aluminum foil directly after adding the staining solution. Then, the samples were washed with 1x 

PBS three times. The samples were submerged in DAPI staining solution for 30 minutes. The dilution 

and description of the DAPI staining solution is shown in Table 4.2. The 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 into 24-well plate wells as described in Section 4.2.4.3. The cells 

were then blocked by submerging in blocking buffer for at least 1 hour at room temperature. The 

blocking buffer was made using 10% goat serum + 0.03% TritonTM X-100 in 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 primary antibodies overnight at 4℃. The primary antibodies that 

were used are: rabbit Desmin primary antibody (Life Technologies, ab32362; dilution from stock 

1:50), mouse Vimentin primary antibody (Life Technologies, V2258-2ML; dilution from stock 

1:200), rabbit PDGF-BB primary antibody (Thermo Fisher Scientific, bs-1316R; dilution from stock 

1:100), mouse YAP primary antibody (Proteintech®, 66900-1-Ig; dilution from stock 1:100), and 

rabbit pMLCK primary antibody (Invitrogen, PA5-17726; dilution from stock 1:100). Desmin and 

Vimentin were co-stained, PDGF-BB and YAP were co-stained, and pMLCK was stained alone. The 

stock solution used for dilution 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 temperature. The secondary antibodies used were as follows: goat anti-mouse 

Alexa Fluor 488 (Thermo Fisher Scientific; dilution from stock 1:1000), goat anti-rabbit Alexa Fluor 

488 (Thermo Fisher Scientific; dilution from stock 1:1000), goat anti-mouse Alexa Fluor 546 

(Thermo Fisher Scientific; dilution from stock 1:1000), and goat anti-rabbit Alexa Fluor 546 (Thermo 

Fisher Scientific; dilution from stock 1:1000). The secondary staining solution was made so that it 

consisted of either goat anti-mouse Alexa Fluor 488 and goat anti-rabbit Alexa Fluor 546, or goat 

anti-mouse Alexa Fluor 546 and goat anti-rabbit Alexa Fluor 488. The plates containing the samples 

were covered using aluminum foil with the addition of secondary antibody solution. The secondary 

antibody solution was removed, and the samples were washed three times with 1x PBS. Lastly, the 

samples were stained with DAPI (Sigma Aldrich; dilution from stock 1:5000) and Alexa Fluor 

Phalloidin 647 (Invitrogen; dilution from stock 1:200).  
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5.2.6.4 Fluorescence imaging  

Fluorescence images were acquired using Zeiss Microscope. Acquired fluorescence images were used 

for quantification of the signals. For EdU staining, positive nuclei was counted. The percent of 

positive nuclei were then calculated by dividing by the total number of cells counted. Fluorescence 

intensity of pMLCK signals and PDGF-BB were calculated by using ImageJ. The number of cells 

with concentrated PDGF-BB was quantified by counting the cells with spheres of high intensity of 

PDGF-BB. The concentrated PDGF-BB signal was defined as regions with PDGF-BB intensity that 

was 1.5 times higher than the adjacent regions. YAP nuclear localization was quantified by dividing 

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

5.2.7  Western blot  

 Western blot was performed following the protocol by the Bio-Rad [341]. The modifications to the 

protocol were made to accommodate for the cyclic stretching system used in the experiments. The 

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 stretching, HaltTM Protease & Phosphatase inhibitor cocktail 

(100x) (Thermo Scientific) was added to 1mL of PierceTM RIPA buffer (Thermo Scientific) to make 

lysis cocktail. The lysis cocktail was placed onto ice until 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 wash, with the used 1x PBS aspirated out 

each time. The cells were scraped from the PVA sample, then pipetted into an Eppendorf tube. 100uL 

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 minutes. The Eppendorf tubes 

were then centrifuged at 5000g for 1 hour. The supernatants were transferred to fresh Eppendorf tubes 

and were kept frozen until use.  

5.2.7.2 Protein quantification 

Protein concentration of the samples were quantified prior to performing western blot. The samples 

were thawed immediately prior to protein quantification. Protein extracted from Section 4.2.7.1 was 

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

by the manufacturer [342]. The standard for the working range of 20-2,000 μg/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 microplate. 10uL of each unknown sample and 

standards were pipetted into each well. Each sample and standard consisted of triplicates. WR was 

added to each well so that the sample to WR ratio was 1:20. After addition of WR, the plate was 

mixed by placing on the shaker for 30 seconds. The plate was covered, and incubated at 37℃ for 30 

minutes. The plate was cooled to room temperature, then the absorbance was measured at 562nm on a 

plate reader. The average absorbance of the blank standard was subtracted from other measurements. 

Afterwards, the average absorbance of each standard and each sample were calculated. The standard 

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 buffer (EB) was made by diluting 10x Tris/Glucine/SDS Buffer (Bio-Rad) in DI 

water. 4x Laemmli Sample Buffer (Bio-Rad) was used to dilute the samples. Blank sample buffer 

dilution was also made using ultra-pure DI water and sample buffer. The diluted sample solution was 

activated at 90℃ for 5 minutes. The samples were allowed to cool down enough so that they were 

safe to touch. Then, Mini-PROTEAN TGX Stain-Free Gels 4-15%, 10-well comb, 30uL (Mini Gel; 

Bio-Rad) was unwrapped and placed into the gel electrophoresis clamp. The clamp was placed into 

the gel electrophoresis chamber. The EB was poured into the clamp enough so that the buffer 

overflowed. The buffer level was observed intermittently for 10 minutes to ensure no leakage. When 

there was no leakage, EB was poured into the gel electrophoresis chamber to indicated level. The 

wells in Mini Gel were cleared of any potential air bubbles or debris by pipetting in each well gently 

using micropipette. Then, samples were loaded into the wells so that 1mg/ml of protein was loaded in 

each well. 5 μl of Precision Plus Protein Unstained Standards* (Bio-Rad) was loaded in one of the 

wells. The blank was also loaded in one of the wells. The lid of the gel electrophoresis chamber was 

closed to complete the circuit. The protein migration was allowed to occur at the voltage of 200 V at 

1.5 A for 15 minutes, or until the sample buffer migrated just beyond the indicated 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 (ChemiDocTM MP Imaging System; Bio-Rad) to ensure even protein 

migration. If the protein migration was 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 

Trans-Blot Turbo 5x Transfer Buffer (Bio-Rad) was diluted using DI water prior to used. The diluted 

transfer buffer was stored in the fridge in long enough advance to cool the solution to 4℃. The 

TransBlot® TurboTM Mini-size LF PVDF Membrane, 7.1cm x 8.5 cm (transfer membrane; Bio-Rad) 

was wetted with methanol for at least 30 minutes prior to wetting in transfer buffer. The Western 

Blotting Filter Paper, 7cm x 8.4cm, thickness 0.83mm (filter paper; Thermo Scientific) were wetted 

with transfer buffer along with the transfer membrane. The transfer sandwich was made so that the 

order was filter paper, gel, transfer membrane, and filter paper starting from cathode (- end) to anode 

(+ end). The gel was transferred at 20V, with maximum amperage of 1 Amps, for 1 hour. The gel and 

the transfer membrane were imaged using ChemiDoc to ensure good transfer. The gel was discarded 

if there was complete protein transfer.  

5.2.7.5 Immunoblotting  

The transfer membrane was placed in SuperBlockTM Blocking Bugger in TBS (blocking buffer; 

Thermo Fisher Scientific) and were blocked with agitation for at least 2 hours at room temperature. 

The blocking buffer was discarded. Then, the membrane was blocked using the blocking buffer for 2 

additional hours. The transfer membrane was then submerged in primary antibody solution made 

using the anti-rabbit PDGF-BB antibody (Invitrogen; dilution from stock 1:1000) in blocking buffer. 

The transfer membrane was stored with agitation in the primary antibody solution for at least 2 hours 

at room temperature. The primary antibody solution was removed, and the transfer membrane was 

washed with 1x PBS. Each wash consisted of 10 minutes of agitation in 1x PBS at room temperature. 

The secondary antibody solution was made using goat anti-rabbit Alexa Fluor 488 (Invitrogen; 

dilution from stock 1:2,000). The transfer membrane was then submerged in secondary antibody 

solution and were incubated with agitation for 1 hour at room temperature. The secondary antibody 

solution was diluted according to the suggestions of the manufacturer. The secondary antibody was 

removed after the 1hr incubation and was washed three times with 1x PBS. The transfer membrane 

was then imaged using ChemiDoc.  

5.2.7.6 Quantification of protein 

The immunofluorescence protein signal was quantified using ImageJ. Total protein was used as the 

control for normalization of the data. The values of the IF signal of the target protein were divided by  
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the normalized control value to achieve relative expression of the target protein. Statistical analysis 

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

5.2.8 Statistical analysis  

Statistical significance was determined using a two-way ANOVA followed by Tukey’s multiple 

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.  

 

Figure 5.2. PVA-CDIg modification and verification of cell adhesion on PVA fabricated with different gelatin immobilization conditions. PVA – 
poly(vinyl alcohol), CDI – Carbonyldiimidazole, and g – gelatin. Scale bar shown is 50μm. 
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Figure 5.3. Characterization of PVA samples. (A) Image of the sample in tensile test. The film is oriented so that the mismatch line was 
perpendicular to the stretch direction. (B) the stress-strain curve of the mismatched sample from tensile test shown in (A). (C) image of a break 
during tensile test while the mismatch line was parallel to the stretch direction. (D) Images of the samples during tensile test. C-Compliant, M 
– compliance mismatch, NC – not compliant, 2M – higher compliance mismatch, and 2NC – higher not compliant. The tensile tests for M and 
2M were performed with the mismatch line parallel to the direction of stretch. (E) Elastic moduli of the groups. N=3 for each group. * indicates 
statistical significance between indicated groups with p<0.05. Two-way ANOVA used for statistical analysis. 
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5.3 Results 

 

Figure 5.4. Verification of cell seeding protocol. (A) Image of the seeding molds in use and surrounding surface after overnight of incubation. 
(B) F-actin immunofluorescence 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 modification. Therefore, the 

protocol had to be modified to ensure proper incorporation of gelatin on PVA surface using CDI 

reaction. As CDI is highly reactive with water, PVA-CDI reaction must occur in anhydrous condition 

[343]. Two different drying times were tried to identify the level of dryness required for PVA-CDI 

reaction of the hydrogel with desired dimensions. Also, the length of CDI-gelatin reaction required 

for the immobilization of gelatin was explored. Figure 5.2 shows the different reaction times used for 

each step. The VSMCs cultured on PVA hydrogels that were dried for 3 days displayed lack of 

uniform cellular adhesion regardless of the CDI-gelatin reaction time. The PVA samples with 7 days 

of drying resulted in good cellular adhesion regardless of the CDI-gelatin reaction time. Therefore, 

PVA samples with 7 days of drying and 1 hour of CDI reaction was labeled and referred to as PVA-

CDIg, and were used in subsequent experiments. 

5.3.1.2 Physical properties 

Elastic modulus was measured for each sample to measure the stiffness of 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 changes in the stiffness of the hydrogel 

[21]. Therefore, the stiffness of the PVA samples were measured after CDI-gelatin modification.  

To ensure 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 360% strain (Fig 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. 5.3 C-E). The samples displayed clean break throughout the sample when 

the compliance mismatched line was 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 5.3E shows the elastic modulus of each of the sample groups. C represents the PVA samples 

with elastic modulus similar to the native blood vessels. C showed 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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Figure 5.5. Verification of strain and cell confluence after cyclic strain. (A) Image at initial length and at 10% strain of compliant sample. (B) 
Strain deviation from 10% strain for compliant samples. (C) Image at initial length and at 10% strain of mismatched sample. (D) Strain 
deviation from 10% strain for mismatched samples. (E) Image at initial length and at 10% strain of not compliant sample. (F) Strain deviation 
from 10% strain for not compliant samples. (G) F-actin immunofluorescence staining of HUASMCs seeded on compliant samples after 
exposure to cyclic stretching of defined strain and duration.  
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[102, 304].NC is a sample that is stiff throughout the entire sample with the elastic modulus of 

0.915±0.042 MPA throughout the sample. 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. 2NC had elastic modulus were 1.109±0.055MPa. Lastly, 2M samples are 

compliance mismatched samples with elastic modulus of C sample in the compliant region and elastic 

modulus of 2NC sample in the not compliant region in a continuous film. The elastic modulus of the 

stiff regions in 2M samples were comparable to the circumferential elastic modulus of the PVA 

grafts, which were 1.08±0.03 MPa, published in the literature [29], while being significantly lower 

compared to the elastic modulus of ePTFE is 42.9±2.6MPa [311]. Therefore, while 2M samples 

cannot be used to estimate the compliance mismatch between the native blood vessels and ePTFE 

graft, 2M can be used to reflect the compliance mismatching between the native blood vessels and 

PVA grafts, which had thicker wall thickness without optimization to achieve compliance matching.  

5.3.2 Verification of cell seeding procedure  

Figure 5.4A shows the custom-made seeding molds being used for the seeding of HUASMC on PVA 

samples. The images of the cells that leaked from the seeding mold are shown as well. Different 

seeding 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 with 20,000 cells/cm2 and 40,000 cell/cm2 had confluence of 50-60%. The samples seeded 

with 30,000 cells/cm2 resulted in confluence of 80-90%. It was observed that the samples seeded with 

the seeding density of 40,000 cells/cm2 resulted in formation of cell clusters and areas with no cells. 

Therefore, the following experiments were performed with the seeding density of 20,000 cells/cm2. 

5.3.3 Verification of uniform strain throughout the sample during cyclic loading 

For experiments exposing the cells to cyclic stretching, it is important that the sample does not have 

localization of strain. The formation of localized variation in strain was additionally of concern as the 

PVA-CDIg samples have two regions with different elasticity. Therefore, strain map was made to 

ensure there was uniform strain throughout the sample. Figure 5.5A is a representative image from 

the video used for particle tracking for assessing the strain on compliant sample. The resulting strain 

is plotted in Figure 5.5B. The strain map revealed that the samples were being subjected to uniaxial 

stretching with 10% strain, resulting in 1D stretching in y-direction. No movement of the particles 

were observed in the direction perpendicular to the stretch direction (x-direction). Figure 5.5C is a  
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representative image of compliant mismatched sample used for stain mapping. The resulting strain is 

plotted in Figure 5.5D. Figure 5.5E is a representative image of the compliant sample. The resulting 

strain is plotted in Figure 5.5F. 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% 

 

Figure 5.6. Cell proliferation and phenotypic analysis of HUASMC. (A) Representative images of EdU assay. (B) Representative 
immunofluorescence (IF) image of each sample for Desmin, Vimentin, and DAPI staining. Samples seeded with human umbilical arterial smooth 
muscle cells (HUASMC) were exposed to 10% strain for 4 hours before IF stain. C-compliant, M-mismatched, and NC-not compliant. 
Scalebar=50μm. (C) cell proliferation quantified using EdU assay. (D) Ratio of IF signal intensity of Desmin to Vimentin. * indicates statistical 
significance between indicated groups to their respective control group with p<0.05. # indicates statistically significant difference between the 
indicated groups with p<0.05. Two-way ANOVA used for statistical analysis. N=6. Number of cells per sample=100.  
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throughout the samples for all samples. Therefore, the platform was deemed as suitable for the cyclic 

stretch study.  

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 stimulation experiments. Compliant samples were used to test the  

 

Figure 5.7. Expression of pMLCK in HUASMC. (A) Representative immunofluorescence (IF) stain of pMLCK. pMLCK – phosphorylated Myosin light-
chain kinase. Samples seeded with human umbilical arterial smooth muscle cells (HUASMC) were exposed to 10% strain for 4 hours before IF 
stain. C-compliant, M-mismatched, and NC-not compliant. Scalebar=50μm.  (A) Quantification of pMLCK intensity from IF stain. * indicates 
statistical significance between indicated groups to their respective control group with p<0.05. # indicates statistically significant difference 
between the indicated groups with p<0.05. Two-way ANOVA used for statistical analysis. N=6. Number of cells per sample=100.  
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Figure 5.8. Distribution of PDGF-BB and YAP within HUASMC. (A) Representative immunofluorescence (IF) stain of PDGF-BB and YAP. PDGF-
BB – platelet derived growth factor-BB, and YAP – yes-associated protein. Samples seeded with human umbilical arterial smooth muscle cells 
(HUASMC) were exposed to 10% strain for 4 hours before IF stain. C-compliant, M-mismatched, and NC-not compliant. Scalebar=50μm. (B) 
Quantification of intensity of PDGF-BB. (C) Number of cells with concentrated PDGF-BB signal. (D) Western blot of HUASMCs for PDGF-BB. 
C_ctrl = compliant sample without exposure to cyclic stretching. (E) Ratio of nuclear to cytoplasmic YAP. * indicates statistical significance 
between indicated groups to their respective control group with p<0.05. # indicates statistically significant difference between the indicated 
groups with p<0.05. Two-way 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 with low cell 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 

adhesion. 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 cellular responses to the mechanical 

stimulation. The cells were stained with Desmin, Vimentin, PDGF-BB, YAP, and pMLCK along with 

DAPI and F-actin. For understanding the role of compliance mismatch in development of IH, 

proliferation and migration must be assessed. EdU assay is a DNA proliferation assay, where EdU 

binds with the replicating DNA. The assay displayed that the cells had higher proliferation after 

mechanical stimulations (Figure 5.6A and Figure 5.6C). Among the groups, HUASMC cultured on 

mismatched films displayed highest proliferation. Desmin and Vimentin staining is used to determine 

the phenotype of VSMCs [344-346]. Figure 5.6B shows the IF images of the cells that were stained 

with Desmin, Vimentin, and DAPI, and the quantification is shown in Figure 5.6D in terms of 

Desmin to Vimentin ratio. The decrease in desmin to vimentin ratio observed in Figure 5.6D after 

exposure to cyclic stretching indicates that the cells displayed migratory phenotype [346]. The ratio of 

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

Increase in expression of pMLCK is observed in VSMC with contractile phenotype [347]. 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 5.7B. It was 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 displayed significantly higher expression of 

pMLCK. 

Both PDGF-BB and YAP are known to be influenced by the stiffness of the substrate as well as the 

presence of mechanical stimulation [335, 348]. Both PDGF-BB and YAP are associated with increase 

in SMC proliferation [336, 349]. PDGF-BB is known to bind with PDGF receptor to start 

proliferation cascade [264]. YAP stays scattered throughout the cells normally, then undergoes 

nuclear localization when the cells become proliferative phenotype [336]. Figure 5.8A shows the IF 

staining of PDGF-BB, YAP, and DAPI.  The overall intensity was quantified, and shown in Figure 
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5.8B. It was found that the overall expression of PDGF-BB was lower for the group exposed to the 

mechanical stimulation, with mismatched sample having the lowest intensity. However, pockets with 

high intensity of PDGF-BB were observed in M and NC after exposure to cyclic stretching. 

Therefore, the number of cells with the concentrated PDGF-BB signal was quantified (Fig. 5.8C). 

The groups exposed to cyclic stretching resulted in higher number of cells with concentrated PDGF-  

 

Figure 5.9. Proliferation and phenotypic changes on HUASMC cultured on higher compliance mismatch with and without cyclic stretch. (A) 
Representative images of EdU Assay. (B) Immunofluorescence (IF) stain of Desmin and Vimentin. Samples seeded with human umbil ical 
arterial smooth muscle cells (HUASMC) were exposed to 10% strain for 4 hours before IF stain for stretched group. 2M – higher compliance 
mismatch. Scalebar=50μm. (C) cell proliferation quantified using EdU assay. (D) Ratio of IF signal intensity of Desmin to Vimentin. # indicates 
statistically significant difference between the indicated groups with p<0.05. Two-way ANOVA used for 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 of PDGF-BB, western blot was 

performed on the samples exposed to cyclic stretching (Fig. 5.8D). There was no difference in PDGF-

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 samples were made to test the effects of the higher compliance mismatch. 2M and 2NC 

samples were exposed to cyclic stretching with the sample parameters as the previous groups. 

Representative images of EdU assay are shown in Figure 5.9A. EdU assay was used to determine the 

proliferation of the cells, and the quantification are shown in Figure 5.9C. 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 Figure 5.9B. The ratio of the 

IF intensity of Desmin and Vimentin were calculated and shown in Figure 5.9D. The ratio of Desmin 

to Vimentin was higher for the control group compared to the stretched group. Therefore, it can be 

concluded that HUASMC displayed proliferative and migratory phenotype after exposure to stretch 

on higher compliance mismatched film. C are the compliant samples with elastic modulus of 

0.636±0.021 MPa, which is comparable to the reported elastic modulus of the native blood vessels of 

0.683±0.147 [102, 304]. NC is a sample that is stiff throughout the entire sample with the elastic 

modulus of 0.915±0.042 MPA throughout the sample. 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 severity of compliance mismatch could also affect VSMC. 2NC 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 grafts [29]. 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 the other side. PVA from PVA fucoidan is not compliance 

matching and close to 2NC without optimization. Although 2NC is still far from ePTFE, it would still 

be one step physiologically closer to determining the effects of compliance mismatch. 2M displayed 

higher cell proliferation and lower Desmin to Vimentin ratio compared to 2NC. This could indicate 

that VSMC proliferation and migration could be increased when using PVA grafts in vascular bypass. 
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The experiments were repeated with 2M samples, then stained with YAP and PDGF-BB antibodies 

to test the effects of higher compliance mismatch. The IF staining of YAP and PDGF-BB is shown in 

Figure 5.10A. The PDGF-BB intensity was lower (Fig. 5.10B), while the number of cells with 

concentrated PDGF-BB signal was higher for the stretched group (Fig. 5.10C). 2M had higher 

number of cells with concentrated PDGF-BB signal compared to 2NC. Also, it was observed that the 

location of the concentrated PDGF-BB signal overlapped with the DAPI signal, indicating that the 

PDGF-BB 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 anastomosis [14]. 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 WSS [14]. The detailed review on factors contributing to the onset and 

development of IH was published in 2020 [14]. One of the biomechanical factors that is hypothesized 

 

Figure 5.10. Comparison of YAP and PDGF-BB with HUASMCs cultured on 2M with and without cyclic stretch. (A) Representative 
immunofluorescence (IF) stain of PDGF-BB and YAP. PDGF-BB – platelet derived growth factor-BB, and YAP – yes-associated protein. Samples 
seeded with human umbilical arterial smooth muscle cells (HUASMC) were exposed to 10% strain for 4 hours before IF stain for stretched 
group. 2M – higher compliance mismatch. Scalebar=50μm.  (B) Intensity of PDGF-BB. (C) Number of cells with concentrated PDGF-BB signals. 
(D) Ratio of nuclear to cytoplasmic YAP. # indicates statistically significant difference between the indicated groups with p<0.05. Two-way 
ANOVA used for statistical analysis. N=6. Number of cells per sample=50.  
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to influence onset and development of IH is compliance mismatch [23, 41, 45, 114, 273]. Despite 

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 affecting the cellular behavior is a well-observed 

phenomenon. In stem cells, mechanical cues are shown to cause the differentiation as well 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 stem cells [350]. In osteoblasts, 

substrate stiffness is shown to influence the functional maturation [351]. Basal epithelial cells have 

displayed varying level of nuclear localization of YAP depending on the stiffness of the substrate 

[348]. Additionally, PDGF-BB has been known to influence the proliferation of VSMCs [335], and 

has been found to be upregulated in cells exposed to WS [157]. Behaviors of VSMC are also affected 

by mechanical stimulation. For example, VSMC exposed to mechanical injury resulted in increased 

expression of vimentin and decreased expression of desmin [352]. Studies have found that exposure 

to cyclic strain causes VSMC to release PDGF-BB, triggering [268] cell proliferation and migration. 

5.4.1 Development of continuous compliance mismatched samples  

There are many difficulties in understanding the effects of compliance mismatch on IH. One of the 

difficulties is to decouple the mechanical factors. WS, WSS, suture-line, and compliance mismatch 

are all factors that can contribute to the development of IH. These factors are difficult to parse as they 

occur concurrently in 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 abnormal WS around the anastomosis. Also, the suture-line causes localized high 

stress to occur around the sutures [24]. The angle and size of the anastomosis and the shape of the 

graft contribute to the development of abnormal WSS. Lastly, compliance mismatch can contribute to 

development of both abnormal WS and abnormal WSS. While the effects of suture-line, WS, and 

WSS on VSMC have been studied, 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 suture-line. It is inevitable that suture-line will be formed in in vivo 

experiments, as a vascular graft has to be implanted. Therefore, it is important to develop an in vitro 

model with continuous compliance mismatch film that can be used to study the isolated effects of 

compliance mismatch.  
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PVA used in literature are crosslinked primarily through physical crosslinking method using 

freeze-thaw cycle or chemical crosslinking method using STMP. The number of freeze-thaw cycles 

can be used to vary the elastic modulus of the resulting PVA hydrogel to be in the 50-250 kPa range 

[353]. The polymer concentration can be further changed to achieve higher elastic modulus ranging 

between 40-90 MPa [90]. PVA hydrogel chemically crosslinked with STMP have been reported to 

have the elastic modulus of 200 kPa [25]. Furthermore, making continuous hydrogel with different 

stiffness can be achieved by PVA. For example, methods to make continuous PVA hydrogels with 

varying stiffness has been studied [87]. In the study published in 2015, stiffness gradient was 

achieved by varying the freeze-thaw cycle to study the stem cell differentiation in response to the 

stiffness of the substrate [87].  

While achieving stiffness gradient in a continuous hydrogel can be useful, it cannot be used to 

study the effects of compliance mismatch. For compliance mismatch, a continuous film with two 

sections having distinctively different stiffness is required (Fig. 5.1A). By combining the chemical 

and physical crosslinking method (Fig. 5.1B-D), a continuous PVA hydrogel with compliant and not 

compliant sides were made as shown in Figure 5.1C. However, the gel had to be modified further as 

PVA without biochemical modification does not support cell adhesion. The dehydration step required 

for CDI-gelatin modification can alter the stiffness of the resulting PVA hydrogels [28]. Therefore, it 

was important to measure the elastic modulus of the samples after the CDI-gelatin modification was 

performed. Figure 5.2 shows the different reaction times used for PVA-CDI-gelatin reaction. It was 

found that 3-day drying of the PVA hydrogels resulted in inconsistent HUASMC attachment 

regardless of the length of the CDI-gelatin reaction time. Both 7-day drying and 1-hour CDI-gelatin 

reaction as well as 3hour of reaction resulted in uniform cellular attachment. Therefore, the 

biochemical modification step of 7 days of drying and 1 hour of CDI-gelatin 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 sample. As shown in Figure 

5.3A-C, the compliance mismatched PVA samples had good integration of physically and chemically 

crosslinked PVA. Compliance 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 compliance 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 native blood vessels have been reported to vary from 0.3 - 5.5 MPa [354]. 

Therefore, the elastic moduli of the samples fall within the range of the elastic modulus possible by 

native blood vessels. Also, elastic moduli of C, M, NC, 2M, and 2NC displayed significant difference 

between each other with exception of M and NC. M used for the experiments consisted of the 

compliance side with the elastic modulus of 0.636 ± 0.021 MPa and not compliant side consisting of 

0.915 ± 0.029 MPa. As shown in Figure 5.3E, the 2M samples consisted of the compliant side same 

elastic modulus as compliant side of M and not compliant side with the elastic modulus of 1.109 ± 

0.055 MPa. The 2M samples displayed elastic modulus value that is comparable to reported value of 

circumferential elastic modulus of small-diameter PVA graft [29], and therefore was used to study 

more physiologically relevant compliance mismatch. It was concluded that the physical and chemical 

crosslinking of PVA hydrogel resulted in continuous compliance mismatched sample with 

physiologically relevant elastic modulus. 

The dimension and seeding density needed to be identified prior to performing in vitro experiments 

for reliable results. The samples have to be 1 cm by 6 cm in dimensions in order to be loaded onto 

MechanoCulture to be exposed to cyclic stretching. To ensure even seeding, customized seeding mold 

was made (Fig. 5.4A). The seeding method using the custom-made mold resulted in leakage 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, and the samples resulted in consistent seeding. The second 

consideration is the seeding density. VSMC 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 inhibition. After trying different seeding densities, 20,000 

cells/cm2 yielded 50-60% seeding density (Fig. 5.4B).  

Because the developed sample contained two distinct sections with different stiffness, the strain-

map had to be made in order to verify uniform strain throughout the samples. Strain mapping tracks 

the movement of the particles in 2D direction. As shown in Figure 5.5A through Figure 5.5F, uniform 

uniaxial strain (in y-direction) was observed throughout the PVA samples regardless of the sample 

type. There were no movement of the particles in the x-direction. This is thought to be that the 

samples were not undergoing enough strain to cause displacement of the particles in both x- and y- 

direction. The setup was then used to identify the strain and duration of cyclic stretching to which 

HUASMC could be exposed. Atlan et al. showed that the PVA grafts displayed that the mechanical 

properties of the PVA grafts changed after exposure to cyclic stretching for 1 hour at 50-60% strain 
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[334]. It was speculated that the PVA grafts would not undergo such change in mechanical properties 

under 10% strain. Colombo et al. observed that different level of strain could affect the proliferation 

and migration of VSMC. In their study, they observed that VSMC proliferation was increased in vitro 

after exposure to 10% strain [242]. Therefore, 5% and 10% strain were used in studying the effects of 

cyclic stretching in HUASMC. As shown in Figure 5.5G, significant number of cells detached when 

exposed to 12 hours of cyclic stretching regardless of the strain. This could be due to the cells being 

in culture for too long, and become confluent to form cell clusters (Fig. 5.5G, red circles). This could 

be a promising explanation as cell clusters were observed with the samples that were seeded with 

40,000 cells/cm2 seeding density (Fig. 5.4B, red circles). Therefore, 10% strain for 4 hours was 

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

5.4.2 Application of the continuous compliance mismatched samples in vitro  

The effects of cyclic stretching on VSMCs are well-studied [22, 157, 357]. It has been found that the 

extent of strain applied to the cells can influence the proliferation and migration of the cells [122, 

358]. Alterations in the strain have also been found to induce inflammatory responses [155, 156]. 

Also, some stretch experiments tried various lengths of exposure to cyclic strain to study the acute 

responses as well as long-term responses of VSMC [256]. However, these responses used a substrate 

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

With the development of the cyclic stretching system with continuous compliance mismatch, the 

independent effects of compliance mismatch on VSMCs can be studied in vitro. It has been found 

already that the compliance mismatch may have additional effects on top of suture-line around the 

anastomosis in development of IH [154]. Suture-line forms localized stress around the sutures. The 

stress that are experienced around the anastomosis depends on the suture type, the gauge of the suture 

needed, and the flow through the anastomosis [24, 154]. 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 mismatch sample was used to expose HUASMCs to cyclic stretching with 

the strain of 10% for 4 hours, then were analyzed using IF staining to assess their biological responses 

(Fig. 5.6 through Fig. 5.8). 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 mismatched samples after application of cyclic stretching (Fig. 5.6C). Then, the 

phenotypic change of the VSMC was studied using desmin and vimentin [344, 345, 359]. The ratio of 

desmin to vimentin was significantly decreased in the groups that were exposed to cyclic stretching 

(Fig. 5.6D). This is in agreement with published literature as higher expression of vimentin have been 

observed in VSMC with migratory phenotype [346]. In combination with the increased Vimentin 

expression, it could be concluded that the exposure to cyclic stretching resulted in cellular responses 

towards arterial remodeling. Also, it can be concluded that compliance mismatch influenced the cells 

to have higher proliferation.  

It has been found in literature that pMLCK can influence the contractility of VSMCs [337], and 

regulate migration and proliferation of VSMC through mitogen-activated protein kinase cascade 

[337]. IF signals of pMLCK shown in Figure 5.7A is quantified in Figure 5.7B. The expression of 

pMLCK was increased in compliance mismatch sample compared to the other groups when exposed 

to cyclic stretching. It can be concluded that while exposure to cyclic stretching caused significant 

increase, compliance mismatch also played a role in increasing the expression of pMLCK.  

PDGF-BB is another biomolecules known to regulate the proliferation and migration of VSMC 

[267, 349]. The overall intensity of PDGF-BB was lower for the compliance mismatched group (Fig. 

5.8B). This is opposite to the findings in the literature, as increase in PDGF-BB has been found to 

increase proliferation and migration of VSMCs [360]. However, areas of high intensity signal of 

PDGF-BB were observed (Fig. 5.8A). Therefore, the cells with the areas of high intensity of PDGF-

BB was quantified (Fig. 5.8C). It was found that there was significantly higher number of cells with 

concentrated PDGF-BB signal for compliance mismatched samples and not compliant samples. This 

could be that the PDGF-BB in those cells were binding to PDGF receptors to trigger the subsequent 

biological reactions. Also, western blot was performed to quantify the amount of endogenous PDGF-

BB (Figure 5.8D). It was found that the expression level of PDGF-BB was not significantly different 

between all of the stretched groups. Therefore, it was concluded that the PDGF-BB did not change in 

the expression level, but were redistributed. PDGF-BB could be packed into exosome to be secreted 

out of the cells. This is in correspondence with the literature as secretion of PDGF-BB is observed in 

proliferating VSMC [267].  
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YAP nuclear localization is observed to inhibit apoptosis [272]. Furthermore, YAP is known to 

contribute to HUASMC changing to proliferative phenotype when exposed to cyclic stretching [271]. 

Therefore, YAP nuclear localization was also studied here. The quantification of IF signal shown in 

Figure 5.8A indicated that there was no nuclear localization observed regardless of the exposure to 

cyclic stretching, of the stiffness of the substrate (Fig. 5.8E). This could be due to the fact that the 

stretch duration is too short for YAP translocation to occur.  

5.4.2.2 VSMC response to higher compliance mismatch  

In order to assess the effects of compliance mismatch further, samples with higher compliance 

mismatch were used. The cell proliferation (Fig 5.9C) increased with the exposure to cyclic stretching 

on higher mismatch sample. Also, decrease in desmin to vimentin ratio was observed (Fig. 5.9D). The 

PDGF-BB signal intensity (Fig. 5.10B) decreased as it did in 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 2NC. These findings were in correspondence with the earlier 

data shown in Figure 5.6. 

The regions with high intensity of PDGF-BB signal were also observed with samples with higher 

compliance mismatch after exposure to cyclic stretching (Fig. 5.10C). 2NC also had lower number of 

cells with concentrated PDGF-BB signal, which is in agreement with the data shown in Figure 5.8.  

Unlike in earlier data, however, it was clear that the PDGF-BB signals were localized at the nucleus 

(Fig. 5.10A). It could be that the localization of PDGF-BB to the nucleus promotes further expression 

of PDGF-BB, leading to increase in PDGF around the nucleus. YAP localization was also observed 

with higher compliance mismatch samples exposed to cyclic stretching. In the first compliance 

mismatch model, no nuclear localization of YAP was observed (Fig. 5.8A). However, statistically 

significant amounts of cells displayed nuclear localization of YAP when exposed to cyclic stretching 

on higher compliance mismatch samples (Fig. 5.10D). It is important to note that the HUASMC 

cultured on 2NC also displayed nuclear localization of YAP after exposure to cyclic stretching. 2M 

and 2NC displayed statistically similar level of nuclear localization, indicating that the nuclear 

localization occurred due to higher stiffness, but not necessarily due to compliance mismatch. 

Therefore, it can be concluded that the extent of compliance mismatched samples influenced the 

behavior of PDGF-BB 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 order to study the isolated effects of compliance mismatch on VSMCs, continuous PVA hydrogel 

with two distinct sections with different elastic modulus was developed. The continuous PVA 

hydrogel could allow for removal of suture-line stress localization so that the effects of the 

compliance mismatch between the implanted graft and the native artery can be studied independently. 

The continuous PVA hydrogel with compliance mismatch was made by using both physical and 

chemical crosslinking method. The resulting hydrogel displayed good integration between the two 

different types of crosslinking methods. Also, protocols for biochemical modification to enhance 

cellular adhesion and cell seeding on strips of PVA hydrogels were developed. The strain-maps 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 mismatch on HUASMCs with exposure to cyclic stretching. The samples with 

compliance mismatch resulted in higher proliferation as well as higher pMLCK intensity after 

exposure to cyclic stretching. Additionally, pockets of high concentrations of PDGF-BB signal were 

observed from the compliance mismatched samples. The concentration of PDGF-BB signal was more 

pronounced in higher compliance mismatched samples. Furthermore, nuclear localization was 

observed with higher compliance mismatched samples. Therefore, it can be concluded that different 

level of compliance mismatch can have varying effects on HUASMC.  

The compliance mismatch PVA films can be used to further study the effects of compliance 

mismatch on IH. For example, cellular responses to cyclic stretching while on compliance 

mismatched substrate in the presence of PDGF-BB inhibitor could be studied. VSMC proliferation is 

promoted when the cells were cultured in the presence of PDGF-BB [349]. By using the developed 

compliance mismatched films, it will be possible to study the mechanistic effects of PDGF-BB in IH. 

Also, the experiments performed in this study focused on the spatial distribution of intrinsic PDGF-

BB. External spatial distributions of growth factors are actively being studied [186, 361]. The In 

2018, Tannenberg et al. found that extracellular retention of PDGF-B played an important role in 

hypoxia-induced pulmonary hypertension. Since the surface of PVA can be easily modified with 

biochemical molecules, it is a promising platform to be used to study the spatial distribution of 

different growth factors and the effects of stiffness concurrently.   
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Chapter 6 

Conclusion and future directions 

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 synthetic small-diameter 

vascular grafts (sSDVG). One of the identified hurdles in overcoming the limitations of sSDVG 

intimal hyperplasia (IH), which refers to the thickening of the blood vessel wall due to excessive 

proliferation and migration of vascular smooth muscle 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 mismatch in stiffness between the native blood 

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

Poly(vinyl alcohol) (PVA) was proposed as a potential candidate to be a compliant sSDVG [25]. 

PVA is a bio-inert, low-thrombogenic, and low-cytotoxic hydrogel with adjustable mechanical 

properties. In this thesis, the effects of crosslinking density and interlayer adhesion on the compliance 

of PVA vascular grafts was studied. It was found that higher interlayer adhesion resulted in increase 

in the burst pressure of the resulting tubes. However, the compliance of the resulting grafts were 

lower than the grafts with lower interlayer adhesion. Therefore, the posed hypothesis that the increase 

in interlayer adhesion will allow for higher compliance and higher burst pressure when the grafts have 

the same wall thickness was proven to be false. The increase in crosslinking density resulted in 

improvement in the burst pressure but decreased compliance of the grafts, indicating that the 

hypothesis posed was correct. Lastly, the post-fabrication modification did display changes in 

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

Therefore, it can be concluded that the last hypothesis posed for the chapter was proved 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 allowed for Fourth-Year Design Project 

(FYDP) group to fabricate PVA grafts with consistency. The equipment was further modified to 

increase the throughput while decreasing the wasted crosslinking solution. It was found that 

automated fabrication resulted in decrease in wall thickness and burst pressure. This could be because 
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the consistency in dipping process reduced error during dip-casting process. Therefore, it can be 

concluded that the first hypothesis posed comparing the variation of the two fabrication methods was 

true. Also, the assessment stability of PVA graft concluded that PVA grafts lost less than 2% of its 

physical content over 180 days of incubation. The second hypothesis that was posed in the chapter 

was also proven as true.  

Lastly, a continuous compliance mismatched PVA film was developed to test the effects of 

compliance mismatch on human umbilical arterial smooth muscle cells (HUASMC) in a simplified 

system. In Chapter 5, first hypothesis of chemical and physical crosslinking can be used 

simultaneously to achieve a continuous film with compliance mismatch was tested. The resulting 

samples displayed continuity while having distinct regions with different stiffness, proving that the 

hypothesis was true. The samples were then used in in vitro experiments to assess the effects of 

compliance mismatch on VSMCs with the exposure to cyclic stretching to test the hypothesis that 

HUASMC cultured on compliance mismatch film will result in higher proliferation rate compared to 

both compliant and non-compliant films. It was found that compliance mismatch resulted in higher 

cell proliferation. Also, the phenotypic change to migratory phenotype was observed. This can 

indicate that compliance mismatch without suture-line can cause migration 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 myosin light-chain kinase 

(pMLCK) expression, higher platelet-derived growth factor-BB (PDGF-BB) expression, and nuclear 

localization of yes-associated protein (YAP). Immunofluorescence staining of PDGF-BB also showed 

concentration of PDGF-BB and increased pMLCK expression for compliance mismatched model. 

The concentration of PDGF-BB overlapped with the location of nuclei in higher compliance 

mismatch sample. Furthermore, nuclear localization of YAP was observed in samples with higher 

compliance mismatch, whereas the compliance mismatch did not show any YAP nuclear localization. 

Therefore, it can be concluded that not only does compliance mismatch result in higher expression of 

pMLCK, in localization of PDGF-BB, 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 and interlayer adhesion, and compliance and crosslinking 

density was explored. It was found that both the interlayer adhesion and crosslinking density play a 

vital role in the mechanical properties of the PVA tubes. The findings can be used fabricate PVA 

grafts with desired mechanical properties by manipulating the interlayer adhesion and crosslinking 

density. Based on the data presented in this thesis, adjustment of the interlayer adhesion may be 

interesting to explore to further improve the compliance. For example, the standard method that have 

been used for fabrication of PVA grafts used differing waiting times between each dip as shown in 

Figure 3.1A. Instead of increasing the time between each dip to 30 minutes, keeping the time between 

dip at flat 15 minutes. Then, number of dips can be increased to reach desired wall thickness to ensure 

burst pressure that would be safe for clinical use. Dynamic mechanical analysis (DMA) could be used 

to further identify the mechanical properties of PVA grafts. DMA is an equipment that could 

characterize a material’s properties using temperature, stress, and frequency. Therefore, DMA could 

be used to determine the frequency-dependent behavior of PVA hydrogels. Lastly, the preliminary 

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

that are fabricated with desired compliance and burst pressure. The simulation could allow for 

understanding of the hemodynamics required prior to performing the experiments in vitro or in vivo.  

6.2.2 Consistency of poly(vinyl alcohol) vascular grafts 

It was found that the automated fabrication process can allow for fabrication of PVA vascular grafts 

with thinner walls. This means the platform can be used to fabricate grafts with higher compliance. 

However, the grafts made using automated process had higher variation in both burst pressure as well 

as compliance. It will be important to identify the source of error for the automated dip-casting 

equipment in order to decrease the variation between grafts. For example, the variation could come 

from the fact that 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 dip-casting method, the crosslinking solution is prevented from crosslinking by 

keeping the crosslinking solution in a sealed container. The automated fabrication process, however, 

does not allow for the crosslinking solution to be stored in a sealed container. This could allow for 

partial crosslinking of PVA inside the crosslinking solution bath, resulting in different coating of the 
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mold as the process continues. Therefore, it could be worthwhile to try further modifying the 

automated dip-casting equipment to try sealing the solution baths between dips. Also, the stability of 

PVA grafts showed little degradation of the hydrogel after 180 days of incubation. While the 

experiment showed that the physical properties of the grafts did not change, the mechanical properties 

of the grafts were not assessed. The stability experiment should be repeated using the full-length PVA 

grafts to test different mechanical properties of the grafts. Also, while the stability of the 1x 

phosphate buffered saline with 10% penicillin-streptomycin and 1% Amphotericin B tested the long-

term storage, it could not test the stability of the graft in working condition. Therefore, the stability of 

PVA grafts in blood-mimicking fluid or in the presence of whole blood should be tested. If the grafts 

were to be used in clinical setting, then they would be exposed to blood long-term.  

6.2.3 Isolated effects of compliance mismatch on vascular smooth muscle cells 

Arterial stiffening can occur due to diseases such as diabetes, hypertension, pseudixanthoma 

elasticum, and Marfan syndrome [362]. Also, many lifestyle factors can contribute to the arterial 

stiffening. Such factors include smoking, sedentary lifestyle, aging, and sleep disturbance [362]. The 

altered stiffness of the blood vessel walls can lead to lethal medical conditions such as aneurysms, 

stroke, kidney diseases, and heart failure [362]. In Chapter 5, the platform for exposing continuous 

compliance mismatch samples with two distinct regions having different stiffness was explored. The 

platform allowed for application of uniform cyclic stretching in vitro to understand the effects of 

compliance mismatch on VSMC. The hybrid crosslinking method of PVA hydrogels can be modified 

to become an in vitro platform to study the arterial stiffening in difference diseases. For example, the 

hybrid PVA crosslinking process can be modified so that the resulting sample mimics the shape of 

different stages of arterial stiffening due to thrombosis. Thrombosis occurs due to deposition of 

plaque on the arterial wall, which may not result in uniform stiffening of the arterial wall. Therefore, 

chemically crosslinked PVA film with varying wall thickness could be made to study whether the 

localized wall stiffness would result in exacerbating the progression of thrombogenesis. This could 

allow for understanding the extent at which the arterial stiffening can affect onset and propagation of 

atherosclerosis as well.  

The compliance mismatched samples could also be used with different cells types to study the 

effect of different stiffness in conjunction with mechanical stimulation. For example, stem cells are 

known to either differentiate or not differentiate depending the stiffness of the substrate [87]. The 
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differentiation of stem cells could be further studied to test whether the presence of different stiffness 

along with mechanical stimulation could also affect the cell fate of stem cells. In the case of 

osteocytes, the compliance mismatch could be used to study whether the difference in stiffness could 

result in different lacunae formation.  

The effect of compliance mismatch should also be further studied. The experiments studied the 

proliferation and phenotypic expression of VSMC to identify that they are displaying proliferative 

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 regions with different compliance, or if the cellular 

migration occurs uniformly throughout the sample as long as there is compliance mismatch present in 

the samples. Furthermore, the experiments performed in this thesis studied the cellular responses to 

the mechanical stimulation without the presence of foreign biomolecules. The presence of exogenous 

PDGF-BB on VSMC proliferation is well-known phenomena [267]. Therefore, repeating the 

experiments with the addition of PDGF-BB could also lead to the understanding of whether the 

presence of exogenous PDGF-BB 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 available in vivo. The cell migration study could also be performed 

concurrently with the presence of exogenous growth factors to study the combined effects of 

compliance mismatch and different growth factors. Furthermore, the suppressive effects of proteins in 

VSMC proliferation can be studied as well. For example, adenosine monophosphate-activated protein 

kinase is known to suppress VSMC proliferation [363]. The compliance mismatch experiments could 

be repeated to study 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 of VSMC. 

Furthermore, the platform should be used in inhibition studies to identify the potential therapeutic 

targets for decreasing the formation of intimal hyperplasia in vascular grafts. The platform allows for 

experiments mimicking the compliance mismatch between the native blood vessels and vascular 

grafts to occur in vitro. This indicates that the platform can be used to address physiologically 

relevant VSMC behaviors in gene expression and protein expression. In the experiments presented, 

gene expression of the cells was not studied. Also, while the western blot was used to quantify the 

expression of PDGF-BB, other proteins that are associated with proliferation and migration of VSMC 
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were not studied. For example, p53 gene was found to be a potential target to inhibit VSMC 

proliferation [364]. A study in 2009 found that miR-221 and miR-222 could also promote 

development of intimal hyperplasia through increasing VSMC proliferation [365]. Also, increase in 

matrix metalloproteinase is known to increase the proliferation of VSMC [366]. These studies could 

be repeated using the developed compliance mismatch platform to study the effects of the gene 

expressions on intimal hyperplasia.  

Lastly, the effects of suture-line stress can be directly compared to the effects of compliance 

mismatch using the developed continuous compliance mismatched samples. Suture-line can be made 

along the compliance mismatch line, and be directly compared to the group without suture. The 

sutures with different gauge could be made along the compliance mismatch line to study the effects of 

different suture thickness on the behaviors of VSMC. Also, the effects of different suture techniques 

resulting in cell damage around the anastomosis was studied [367]. Different suture techniques could 

be used to study whether there are synergistic effects of the suture method and compliance mismatch. 

The compliance mismatch platform would allow for physiologically relevant understanding of the 

effects of different suture techniques on VSMC in vascular grafts.  
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Appendix 

Preliminary data for Computational Fluid Dynamic Simulation 

 

Figure A.1. Simulation parameters. (A) Dimension of the object used for the simulation. (B) input flow rate used [368]. (C) Compliance of the 
implanted PVA grafts used to compare with the simulation data. LC – low compliance, HC – high compliance. (D) Elastic modulus of the implanted 
PVA grafts. * indicates statistical difference between indicated groups with p<0.05. T-test used for statistical analysis. N=3.  
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Figure A.2. Comparison between the simulation parameters and in vivo measurement. (A) Ultrasound images and blood flow profile from PVA 
grafts implanted in rabbit common carotid artery. (B) The velocity of blood flow measured from the ultrasound records. Black line – average 
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 without compliance mismatch. Elastic modulus of 0.55 MPa was used for all regions of the 
model [369, 370]. (A) Pressure throughout the model at 0.28 seconds. (B) Velocity throughout the model at 0.28 seconds. (C) Pressure 
throughout the model at 0.1 seconds. (D) Velocity throughout the model at 0.1 seconds. (E) Pressure throughout the model at 0.12 seconds. (F) 
Velocity throughout the model at 0.12 seconds. (G) Pressure throughout the model at 0.18 seconds. (H) Velocity throughout the model at 0.18 
seconds. 
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Figure A.4. Pressure and flow velocity of model with compliance mismatch at the graft region. Elastic modulus of 0.55 MPa was used for artery 
regions of the model [369, 370]. Elastic modulus of 5 MPa was used for graft region of the model. (A) Pressure throughout the model at 0.28 
seconds. (B) Velocity throughout the model at 0.28 seconds. (C) Pressure throughout the model at 0.1 seconds. (D) Velocity throughout the 
model at 0.1 seconds. (E) Pressure throughout the model at 0.12 seconds. (F) Velocity throughout the model at 0.12 seconds. (G) Pressure 
throughout the model at 0.18 seconds. (H) Velocity throughout the model at 0.18 seconds. 

 

Simulation was developed by Michael Tong under the Supervision of Dr. Keng Hwee Chiam and 

YeJin Jeong. The shape and dimensions of the model used in simulation is shown in Figure A.1A. 

The dimension was chosen to reflect the shape and dimension of the poly(vinyl alcohol) (PVA) graft 
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implanted in rabbit right common carotid artery model. The input velocity that was used in the 

simulation is shown in Figure A.1B [368]. Compliance and elastic modulus of the PVA grafts used in 

vivo are shown in Figure A.1C and Figure A.1D. The graft section of the model used the elastic 

modulus of low compliance (Fig. A.1C) to assess the accuracy of the simulation setup. The resulting 

flow was compared to the ultrasound measurements of the blood flow through the implanted graft. 

Figure A.2.B is the velocity measured using ultrasound data shown in Figure A.2A. The comparison 

between the in vivo and simulation data is shown in Figure A.2C. The model was then used determine 

the pressure and velocity of the blood through the conduit without compliance mismatch (Fig. A.3). 

The result was compared to the compliance mismatch simulation, which used 5 MPa for the graft 

section of the model (Fig. A.4). The pressure was significantly higher for the compliance mismatch 

model at 0.1 seconds (Fig. A.3C and Fig. A.4C) and 0.12 seconds (Fig. A.3E and Fig. A.4E). Also, it 

was observed that the velocity of not compliance mismatched model was higher than the compliance 

mismatched model at 0.1 seconds (Fig. A.3D and Fig. A.4D) and 0.12 seconds (Fig. A.3F and Fig. 

A.4F). This is unexpected as higher pressure should occur along with higher velocity. This, along 

with the fact that the simulation velocity did not accurately reflecting the in vivo measurements as 

shown in Figure A.2C, could be due to the errors in simulation parameters. The simulation parameters 

should be further investigated so that the model can be used to investigate the effects of compliance 

mismatch with direct comparison to the in vivo data.  


