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What is the best therapy today for this disease? 

Why is better therapy needed for this disease? 
How is improved therapy possible for this disease?  

 …which brings me to the part of my journey you are going to read about shortly.  

Before I tell you about it, I would be remiss if I didn’t acknowledge those that have 

helped me reach where I am today. 

First and foremost, I would like to thank God – the Original Bioengineer and my 

greatest inspiration – for His generous guidance, wondrous wisdom, perpetual 

providence, undying love, and countless blessings, especially for everyone and 

everything He has brought into my life thus far. 

Foremost among these blessings are my parents, Maria-Perla and Rodolfo, my 

three older brothers, Raymond, Reynald, and Rolland, my younger sister, Maria-Pamela, 

my sisters-in-law, Elsa, Monica, and Dianne, my nieces and nephews, Rialto, 

Evangelise, Emi Raquelle, and Christian, my Godmother, Nellie B. True, and my 

grandaunt, Paulina B. True.  I thank them immensely for being my greatest earthly 



v 
 

source of energy, optimism, guidance, inspiration, sanity, insanity (I mean that in the 

best way possible), diligence, everything else that I can’t find the words for right now, 

and, of course, love.  To my family, especially my dad – you mean the world to me; your 

fight is our fight and thus, the world’s fight.  I hope my work here helps the world win.   

 I also give tremendous thanks to my graduate advisor and mentor, Dr. Song Li, 

for his endless patience, optimism, and guidance.  I don’t think I would be able to 

appreciate everything that I’ve learned in the realm of tissue engineering, and certainly 

would have taken a much longer time to learn it, without his direction.  I owe so much of 

my accomplishments in graduate school to him, the least of which is the ability to 

complete this dissertation.  On that note, I would also like to give many thanks to Dr. 

Randall Lee and Dr. Matthew Springer for their patience in waiting for me to complete 

this manuscript, their diligence in reading it, and their effort in providing their much-

appreciated feedback.  You would not be reading this without them. 

 I am also grateful to all of my labmates – past and present, graduate and 

undergraduate – for all they have helped me with academically, socially, and 

psychologically.  I especially thank Julia Chu, Nikita Derugin, Aijun Wang, Rokhaya 

Diop, Adrienne T. Higa, Danielle (An-Chi) Tsou, Jeffrey Justin David Henry, Timothy 

Lamont Downing, Qian Cheng, Thomas Libby and the Center for Interdisciplinary Bio-

Inspiration/Integrative Biomechanics in Education & Research (CiBER), Benjamin Li-

Ping Lee, Henry Chow-Heim Liu, George Kwong, Yuan Fang Fu, Timothy Smith, and 

Timothy Chen.  I would like to give special thanks to YiQian (Eugene) Zhu, who never 

failed to understand me and help me – without him and his wisdom, I would not be 

where I am today.   





vii 
 

Bio-Inspired Tissue Engineering Design for Vascular 
Regenerative Therapy 

 

By Randall Raphael R. Janairo 
 

Abstract 

 

 Tissue engineering aims to understand the naturally-occurring, complexly 

efficient biological systems that control our development, repair, aging, and death in 

order to improve current diagnostics, therapies, as well as prevention strategies.  By 

elucidating which system components [i.e. cells, extracellular matrix (ECM) proteins, 

growth factors, genes, transcription factors, etc., or a combination of these] are 

responsible for which biological activities, superiorly efficient strategies for tissue 

regeneration can be developed.   

Thus, natural tissue properties, such as scale, structure, and organization 

provide the best inspiration for scaffold designs essential to many tissue engineering 

endeavors.  Electrospinning technology has immense potential in providing these 

endeavors with the means to materialize such designs, especially the development of 

vascular regenerative therapy.   

Through its implementation, electrospinning can utilize polymers to produce 

ECM-mimicking fibers and organize them into scaffolds that provide cells with a familiar 

environment, which may result in desired cellular activity.  Biological polymers would be 

the ideal electrospun component, but often lose much of its mechanical integrity when 

isolated from its natural environment.  Biodegradable, biocompatible synthetic polymers 

offer a promising alternative, as they can support cellular activity, are mechanically 
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tunable, and can easily be made bioactive via immobilization of growth factors, ECM 

proteins, and other substances that may accelerate ultimate tissue regeneration. 

In this dissertation, we attempt to address the unmet need for a suitable small-

diameter vascular graft by specifically investigating the potential of bio-inspired design 

aspects in accomplishing vascular repair and regeneration.  Here, we pay particular 

attention to micro-/nano-structure, topography, and chemical surface modification and 

their role in mechanical compliance, thrombosis inhibition, vascular re-endothelialization, 

and vascular regeneration potential.   

We detail the electrospinning of a novel bilayered, micro-/nanofibrous vascular 

graft scaffold that minimizes mechanical compliance mismatch with native vessels.  We 

then demonstrate that the protective epithelial glycoprotein, mucin, may be used to 

inhibit thrombosis on synthetic vascular grafts.  Finally, we illustrate that topographical 

customization can enhance endothelialization of and cell infiltration into synthetic 

vascular graft scaffolds. 

Taken together, we offer design suggestions that may significantly aid the quest 

taken on by vascular tissue engineering to find the ideal vascular graft. 
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CHAPTER 1 

Introduction to an Ongoing Quest 

 

 

“What are you looking for?” 
“I’m not sure…  But I’ll tell you when I find it.” 
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MOTIVATION 

 

VASCULAR BIOLOGY 

 

 The healthy native blood vessel is comprised of three layers: the outer “tunica 

externa,” the middle “tunica media,” and the inner “tunica intima” (Figure 1.1). The 

“tunica externa,” also known as the “tunica adventitia,” is the outermost layer and is 

composed of fibroblasts and connective tissue.  The “tunica media” or medial layer is 

composed of smooth muscle cells (SMCs) within a collagen- and elastin-dominant 

matrix.  The mechanical strength and vasoactivity of the blood vessel stem from the 

medial layer.  The “tunica intima” or intimal layer is essentially a smooth, single-celled 

layer of endothelial cells (ECs).   

  

The Endothelium 

 The endothelial cell (EC) monolayer, or endothelium, plays the most significant 

role in managing vascular homeostasis [3, 4].  It provides the entire vascular system with 

an antithrombogenic, non-adherent lining that regulates mass transport between blood 

and tissue, as well as controls the contractility of smooth muscle cells (SMCs) of the 

medial layer beneath it [5-7].   
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It is here, at this barrier between blood and tissue that vessels are the most 

receptive to changes in blood composition and hemodynamics.  Understandably, it is 

also at the luminal side where ECs secrete or present on their surface an assortment of 

factors that regulate thrombus formation.  These factors accomplish such regulation by 

managing both blood coagulation and platelet function (Figure 1.2).   

ECs in healthy vessels prevent platelet aggregation by constitutively secreting 

prostacyclin (PGI2) and nitric oxide (NO) [10].  The production of these factors is 

Figure 1.1.  Blood vessel anatomy.  The healthy native blood vessel consists of 
three layers: the outer “tunica externa” or “tunica adventitia,” the middle “tunica 
media,” and the inner “tunica intima,” whose cellular constituents are fibroblasts, 
smooth muscle cells, and endothelial cells, respectively.  Image courtesy of [2]. 
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amplified in the presence of coagulation-associated molecules in order to limit thrombus 

formation and subsequent vessel occlusion.  

 

ECs also maintain the healthy state of a vessel and blood fluidity by controlling 

anticoagulant pathways, particularly the protein C/protein S pathway.  Protein C (which 

is activated following thrombin binding to EC receptor thrombomodulin) forms a complex 

with protein S (which is produced by ECs) resulting in an inactivator of coagulation 

factors VIIIa and Va [11-13].  Additionally, the binding of thrombin limits its availability to 

activate platelets or interact with fibrinogen to form fibrin clots.  Thrombin and other 

coagulation factors (Xa and IXa) may also be inactivated by binding to antithrombin-III.  

This binding occurs more rapidly in the presence of heparin, which is found on the EC 

surface as heparin sulfate glycosaminoglycans.   

ECs are also capable of facilitating fibrinolysis, the degradation of fibrin clots.  

This is accomplished by secreting tissue-type plasminogen activator (t-PA), which 

Figure 1.2.  Endothelial cell regulation of thrombosis.  Endothelial cells 
secrete/present a variety of factors that control platelet activity and regulate blood 
coagulation.  Image courtesy of [9]. 



5 
 

converts plasminogen into plasmin.  Plasmin degrades thrombus formations by breaking 

down fibrin networks.   

These activities can be disturbed by injury, cytokine activity, and inflammatory 

response, which ultimately make conditions more favorable for platelet aggregation and 

activation, blood coagulation, and clot formation.  These responses are desired when 

vessel repair is necessary.  However, these events, in addition to subsequent SMC 

response, are the main modes of failure of devices implanted to treat cardiovascular 

disorders.  SMCs exposed to inflammatory factors and shear stresses, for which a 

damaged endothelium can no longer provide a barrier, undergo phenotypic changes that 

can lead to intimal hyperplasia and increased thrombus formation.  

Thus, in the quest to develop ideal implantable cardiovascular therapies, much 

effort has been focused on recreating or mimicking the endothelium on the blood-

contacting surfaces of such devices.  In essence, the presence of a healthy endothelial 

monolayer or an antithrombogenic equivalent can contribute to long-term success of 

implanted vascular constructs by minimizing failure resulting from thrombosis or related 

unwanted events.  Such an accomplishment could potentially mitigate the enduring, 

global detriment of cardiovascular disease. 

 

CARDIOVASCULAR DISEASE: “The Heart of the Matter” 

 

With the exception of 1918, cardiovascular disease (CVD) has been the leading 

cause of death in the United States since 1900.  In 2006, CVD was responsible for 

34.3% of all deaths in the US and exhibited a prevalence of approximately 81 million 



6 
 

American adults [14].  Globally, CVD has also been a significant cause of death.  

According to the World Health Organization, it was responsible for 21.9% of total deaths 

(or around 12.9 million deaths) in 2004, the most of any other cause that year [15]. 

 

Atherosclerosis, Stenosis, and Aneurysms 

 The most common vascular disorder is atherosclerosis and is the major 

underlying cause of vessel stenosis or occlusion, as well as vessel wall weakening and 

subsequent aneurysm.  Atherosclerosis may ultimately lead to angina, infarction, 

ischemia, or stroke.  It starts to develop in early childhood [16], but symptoms are 

usually not present until decades later.  In some instances, however, early markers of 

atherosclerosis, i.e. fatty streaks may be found as early as infancy [17].   

 The cause of atherosclerosis itself is under contention.  The classic, more widely 

accepted hypothesis maintains the disorder is a result of dyslipidemia that leads to 

unwanted lipid metabolism, deposition, and storage within the vessel walls.  This is 

subsequently propagated by a chronic inflammatory response.  More recently, 

researchers have stated atherosclerosis is an inflammatory disease from the onset that 

implicates the chronic injury of the endothelium and subsequent inflammatory response 

as the key initiator of low density lipoprotein (LDL) cholesterol accumulation, the initial 

stage of atherosclerosis [18, 19].  Whether the initial cause is an elevated level of 

circulating lipids, a disrupted endothelium, or combination of both, the atherosclerotic 

process following accumulation involves LDL oxidation, monocyte and other 

inflammatory cell recruitment, monocyte conversion into macrophages, and macrophage 

uptake of LDL.  This results in fatty streak formation underneath the endothelium.  
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Increased oxidized LDL uptake into macrophages eventually converts these cells to a 

“foam cell” phenotype.   

These macrophages and other factors not well understood also recruit 

hyperproliferative smooth muscle cells (SMCs) into the subendothelial space, which may 

take up lipoprotein, apoptose in the presence of inflammatory cytokines, or deposit 

excessive amounts of extracellular matrix (ECM) material [19].  All events further 

progress the atherosclerotic lesion by increasing inward remodeling of the vessel walls.   

On the luminal surface of the vessel, the early inflammatory cell recruitment, 

whether causing or propagating the initial damage to the endothelial cell layer, 

contributes to atherosclerosis progression by making the surface more adherent to 

circulating cells and cytokines, as well as making it more susceptible to diapedesis.  This 

then further contributes to the aforementioned SMC subendothelial activity.   

Accumulation of lipids, cytokines, live and dead cells, matrix proteins, calcium 

and other foreign material at the lesion site eventually cause the development and 

expansion of plaques.  These plaques are usually sequestered by a fibrous cap due to 

platelet activation and fibrin formation, but still continue to expand into the luminal space.   

Consequently, blood flow dynamics is changed such that plaque rupture 

ultimately occurs.  This in turn may lead to stenosis of surrounding vessels, especially in 

vessels with smaller diameters downstream.  Such occlusion can then prevent adequate 

blood flow through the vessel, resulting in such events as angina, infarction, ischemia, or 

stroke.   

The altered hemodynamics may also cause weakening of vessel walls or 

aneurysms downstream.  Recent research has implicated variations in flow and 

subsequent low wall shear stress as a significant weakening agent of vessel walls and 
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contributor to continued growth of aneurysms [20-25].  Such a hemodynamic change 

can cause endothelial dysfunction that eventually weakens the mechanical integrity of 

the underlying tissue.  If not addressed, these weakened vessel walls can balloon and 

ultimately rupture.   

 

CURRENT APPLICABLE TREATMENTS: “When Demand Exceeds Supply” 

 

To fight CVD, prevention has become a greater focus.  Measures such as regular 

physical activity, healthy diets, curbing unhealthy habits like smoking and alcohol 

consumption, and stress control are commonly referred to when physicians advise 

patients who are susceptible (because of family medical history, for instance) to 

developing or have presented early signs of CVD.  For the latter group of patients, 

medication may also be prescribed to control further atherosclerotic progression, 

especially drugs that control hypercholesterolemia.   

Many sufferers of atherosclerosis, however, are not so lucky.  They may remain 

asymptomatic until they are in the advanced stages of vascular disease, by which time 

the best and sometimes only option is surgical intervention.  Treatment of such diseased 

vessels characteristic of CVD, especially stenoses and aneurysms generally involves 

balloon angioplasty and stenting.  However, in the cases which patients have multiple 

lesions, bypass graft surgery is generally recommended [26].     
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Balloon Angioplasty and Stenting 

 As mentioned previously, progression of atherosclerosis leads to a decrease in 

the luminal space as plaques grow due to material accumulation.  This narrowing of the 

blood vessel causes a decrease in blood flow downstream.  This results in a 

downstream decrease in transport of gases, nutrients, hormones, immune cells, and all 

other key components in the maintenance of homeostasis that rely on the vascular 

system to migrate throughout the body.  Thus, reestablishing unobstructed blood flow is 

necessary to prevent morbidity and mortality.  To accomplish this luminal space 

restoration, balloon angioplasty may be used.   

 The minimally invasive procedure of balloon angioplasty involves the insertion of 

a collapsed balloon on a guide wire, i.e. balloon catheter into an entry artery of the 

surgeon’s choice, such as the femoral, brachial, or radial artery.  It is then guided 

through the arteries while being monitored by x-ray or fluoroscopic angiography until the 

desired area of treatment is reached.  At this location, it is inflated to a desired size in 

order to reverse the narrowing of the blood vessel and then subsequently deflated and 

removed via the artery it was inserted.   

 In many cases where balloon angioplasty is utilized, surgeons opt to include a 

small wire mesh tube, i.e. stent around the deflated balloon of the balloon catheter.  In 

this case, the minimally invasive surgical procedure described above is followed.  

However, upon inflation of the balloon at the diseased site, the stent is expanded as well 

so that it is placed adjacent to the vessel walls in order to maintain the expanded cross 

sectional area of the lumen just created.  It remains there permanently while the balloon 

is deflated and removed.  Bare metal or drug-coated stents may be used.  It is not yet 

conclusive whether drug-coating is significantly more successful in reducing incidences 

of restenosis and thrombosis in the long term [27-30]. 
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 Despite that fact, out of the 652,000 balloon angioplasty procedures with stents 

performed in the United States in 2006, 76% of stents used were drug-coated stents 

while the rest were bare metal.  That same year, balloon angioplasty procedures with 

and without stents incurred an estimated health care cost of $34 billion. [14]  

 

Bypass Graft Procedures 

In comparison, in 2006, an estimated 448,000 coronary artery bypass 

procedures were performed in the United States, resulting in an estimated health care 

cost of $50.3 billion [14].  Currently, that trend is maintained, as over half a million 

bypass procedures are performed annually to treat diseases in the coronary artery and 

peripheral vascular system.  In these procedures, vessel replacements are grafted to 

native vessels that usually contain multiple lesions such that blood flow may be restored 

while circumventing the site(s) of occlusion.  Currently, the most widely used vascular 

grafts are either synthetic conduits or autologous vessels.  Each option, however, has 

significant limitation, especially in cases requiring vessel diameters less than 6 mm.   

 

Clinically Available Vascular Grafts 

Synthetic vascular grafts made of poly(ethylene terephthalate), expanded 

poly(tetrafluoroethylene) (ePTFE), and polyurethane have shown success as grafts with 

diameters greater than 6 mm.  However, as small-diameter conduits, they exhibit high 

clogging rates due to thrombus formation [31, 32].  Despite recent progress, the patency 

rates of synthetic replacements used in the small-diameter situation are seldom greater 

than 50% after 10 years [33].     
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The “gold standard” autologous vessel, typically the saphenous vein, exhibits 

75% patency after 5 years [34], but has a failure rate between 15% and 35% over ten 

years [35].  Additionally, the utilization of autologous veins or arteries requires multiple 

surgical procedures, namely a harvesting procedure and implantation.  This increases 

the chance of infection or other surgical complications, as well as financial burden.  

Autologous vessels are also limited by their availability.  Patients suffering from CVD 

requiring bypass surgery may not have suitable autologous replacements [31, 32].  This 

may be because: candidate replacements may have already been used; potential 

substitute vessels are diseased themselves and thus unsuitable; or candidate 

autologous grafts exhibit a size mismatch.  Occasionally, compliance mismatch may also 

deem autologous and synthetic vascular grafts unfit.   

Thus, there is an unmet need for a suitable small-diameter (< 6 mm) vascular 

graft.  As a result, much research has been focused on developing small-diameter 

vascular grafts with patency that can match or outperform that of transplanted native 

vessels.  These vascular graft designs draw inspiration directly from the healthy native 

vessel itself. 

 

THE QUEST FOR THE IDEAL VASCULAR GRAFT 

 

In addition to being antithrombogenic, an ideal vascular graft should be resistant 

to rejection, as mechanically compliant as native vessels, and capable of timely self-

remodeling.   

As previously mentioned, the patency rates of synthetic small-diameter vascular 
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grafts were not as successful as their large-diameter applications.  To increase their 

small-diameter success, researchers investigated the modification of the lumen to create 

less thrombogenic blood-contacting surfaces.  For instance, heparin, which has been 

used extensively in vascular therapies because of its strong anticoagulant ability, was 

utilized to prevent thrombosis on synthetic surfaces, such as ePTFE, Gore-Tex, 

polyurethane as well as decellularized xenogeneic tissue [36-40].  Some other examples 

of modifications included conjugation of hirudin or growth factors to enhance 

endothelialization; NO releasing material components; and preseeded endothelial cells 

[41-51].  These attempts were limited in success.  In addition, they still did not account 

for all properties of the ideal vascular graft, since they primarily aimed to obtain an 

antithrombogenic surface and resist rejection.  To further the quest and address all ideal 

graft properties, researchers have recently adopted the principles of tissue engineering.  

 

Tissue Engineered Vascular Grafts 

Tissue engineering can be described as the application of the knowledge of 

“engineering and life sciences toward understanding normal and pathological tissue and 

the development of biological substitutes to restore, maintain, or improve tissue function 

[6].”  Tissue engineering approaches investigate three major biological components: the 

cell, the extracellular matrix, and the microenvironment, which includes mechanical 

stimuli.  Inspiration for design is essentially drawn from the biology itself.  Tissue 

engineering of vascular replacements is no exception. 

Previous tissue-engineered vascular grafts have been designed using a variety 

of combinations of biological components.  Cellular grafts and gel-based grafts have 

been developed under the premise that vascular cells as well as bone marrow cells and 
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stem cells can be conditioned in vitro to produce sufficient matrix to support the vessel in 

vivo [52-57].  These grafts, albeit successful in exhibiting many of the same properties 

as autologous grafts, need a long period to fabricate and require significant amount of 

effort for storage, shipping, and handling.   

To shorten this timeline, some researchers have developed systems employing 

cells in conjunction with synthetic scaffolds made of  biodegradable materials such as 

poly(glycolic acid) and poly(caprolactone) [53, 58-60], but the cellular components still 

require long preparation times and meticulous handling.  In addition, these grafts are not 

optimally conducive to self-remodeling. 

To further address these shortcomings, research in the past 20 years has 

employed decellularized native matrix, reconstituted matrix protein scaffolds, and 

biodegradable synthetics without cells to develop vascular replacements [36, 60-66].  

These acellular approaches utilize non-cellular antithrombogenic aids such as heparin.  

Despite being more readily available, i.e. off-the-shelf, each still has their limitations, 

albeit less than previous attempts.  These include inconsistent resistance to rejection, 

incompatible mechanical compliance, long term thrombus formation despite 

antithrombogenic surfaces, and incapability of self-remodeling. 

Recently, scientists have investigated how the synthetic mimicry of the micro- 

and nano-scale structure of the native vessel matrix can address these limitations of 

previous designs.  To do so, they have employed the electrospinning technique.   

 

Electrospinning 

The process of using electrostatic force to create fibers from solutions, the basis 
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of electrospinning, dates back to the early 1900s when it was invented to spin yarn more 

efficiently [67].  Its potential in other fields besides textiles was not publicly presented 

until the mid-1990s, when interests piqued in nanoscience and nanotechnology [68].   

Electrospinning is typically accomplished as follows (Figure 1.3): 

A syringe is loaded with a polymer melt solution that is subsequently fed through a 

charged spinneret.  The flow rate may be controlled by a syringe pump.  An electric field 

is produced by either grounding the collector or supplying an opposing voltage to the 

collecting surface.  As the charged polymer solution exits the spinneret, the surface 

tension of the emerging droplet is overcome by the electric force produced by the 

voltage difference, and a conical shape or Taylor cone results.  At the tip of this cone, a 

Figure 1.3.  Electrospinning scheme.  A polymer melt solution is fed through a 
charged spinneret via syringe pump.  A voltage difference between the spinneret 
and grounded collector produces a force that ejects micro- or nanofibers from the 
spinneret tip.  Image courtesy of [8]. 
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jet of liquid is ejected and continues to elongate and thin as the solvent evaporates.  It is 

deposited on the collector as a micro- or nanometer-sized fiber, i.e. microfiber or 

nanofiber.  As individual fibers continue to deposit onto the collector, they randomly 

entangle, as well as spot-bond with intersecting fibers due to the presence of residual 

solvent.  Ultimately, a cohesive membrane of overlapping, entangled/bonded fibers 

forms. The collector setup may be specific to the desired scaffold.  For instance, a long, 

thin, conductive cylinder may be attached to a spinning motor to ensure homogeneous 

deposition of fibers to create one or more uniformly-thick layers of a conduit. 

The electrospun fiber diameter can range from 2 nm to several microns.  Desired 

diameters within that range and morphologies can be obtained by varying the magnitude 

of electric field, solution flow rate, solution viscosity, solution concentration, and ambient 

conditions (Table 1.1) [1].   

Table 1.1.  Electrospinning parameters effect on fiber diameter and 
morphology.  Fiber diameter and morphology can be changed by varying solution 
properties, process settings, or ambient conditions.  Table courtesy of [1]. 
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Native ECM components have fiber diameters ranging from 0.5 μm to several 

micrometers and fibril diameters about 10-300 nm (Figure1.4) [4].  Thus, by utilizing the 

electrospinning process, individual, uniformly thick, polymer fibers can be produced to 

imitate the structure and scale of native ECM. 

Electrospun Scaffolds  

 Such resemblance of 

micro/nano-structure and -scale of 

native ECM components is 

convincing evidence that 

electrospinning is a superb method 

for creating customized biomimetic 

scaffolds that provide cells with a 

familiar physical environment for 

organization and migration. This 

mimicry also exposes a large 

surface area, which may be 

beneficial for cell attachment, as 

well as conjugation of biomolecules 

such as growth factors and ECM proteins. To further imitate the natural physical 

environment of cells, electrospun fiber constructs can be fabricated to obtain desired 

porosity and specific topography.  For instance, fibers can be electrospun into an aligned 

scaffold to facilitate axon growth, dermal wound healing, and angiogenesis [69-71].  

Thus, electrospun scaffolds are advantageous in that they may facilitate host cell 

penetration, support subsequent ECM remodeling, and ultimately promote tissue 

regeneration.   

Figure 1.4.  Cells embedded in extracellular 
matrix (ECM) fibrils.  ECM fibers and fibrils 
can have diameters ranging from 0.5 μm to 
several micrometers and about 10-300 nm, 
respectively.   Image courtesy of [5]. 
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Research in the past decade has produced electrospun scaffolds made of 

synthetic polymers as well as native ECM components and other natural material.  Table 

1.2 highlights the types of synthetic and natural materials used in electrospinning and 

their applications to date [1].   

Beyond mimicking the physical tissue environment, these types of scaffolds have 

been shown to support adhesion, proliferation, migration, and organization of many cell 

Table 1.2.  Synthetic and natural polymers used in electrospinning 
and their applications to date.  Table courtesy of [1]. 



18 
 

types, including vascular cells and mesenchymal stem cells (MSCs) [1, 72-77].   

The use of biocompatible, biodegradable synthetic polymers has maintained 

particular interest in the realm of electrospinning.  Poly(glycolide) (PGA), poly(l-lactide) 

(PLLA), poly(ε-caprolactone) (PCL), and their co-polymers can be easily configured to 

exhibit a wide range of mechanical strength and degradation rates by adjusting co-

polymer and/or blending ratios, making them excellent candidate scaffold materials for 

numerous tissue regenerative endeavors [65, 70, 71, 74, 78].  Moreover, these synthetic 

polymers have already been approved by the Food and Drug Administration (FDA) for 

such medical use as resorbable sutures, drug delivery vehicles, and dermal fillers.  

These materials degrade primarily via ester hydrolysis and their end products are non-

toxic, making them even more attractive candidate scaffold materials.  

 

CONTINUING THE QUEST 

 

 Thus, electrospinning of synthetic polymers has immense potential in producing 

ideal fibrous scaffolds for vascular regeneration [65, 69, 78-84].  These scaffolds can be 

produced to consist of fibers that mimic the porous micro- and nanostructure of collagen 

and elastin fibers and fibrils, the major native ECM components in the blood vessel wall.  

Moreover, particular polymers can be chosen as homopolymers or blends to imitate the 

mechanical strength of native vessels, as well as match degradation rates with tissue 

regeneration timelines.   

Matrix and mechanical mimicry address many of the limitations of previous 

vascular graft designs, but are not sufficient in preventing graft failure.  Like their 
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predecessors, new generations of vascular grafts must contain antithrombogenic 

scaffold surfaces.  This, too, can be accomplished with electrospun fibers, since they 

present a vast amount of surface area for the binding of such thrombosis-inhibiting 

entities as heparin or hirudin [65].    

Taken together, tissue engineering has immense potential for advancing vascular 

regenerative therapy by facilitating the design of an ideal, synthetic vascular graft that: 

mimics native extracellular matrix structure; is biocompatible, biodegradable, and 

bioactive; promotes cell infiltration, self-remodeling, and ultimate tissue regeneration; 

and is mechanically stable in vivo. 

 In the subsequent chapters, we continue our search for the ideal vascular graft 

by addressing the prevention of thrombosis, the enhancement of endothelialization, and 

the amplification of cell infiltration.  In Chapter 2, a novel, bio-inspired, antithrombogenic 

modification is applied to a novel, bilayered scaffold design to produce a vascular graft 

with superior patency.  Chapter 3 details the effects of topographical customization on 

electrospun vascular conduits and endothelial cell activity.  In Chapter 4, the effects of 

customized topography on remodeling potential are investigated.  In the concluding 

chapter, we summarize our findings and offer guidance for future endeavors in the quest 

for the ideal vascular graft. 
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CHAPTER 2 

Novel Bio-Inspired Vascular Graft Design – 

Antithrombogenic Modification of a Bilayered Scaffold 

 

 

“Polymer?  Like plastic?  Why can’t you just use a straw then… 
…how about a bendy straw?” 
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INTRODUCTION 

 

Currently, over a half million bypass procedures are performed annually to treat 

vascular diseases. An unmet need is the suitable small-diameter vascular graft. Small-

diameter synthetic vascular grafts made of poly(ethylene terephthalate), expanded 

poly(tetrafluoroethylene) (ePTFE) and polyurethane have high clogging rate due to 

thrombus formation; autologous grafts have lower failure rate, but suitable autologous 

veins or arteries are not always available for patients [1, 2].  Thus, much research has 

been focused on developing small-diameter vascular grafts with patency that can match 

or outperform that of transplanted native vessels.   

An ideal vascular graft should have characteristics including antithrombogenicity, 

resistance to rejection, mechanical compliance similar to native vessels, and capability 

of self-remodeling.  Researchers have attempted to address these ideal properties by 

developing tissue-engineered cellular vessels using vascular cells [3-6] as well as bone 

marrow cells [7-9]. Cellular grafts, albeit successful in exhibiting many of the same 

properties as autologous grafts, need a long period to fabricate and require significant 

amount of effort for storage, shipping, and handling.  To address this shortcoming, 

research in the past 20 years has employed decellularized native matrix as well as 

synthetic materials to develop vascular replacements [10-16]. Recently, many research 

groups have utilized electrospinning to produce fibrous scaffolds for vascular 

regeneration [9, 14, 17-23].  These scaffolds consist of fibers that mimic the porous 

micro- and nanostructure of collagen and elastin fibers, the major native extracellular 

matrix (ECM) components in the blood vessel wall.   

In addition to physical mimicry, there has been recent focus on tailoring 

mechanical properties of tissue engineered scaffolds, especially for cartilage and blood 
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vessel regeneration [24-29].  Here, we mimic the mechanical strength of native vessels 

by employing a novel bilayered, electrospun micro- and nanofibrous scaffold. 

Mechanical strength and matrix mimicry are not sufficient to prevent graft failure; 

the luminal surface must be made antithrombogenic, either by cell seeding or surface 

modification.  Heparin has been used extensively in vascular therapies because of its 

strong anticoagulant ability.  It has been shown to prevent thrombosis on synthetic 

surfaces and decellularized xenogeneic tissue [15, 30-33].  In addition, we have recently 

shown that immobilized heparin on electrospun nanofibers drastically improves graft 

patency, cell infiltration, and mechanical strength of vascular grafts after 1 month in vivo.   

Heparin is a highly-sulfated glycosaminoglycan (GAG) that is isolated from 

mammalian mucosal tissue for medical use.  Heparin sulfate GAGs are abundantly 

found on the surface of endothelial cells, acting as an anticoagulant that helps inhibit 

thrombin and other coagulation factor (Xa and IXa) activity in a healthy blood vessel.  

The endothelial cell monolayer, our bodies natural barrier between blood and tissue, 

exhibits on its surface the endothelial glycocalyx, a highly negatively charged gel coating 

predominately composed of glycoproteins and proteoglycans, including those containing 

heparin sulfate GAGs [34, 35].  This carbohydrate-rich layer has been shown to be a 

significant factor in the ability of endothelial cells to prevent non-specific protein and cell 

adhesion on the monolayer surface [35-37].  Thus, one potential solution to preventing 

thrombus formation, subsequent occlusion, and graft failure is to modify their surfaces so 

they mimic this passively protective coating.   

To accomplish such a modification, inspiration can be drawn from other 

protective surface coatings in the body.  For instance, epithelial cells in naturally harsh 

environments, such as the gastrointestinal tract, respiratory system, and urinary tract 
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rely on large, negatively-charged, heavily glycosylated proteins known as mucins for 

protection and selective transport [38].  These glycoproteins also have molecular 

weights ranging from 0.5 to 20 MDa and can be found in a secreted form (like in saliva 

or mucus) or bound to cell membranes.  The three-dimensional configuration of mucin is 

likened to a “bottle brush,” with the protein core “handle” consisting of a vast number of 

tandem repeats comprised of serine, threonine, and proline, to which numerous varieties 

of 0-linked and N-linked oligosaccharides attach and branch out to form the “brush”[39].   

Because of its structure, mucin increases surface hydrophilicity of epithelial 

tissue and suppresses non-specific plasma protein adsorption and non-specific cell 

adhesion [40].  Both non-specific binding events have been shown to occur on blood-

contacting synthetic surfaces, facilitating platelet adhesion, aggregation, and activation, 

and ultimately resulting in “surface-induced” thrombosis [41].  Because of its ability to 

naturally suppress these events, mucin has immense potential as a surface coating for 

synthetic biomaterials.  Recently, researchers have realized some of this potential in 

vitro.  Mucin has been shown to increase hydrophilicity of silicon- and poly(ethylene 

terephthalate)-based biomaterials [42, 43].  Furthermore, mucin has been shown to 

suppress bacterial adhesion, as well as neutrophil adhesion and activity – events which 

could lead to fouling and surface thrombosis [44-46].   

Despite this recent progress, however, it is yet to be shown how well mucin can 

protect synthetic biomaterials in vivo.  Here, we investigate the effects of mucin 

modification on vascular graft performance in vivo by applying it to our novel, bilayered, 

electrospun micro- and nanofibrous scaffold. 
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METHODS 

Note: All procedures involving animals were approved by the Institutional Review Board 

Service and Institutional Animal Care and Use Committee at the University of California, 

San Francisco and the Research Administration and Compliance Office and Animal 

Care and Use Committee at University of California, Berkeley. 

 

Electrospinning of Bilayered, Micro-/Nanofibrous Vascular Graft Scaffold 

 Poly(L-lactide) (PLLA) (Lactel Absorbable Polymers, Pelham, AL, 1.09 dL/g 

inherent viscosity) was dissolved in 1,1,1,3,3-hexafluoro-2-propanol (HFIP) via 

sonication for 30 minutes or until all of the PLLA crystals were completely dissolved, 

resulting in 19% (w/v) solution.  A second polymer blend solution (henceforth referred to 

as PLCG+CL solution) consisting of 10% (w/v) poly(L-lactide-co-caprolactone-co-

glycolide) (PLCG) (Sigma Aldrich, St. Louis, MO) and 5% poly(ε-caprolactone) (PCL) 

(Sigma Aldrich) in HFIP was similarly prepared via sonication.  Electrospinning was done 

as previously described [14], with modifications made to spin the PLLA and PLCG+CL 

solutions consecutively onto the same collecting mandrel.  Briefly, a voltage of 12 

kilovolts (kV) was applied via high voltage generator (Gamma High Voltage, Ormond 

Beach, FL) to a spinneret that was aimed at a grounded, rotating stainless steel mandrel 

(1 mm diameter; 150 revolutions per minute).  Electrospinning of the PLLA solution was 

performed first and continued until scaffold wall thickness reached approximately 50 µm.  

Electrospinning of the PLCG+CL solution was started immediately after onto the same 

collecting mandrel and continued until total scaffold wall thickness reached 

approximately 100 µm.  The resulting scaffold was then removed from the mandrel and 

placed into a vacuum desiccator for 24 hours to remove any residual HFIP.  Bulk 
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scaffold and fiber quality and dimensions were inspected using a Hitachi TM-1000 

Scanning Electron Microscope (SEM).  The bulk scaffold was cut into 7 mm length 

segments, sterilized in 70% ethanol under germicidal ultra-violet light for 30 minutes, and 

washed five times with sterile, deionized water.  

 

Chemical Modification of Bilayered Electrospun Vascular Graft Scaffold 

 Mucin modification of electrospun scaffolds was accomplished in two ways: 1) 

passive adsorption by submersing and rotating in 0.1% (w/v) solution of bovine 

submaxillary mucin (BSM, henceforth referred to as mucin) (Sigma Aldrich) in 2x 

phosphate buffered saline (PBS); and 2) conjugation using 1-ethyl-3-(3 

dimethylaminopropyl) carbodiimide hydrochloride (EDC) and N-hydroxysulfosuccinimide 

(sulfo-NHS) (Pierce Biotechnology, Rockford, IL) with di-amino-poly(ethylene glycol) 

(PEG) as a linker, as used previously with other proteins [47].  In addition to untreated 

control grafts, a control group of scaffolds was also PEGylated, using EDC and sulfo-

NHS to conjugate PEG only to the electrospun fibers.   

 

Alcian Blue Binding Assay for Mucin Verification 

The presence of mucin on scaffolds was verified via alcian blue binding assay 

(Sigma Aldrich) as described previously [48].  Briefly, untreated, PEGylated, mucin-

adsorbed (MUC), and mucin-conjugated (PEG-MUC) scaffolds were placed in 0.00015% 

alcian blue solution in 7% acetic acid for 30 minutes at room temperature.  The solution 

for each sample was then extracted, placed in fresh centrifuge tubes, and centrifuged at 

10,000 rpm for 5 minutes.  The absorbance of each resulting supernatant was measured 
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at 600 nm using a spectrophotometer (BioRad, Model 550).  The amount of dye bound 

to each scaffold was taken as the difference between the absorbance of their 

supernatant and that of the alcian blue solution alone and thus reported as 

ΔAbsorbance.  A higher ΔAbsorbance correlated to more mucin on the scaffold. 

 

Stability of Mucin Modifications under Physiological Arterial Conditions 

 PEG-MUC and MUC PLLA microfibrous membranes, as well as untreated and 

PEGylated controls were immobilized onto one plate of a custom-made, parallel-plate, 

laminar flow chamber.  They were then subject to 24 dynes/cm2 shear stress produced 

by flow of PBS for 48 h.  The flow chambers were kept in a humidified incubator at 37°C 

and supplemented with 5% CO2 throughout the entire flow duration.  After the 48 h flow 

period, relative mucin amounts were detected using the alcian blue binding assay.  

These readings were compared to pre-flow readings, as well as readings taken for static 

controls at 0 h and 48 h.  

 

Antithrombogenic Activity of Mucin-Modified Scaffolds 

Blood Plasma Protein Adsorption Assay of Mucin-Modified Scaffolds 

The amount of blood plasma protein adsorbed onto PEG-MUC and MUC PLLA 

microfibrous scaffolds as compared to untreated and PEGylated controls was 

determined by using plasma isolated from athymic rat blood (homozygous Cr:NIH-RNU 

rats, National Cancer Institute).  First, rat blood was drawn from the heart immediately 

prior to sacrifice into collection tubes containing ACD Solution A (BD, Franklin Lakes, 

NJ) to prevent coagulation.  The collected blood was then centrifuged at 2500g at 4°C 
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for 10 min and plasma subsequently separated into fresh tubes.  Scaffold samples were 

immersed in equal amounts of plasma and allowed to rotate on an active end-to-end 

rotator in 37°C for 60 min.  Non-plasma treated controls were also incubated under the 

same conditions for 60 min in PBS.  Afterward incubation, samples were washed once 

with deionized water for 1 min and then air-dried overnight.  Plasma protein content was 

measured using X-ray photoelectron spectroscopy (XPS), as previously described [49].  

A spectrometer without charge neutralization or monochromator (Perkin-Elmer PHI 5400 

ESCA) equipped with Al-Kα X-ray source of photon energy equal to 1486.6 eV was 

used.  The take-off angle relative to the analyzer axis was fixed at 54.7º.  During spectral 

acquisition, the pressure in the main chamber was maintained at approximately 10–7 

Torr.  Survey spectra were acquired in the binding energy range of 0-1100 eV with pass 

energy of 178.95 eV.  Corresponding atomic concentrations of component elements 

were determined using AugerScan software (Version 3.21, RBD Enterprises, Inc., Bend, 

OR).  XPS was performed after scaffolds where chemically modified (if applicable) and 

after incubation with isolated plasma modification to more accurately compare samples.   

 

Mucin Solution Effect on Blood Coagulation Time In Vitro 

 The effect of mucin solution on blood coagulation time was tested in vitro using 

modified methods previously described [50].  Briefly, microhematocrit glass capillaries 

(BD) were loaded via capillary action with 2.5 µL of different concentrations of mucin, di-

amino-PEG, and heparin salt (Sigma Aldrich) solutions in PBS.  Immediately prior to 

sacrifice, blood was collected into each solution-loaded capillary tube from the punctured 

carotid artery of athymic rats by placing the loaded opening of the tube directly adjacent 

to the puncture site.  Enough blood was drawn into the tube such that the final volume in 

each capillary was 25 µL, as measured by premade markings on the side of each 
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capillary.  The chronometer was started at the time of contact between the blood and 

capillary tube.  Immediately after blood draw, the tubes were rotated slowly to allow the 

blood to flow within a 45 mm length marked on each tube.  Time was stopped and 

recorded once the blood stopped flowing within the capillary tube. 

 

Platelet Adhesion Assay 

 Whole rat blood was drawn from the athymic rat heart immediately prior to 

sacrifice into collection tubes containing ACD Solution A (BD) to prevent coagulation.  

Untreated, PEGylated, PEG-MUC, and MUC PLLA microfibrous membranes were 

immersed in equal amounts of blood and kept in 37°C for 2 h.  Samples were then 

analyzed via SEM and immunofluorescence staining using anti-rat CD41 antibody 

(Santa Cruz Biotechnology, Inc., Santa Cruz, CA).  Positive immunofluorescent antibody 

staining was tallied for each treatment sample and compared.  Platelets on the scaffolds 

were imaged using a Hitachi TM-1000 Scanning Electron Microscope (SEM). 

 

In Vivo Efficacy – Small Animal Studies 

 Adult female athymic rats (8 weeks, 200 ± 20 g) were anesthetized with 2.0% 

isoflurane, placed in the supine position, and had a vascular graft sutured end-to-end to 

the ligated left common carotid artery (CCA).  No heparin or other anti-coagulant was 

used at any time during these animal studies.  After 1 month post-operative procedure, 

the rats were euthanized via CO2 asphyxiation followed by bilateral thoracotomy, and the 

vascular grafts were explanted and washed with saline to remove remaining blood.  

 



33 
 

Mechanical Testing 

 Freshly explanted native rat common carotid arteries, preimplanted grafts, and 

freshly explanted vascular grafts were cut so that 2 mm long segments could be 

mounted onto and uniaxially loaded by an Instron mechanical testing machine.  The 

stress-strain curve was obtained for each sample using the accompanying Bluehill 

software.  The elastic modulus was calculated from the linear portion of the stress-strain 

curve acquired for each graft.    

 

Histological Analysis 

 Samples were cryopreserved at -20ºC in Optimal Cutting Temperature (OCT) 

compound (TissueTek, Elkhart, IN) and subsequently cryosectioned at 10 µm 

thicknesses in the cross-sectional plane of the grafts.  Immunohistochemical staining 

was performed to analyze the presence of CD31 (BD Biosciences, San Jose, CA) and 

smooth muscle-myosin heavy chain (SM-MHC) (Santa Cruz Biotechnology), as well as 

collagen and elastin (via Verhoeff staining) and proliferation marker, Ki67 (Abcam, 

Cambridge, MA) in the tissue sections.  Hematoxylin and Eosin (H&E) and DAPI nuclear 

stains were also performed to visualize cell presence within the graft sections.  Images 

of all aforementioned stains were captured with a Zeiss Axioskop 2 MOT microscope. 

 

En Face Immunofluorescence Staining to Visualize Endothelialization 

Freshly explanted grafts were cut longitudinally to expose the luminal surface, 

fixed with 4% paraformaldehyde for 1h, and soaked in 30% sucrose in PBS overnight.  

These samples were then washed with PBS, blocked and permeabilized with 5% normal 
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goat serum containing 0.1% Triton X-100, and stained using anti-rat CD31 antibody (BD 

Biosciences) and Alexa-Fluor 488 secondary antibody (Invitrogen, Carlsbad, CA).  

Images of the stained luminal surface were captured using a Zeiss LSM510 Meta 

confocal microscope.   

 

RESULTS 

 

Electrospinning of Bilayered Fibrous Grafts that Mimic Native Matrix Fiber 

Structure and Mechanical Strength 

 We successfully made nonwoven, micro-/nanofibrous, bilayered conduits that 

were suitable for use as vascular graft scaffolds (Figure 2.1A).  Our design incorporated 

two different polymer solutions – PLLA for the luminal layer and PLCG+CL for the outer 

layer.  Their electrospun products exhibited a structure similar to native matrix, marked 

by the fiber morphology and high porosity (Figure 2.1B and C).  The average diameter of 

the PLLA fibers (Figure 2.1B) and PLCG+CL fibers (Figure 2.1C) was approximately 1.5 

µm and 800 nm, respectively.  PLLA was chosen for the luminal layer because of its 

easily customizable and reproducible electrospun products, as well as its well-

characterized and highly consistent chemical modification [14, 47, 51].  PLCG+CL was 

utilized because of its mechanical properties.  Scaffolds containing PLCG+CL exhibited 

elastic moduli about three to four times as great as PLLA scaffolds alone, which on 

average exhibited an elastic modulus of 3.5 MPa [14].  Since the average elastic 

modulus of the native CCA was 12.6 ± 2.2 MPa, PLCG+CL was the ideal choice for the 

mechanically-supportive outer layer of our graft design.  The utilization of PLCG+CL as 
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such resulted in a scaffold that matched the average elastic modulus (Figure 2.1D) and 

stress-strain behavior of the athymic rat CCA (Figure 2.1E).  The average elastic 

modulus of the bilayered electrospun graft was 12.8 ± 2.5 MPa. 

Figure 2.1.  Structure and mechanical behavior of bilayered electrospun 
vascular grafts.  (A) SEM image of the bilayered electrospun vascular graft. 
Scale bar = 500 µm. (B) and (C) SEM images of the highly porous surface of the 
PLLA microfibrous layer and PLCG+CL nanofibrous layer, respectively.  Scale 
bars for (B) and (C) = 50 µm.  (D) Average elastic modulus of the rat CCA was 
similar to that of our bilayered vascular graft (n=6).  (E) Representative stress-
strain curves of bilayered vascular graft (“VG”, blue line) and native CCA 
(“Native”, red line) exhibit similar mechanical behavior. 
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Mucin Modification of Bilayered Electrospun Vascular Graft Scaffolds 

 The conjugation scheme is shown in Figure 2.2A.  Successful mucin modification 

was verified via alcian blue binding assay (Figure 2.2B).  Increasing mucin 

concentrations were used for both passive adsorption and conjugation schemes until a 

saturation point was reached based on alcian blue binding assay.  This saturation 

corresponded to a mucin solution of 0.1% (w/v) for both schemes (data not shown).  

According to the alcian blue binding assay, despite using a saturated concentration, 

more mucin is adsorbed than conjugated to the same type of surface.  There is also a 

small amount of alcian blue binding to untreated and PEGylated grafts, which may be 

considered as background. 

Figure 2.2.  Mucin modification.  (A) Schematic of mucin conjugation to a fiber 
via PEG linker.  (B) Verification of mucin modifications using the alcian blue 
binding assay.  After incubation with alcian blue solution, the amount of dye 
bound to each scaffold was calculated as the difference between the 
absorbance of their supernatant and that of the alcian blue solution alone 
(reported here as ΔAbsorbance).  Higher ΔAbsorbance correlated to more mucin 
on the scaffold.  Despite using the same amount, more mucin is adsorbed than 
conjugated.  * p<0.05 based on Holm’s t-Test, n=3. 
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Mucin Remained Conjugated, but not Adsorbed to PLLA Microfibrous 

Membranes after Experiencing Physiological Arterial Conditions 

 After 48 h in 37°C, whether physiological flow was present or not, the quantity of 

mucin adsorbed to the PLLA microfibrous membranes decreased significantly, but some 

still remained.  On the other hand, mucin conjugated to PLLA remained stably attached 

(Figure 2.3). 

 

 

Figure 2.3.  Stability of mucin modifications.  Adsorbed mucin content was 
removed from the PLLA membrane after 48 h in 37°C, regardless of the presence 
of physiological shear stress.  Conjugated mucin remained stable.  * p<0.05 based 
on Holm’s t-Test, n=3. 
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Primary Mode of Antithrombogenicity of Mucin-Modified Scaffolds is the 

Suppression of Platelet Adhesion 

No Statistical Difference in Plasma Protein Adsorption onto Mucin-Modified 

Scaffolds 

To determine the difference in blood plasma protein adsorbed to each sample 

membrane, nitrogen was considered as the indicator for plasma protein adsorbed, as it 

had no signal on unmodified PLLA membranes.  To account for the mucin modifications, 

nitrogen (N 1s) concentration was determined prior to scaffold incubation with isolated 

blood plasma.  Non-plasma treated controls immersed in PBS under the same 

incubation conditions did not show a change in baseline N 1s content.  Thus, the 

difference between the N 1s concentration pre- and post-incubation correlated with the 

amount of protein adsorbed.  Although differences in the average amount of plasma 

protein adsorbed were observed, they were not statistically significant (Figure 2.4). 

 

Anticoagulant Activity of Mucin 

 Increasing concentration of mucin in PBS correlated with an increase in rat blood 

coagulation time, albeit not as strongly as increased heparin solution concentration.  Di-

amino-PEG solution showed less anticoagulant activity then both mucin and heparin 

(Figure 2.5).  The anticoagulant activity of mucin peaked at 1mg/mL or 0.1% (w/v), which 

correlates to the mucin concentration that saturated treated scaffolds previously 

established via alcian blue binding assay.  
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Figure 2.5.  Anticoagulant activity of mucin in PBS solution.  Mucin (blue) 
showed some anticoagulant activity in PBS solution, albeit not as much as heparin 
(green).  Di-amino-PEG solution (purple) showed the least anticoagulant activity of 
the three (n=3 for each solution concentration). 

Figure 2.4.  Blood plasma protein adsorption assay.  There was no statistically 
significant difference in blood plasma protein adsorption among the scaffold 
treatment groups. (n=3) 
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Mucin-Modified Scaffolds Significantly Reduced the Adherence of Platelets 

 To determine the effect of mucin modification on platelet activity, untreated, 

PEGylated, PEG-MUC, and MUC PLLA microfibrous membranes were incubated with 

whole rat blood.  Mucin modification significantly decreased the ability of rat platelets to 

adhere to the membranes (Figure 2.6A).  Additionally, PEGylated membranes showed 

reduced platelet adhesion as expected.  Statistically, modification with PEG alone, as 

well as in combination with mucin showed the best ability to prevent platelet adhesion.  

Such a reduction could aid in the success of graft scaffolds modified by PEG, mucin, or 

both by preventing platelet adhesion/activation and subsequent thrombus-related failure.   

Figure 2.6B through E show representative SEM images of platelets on 

untreated, PEGylated, PEG-MUC, and MUC PLLA microfibrous membranes, 

respectively.  It is evident that more activated platelets, as seen by their spiky 

protrusions, are present on and within the untreated membranes.   

 

Mucin-Conjugated Grafts Significantly Improved Patency Rates In Vivo 

 Patency for untreated, PEGylated, MUC, and PEG-MUC bilayered grafts was 

determined after 1 month post-implantation.  This was accomplished by confirming 

unobstructed blood flow through the graft into the distally-attached native CCA prior to 

explantation.  After 1 month in athymic rats, 4 out of 6 (66.7%) untreated grafts were 

patent, 4 of 6 (66.7%) PEGylated grafts were patent, 4 of 6 (66.7%) MUC grafts were 

patent, and 9 out of 9 (100%) PEG-MUC grafts were patent.  
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Figure 2.6.  Platelet adhesion is reduced by mucin-modification of PLLA 
microfibrous scaffolds.  (A) Mucin-adsorbed (MUC), mucin-conjugated (PEG-
MUC), and PEGylated (PEG) PLLA scaffolds all exhibited significantly less platelet 
adhesion than untreated samples.  * p<0.05 based on Holm’s t-Test, n=3. (B) – (E) 
Representative SEM images of platelets adhered to (B) untreated, (C) PEG, (D) 
PEG-MUC, and (E) MUC PLLA scaffolds.  Scale bar = 10 µm. 
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Bilayered Graft Maintains Mechanical Strength after One Month In Vivo 

 To determine whether the mechanical strength of our modified grafts was 

affected in vivo, we performed mechanical tests on rings of the explanted grafts and 

compared their average elastic moduli to each other, as well as to the average elastic 

modulus of pre-implanted grafts. There was no statistical difference in average elastic 

modulus between each treatment group 1 month post-implantation.  In addition, there 

was no statistically significant difference between the average elastic modulus of each 

treatment group before implantation and after 1 month postoperative procedure. As 

mentioned previously, the elastic modulus of the grafts before implantation was about 

12.8 ± 2.5 MPa. After 1 month, the elastic moduli of implanted grafts were: 11.3 ± 0.7 

MPa (untreated), 12.4 ± 0.3 MPa (PEG), 13.1 ± 0.6 MPa (PEG-MUC), and 12.3 ± 0.8 

MPa (MUC). 

 

Neo-tissue Formation and Cell Infiltration 

 The histological results of the patent grafts of the four groups (untreated, 

PEGylated, PEG-MUC, and MUC) showed very interesting similarities and trends.  For 

the patent grafts, the minimal thrombosis and/or intimal hyperplasia were consistent 

throughout each group after 1 month (Figures 2.7 and 2.9).  The H&E stain indicated 

that neo-tissues form around the vascular grafts (Figure 2.7A, D, G, and J), while the 

Verhoeff stains confirmed the presence of collagen and elastin in that neo-tissue (Figure 

2.7B, E, H and K).   

 To clearly show cell distribution in the grafts, cell nuclei were stained by DAPI 

(Figure 2.7C, F, I, and L).  Cell infiltration had occurred by 1 month, but to different  
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Figure 2.7.  Cross sections of the explanted grafts.  (A, B, C) Untreated grafts, 
(D, E, F) PEGylated grafts, (G, H, I) PEG-MUC grafts, and (J, K, L) MUC grafts at 1 
month post-implantation.  H&E staining (A, D, G, J) showed the patency of the graft 
and neo-tissue formation.  Verhoeff staining (B, E, H, K) confirmed the deposition 
of collagen (pink) and elastin (black).  DAPI staining (C, F, I, L) verified cell 
infiltration and distribution.  White dotted lines indicate neo-tissue/PLCG+CL 
border.  Red dotted lines indicate PLCG+CL/PLLA border.  In all images, right side 
= luminal side.  Both scale bars = 100 µm. 
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extents in each treatment group and was limited to the luminal layer.  PEG-MUC grafts 

promoted the most cell infiltration.  MUC grafts promoted some cell infiltration, but not as 

much as PEG-MUC grafts.  PEGylated and untreated grafts had a minimal amount of 

cell infiltration.  Ki67 staining of all tissue sections was negative, demonstrating the cells 

present within the graft walls at 1 month were not proliferative.   

 

Endothelialization and Smooth Muscle Cell (SMC) Organization  

  After one month, complete endothelialization was observed on the luminal 

surface of the patent grafts from all four groups (Figures 2.8 and 2.9A, C, E, and G).  

SMC staining showed that SMCs were the major cell type in neo-tissues around the 

grafts (Figure 2.9B, D, F, and H).   

  

Figure 2.8.  Complete 
endothelialization of grafts at 1 
month post-implantation.  
Representative image of en face 
immunofluorescence staining of 
CD31.   Endothelial monolayer 
formation succeeded on all patent 
graft lumen.  Scale bar = 100 µm. 
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DISCUSSION 

 

 In this study, we 

developed a bilayered, 

electrospun small-diameter 

vascular scaffold that exhibited 

excellent performance when 

chemically modified with 

mucin.  These modified 

acellular grafts showed 

superior patency rate and 

promising cell infiltration after 

1 month in vivo. 

In addition, our graft 

scaffold design, which 

incorporated two different 

polymer solutions, minimized 

mechanical compliance 

mismatch for 1 month, in vivo.  

This maintenance in strength 

could improve long-term graft 

success. 

As hypothesized, 

mucin showed prevention of 

Figure 2.9.  Endothelialization and SMCs in 
implanted vascular grafts after 1 month. ECs 
were stained by using CD31 antibody (blue 
arrows and dark brown stain in A, C, E, G).  
SMCs were stained by using SM-MHC antibody 
(black arrows and dark brown stain in B, D, F, H).  
Purple dotted lines indicate neo-tissue/PLCG+CL 
border.  Red dotted lines indicate 
PLCG+CL/PLLA border.  In all images, right side 
= luminal side.  Scale bar = 100 µm. 
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thrombosis and occlusion when conjugated to a synthetic surface.  In vitro assessment 

of the mucin-modified scaffold determined that this antithrombogenic activity was 

primarily due to the ability of mucin to suppress platelet adhesion.  Although we 

observed no statistically significant advantage of mucin-modification in preventing blood 

plasma protein adsorption in vitro, it might still be the case in vivo, where the 

environment could be more discriminating.  This would then likely explain the prevention 

of platelet adhesion and correlated suppression of surface thrombosis, as previously 

suggested [40].   

 The mere presence of mucin, however, was shown to be insufficient in vivo.  

Physiological shear stress and increased temperature (from room temperature to body 

temperature) eventually proved detrimental to the ability of mucin to remain adsorbed to 

our scaffolds, which could explain the discrepancy in patency rate between adsorbed-

mucin grafts and conjugated-mucin grafts.  There is no doubt that the PEG linker present 

in the conjugated mucin grafts aided in its 100% patency rate. We had shown that its 

ability to prevent platelet adhesion exceeded that of mucin alone.  However, the fact that 

PEGylated grafts did not show a patency rate as good as or better than conjugated-

mucin grafts suggests other factors contributed to this success in vivo.  Evidence 

provided by our mucin stability assay suggests immobilization was the key reason 

conjugated-mucin grafts were so successful after 1 month in vivo.  This is logical 

considering the protective role mucin plays in epithelial tissue – constant protection 

necessitates the stable and constant presence of mucin.   

Additionally, mucin appeared to provide an advantage in promoting cell infiltration 

into the graft.  This event might be explained by the possible role of mucin as a selective 

transporter.  It has been hypothesized that mucin controls the environment surrounding 

epithelial cells by “molecular discrimination” via stoichiometric flexibility [38].  Hence, it is 
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possible that through similar “molecular discrimination” mucin might be making the 

environment within the graft walls more favorable for cells, thus inducing migration into 

the scaffold.  It is also possible that mucin attracted more water into the scaffold by 

either making the graft more hydrophilic or because of the glycoprotein’s inherent 

negative charge.  This could subsequently cause some swelling, which would 

consequently increase the porosity of the scaffold such that cells could more easily 

infiltrate into it.  Furthermore, although the grafts were shown to be negative for 

proliferative cells after 1 month, it might be possible that proliferative cells penetrated the 

graft earlier but terminally differentiated by 1 month.  Thus, elucidating the cause of an 

increase in cellular population into the scaffold would be valuable, since such an 

increase could promote quicker remodeling and faster tissue regeneration. 

Electrospinning of materials like PLLA and PLCG+CL increases surface-to-area 

ratio and porosity of scaffolds, allowing for an increase in cellular infiltration and 

remodeling in vivo.  Mucin magnifies this advantage of electrospun scaffolds perhaps via 

its role as a protector, selective transporter, and wound healing promoter.  Our bilayered 

electrospun graft design supplies slowly degrading scaffolds that can provide sufficient 

mechanical stability to allow for regeneration of ultimately self-supporting native vessels.  

However, cell infiltration was observed solely in the luminal layer of our bilayered graft.  

For complete vessel regeneration to succeed, cell infiltration must occur throughout the 

thickness of the entire graft.  Thus, it would be beneficial to increase the porosity of the 

outer layer to facilitate cell infiltration into the whole graft.  When doing so, however, the 

effects on the grafts mechanical behavior should be kept under consideration. 

These results suggest that mucin conjugated to electrospun fibrous scaffolds 

may result in superior vascular grafts to other previously reported chemically modified 

scaffolds.  Previous research has shown the improved patency of matrix mimicking, 
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electrospun microfibrous scaffolds when modified by the potent thrombin inhibitor hirudin 

[14].  However, the cell infiltration exhibited after 1-month did not appear to be as 

extensive as we observed in our mucin-modified grafts after 1-month.  In addition, 

mechanical compliance mismatch may have been a factor in the failure of some of the 

hirudin-modified grafts.  Such a mismatch may induce a change in hemodynamics that 

may make the scaffold more prone to occlusion via thrombosis.  It will be interesting to 

directly compare these two grafts’ patency rates and cell infiltration in long-term studies, 

as well as their cell infiltration rates in vitro.  It will also be interesting to determine if 

hirudin-modification of our bilayered scaffold design would increase the patency rates 

previously reported. 

Although mucin-coating has already been shown to improve surface 

biocompatibility in vitro [40, 42-46], we have been able to realize its potential in vivo by 

using it in combination with a bilayered electrospun scaffold, in which mucin is 

immobilized onto micro- and nanofibers on the surface and in the wall of the grafts.  It 

will be valuable to observe the performance of mucin-conjugated vascular grafts in 

longer term studies, i.e. 6 months, 1 year, and beyond, as well as in other animal 

models.  Our reported results can only detail mucin-modification effects within athymic 

rats for 1 month. 

 It will also be beneficial to investigate how the organization of the micro-

/nanofibers, e.g. alignment of electrospun fibers, can contribute to endothelialization, cell 

infiltration, vascular graft patency, and native blood vessel regeneration, since it has 

already been shown to improve dermal wound healing in conjunction with heparin 

coating [47]. 
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The use of synthetic, biocompatible, bioabsorbable materials like PLLA and 

PLCG+CL to produce matrix-mimicking micro-/nanofibrous scaffolds not only addresses 

mechanical stability and graft remodeling issues, but also the immunogenic and ethical 

concerns associated with decellularized xenogeneic tissue-based grafts.  Furthermore, 

the electrospinning process has the potential to reproducibly scale up the fabrication of 

high quality vascular grafts.  Chemical conjugation with mucin can be performed quickly 

and easily to provide a stable antithrombogenic surface.  Taken together, mucin-

conjugated, small diameter vascular grafts may provide a superior off-the-shelf option for 

bypass procedures. 
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CHAPTER 3 

Effects of Bio-Inspired Topographical Customization of 

Vascular Grafts on Endothelialization and Patency 

 

 

“Single file – that’s our style!” 
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INTRODUCTION 

 

In the quest to develop the ideal vascular conduit, much effort has been focused 

on modifying the blood-contacting surfaces of grafts to be antithrombogenic in order to 

minimize post-implantation failure resulting from thrombosis or intimal hyperplasia.  

Antithrombogenicity of vascular grafts may be accomplished chemically or via 

preseeding of endothelial or mesenchymal stem cells [1-12].  Previously, however, many 

strategies employed to prevent immediate rejection proved incapable of promoting 

consistent, long term success [13-16].  To this end, vascular therapy research has 

concentrated on promoting native cell and tissue in-growth, especially the native 

endothelium.  Endothelial cells (ECs) are the main regulators of native vascular wound 

healing who minimize thrombosis, intimal hyperplasia, and subsequent vessel occlusion.  

Thus, a major objective of vascular graft therapy is to promote the complete 

endothelialization of the graft lumen [9, 17-20].   

The endothelialization of small-diameter vascular grafts has been shown to be 

predominately a result of in-growth from the anastomoses [21].  Transmural migration 

and deposition of circulating ECs, their progenitors, and other stem cells have also been 

implicated in the endothelialization process, albeit to a much lesser degree [18, 21].  

Thus, by developing a scaffold that accelerates EC migration from the anastomoses, 

enhanced endothelialization may be realized.   

To accomplish this, design inspiration can be drawn from the native vessel.  

More specifically, mimicking the micro- and nanostructure of collagen and elastin fibers, 

the major native extracellular matrix (ECM) components in the blood vessel wall, may 

prove successful in accelerating the reformation of the endothelium by providing ECs 

with a familiar physical environment.  Mimicry of the physical matrix may be 
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accomplished by electrospinning.   

Electrospinning has tremendous potential for tissue engineering applications 

because it provides the means to controllably produce and pattern nonwoven scaffolds 

consisting of micro- and nanometer-sized fibers [22-28].  Such fibers give scaffolds a 

large surface area to volume ratio, providing more area to promote cellular activity.  

Recently, numerous research groups have utilized electrospinning to produce fibrous 

scaffolds from natural and synthetic polymers that not only resemble the physical 

components of native tissue, but also support adhesion, proliferation, migration, and 

organization of many cell types, including vascular cells and mesenchymal stem cells 

(MSCs) [12, 22, 25, 29-41].   

Within the endeavor to mimic the structure of ECM, there has been recent 

particular focus on tailoring topographical features of tissue-engineered scaffolds to 

more accurately resemble native tissue.  This has been driven by the fact that the 

majority of natural tissue has a well-defined and ordered architecture [42], as well as the 

well-established notion that surface microstructure can greatly affect cellular activity [43-

46].  Recent studies have elucidated the effect of nanofiber patterning on the 

organization of cells and cellular activity [12, 35, 47-51], but the effects of customized 

nano-/microtopography on cell migration and vascular endothelialization has not yet 

been fully investigated.  Here, we develop a method to customize the luminal topography 

of our previously reported bilayered, electrospun micro- and nano-fibrous tubular 

scaffold.  We then examine the effects of this customization on the in vivo performance 

of this scaffold as a vascular graft.  Specifically, the effects of this microtopographical 

customization on endothelialization are investigated. 
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METHODS 

Note: All procedures involving animals were approved by the Institutional Review Board 

Service and Institutional Animal Care and Use Committee at the University of California, 

San Francisco and the Research Administration and Compliance Office and Animal 

Care and Use Committee at University of California, Berkeley. 

 

Electrospinning of Bilayered, Micro-/Nanofibrous Vascular Graft Scaffold 

with Random, Longitudinal, and Circumferential Alignment of the Lumen 

 Poly(L-lactide) (PLLA) (Lactel Absorbable Polymers, Pelham, AL, 1.09 dL/g 

inherent viscosity) was dissolved in 1,1,1,3,3-hexafluoro-2-propanol (HFIP) via 

sonication for 30 minutes or until all of the PLLA crystals were completely dissolved, 

resulting in 19% (w/v) solution.  A second polymer blend solution (henceforth referred to 

as PLCG+CL solution) consisting of 10% (w/v) poly(L-lactide-co-caprolactone-co-

glycolide) (PLCG) (Sigma Aldrich, St. Louis, MO) and 5% poly(ε-caprolactone) (PCL) 

(Sigma Aldrich) in HFIP was similarly prepared via sonication.   

Electrospinning of grafts with random luminal alignment was done as previously 

described [36], with modifications made to spin the PLLA and PLCG+CL solutions 

consecutively onto the same collecting mandrel.  Briefly, a voltage of 12 kilovolts (kV) 

was applied via high voltage generator (Gamma High Voltage, Ormond Beach, FL) to a 

spinneret that was aimed at a grounded, rotating stainless steel mandrel (1 mm 

diameter; 150 revolutions per minute).  Electrospinning of the PLLA solution was 

performed first and continued until scaffold wall thickness reached approximately 50 µm.  

Electrospinning of the PLCG+CL solution was started immediately after onto the same 
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collecting mandrel and continued until total scaffold wall thickness reached 

approximately 100 µm.   

Electrospinning of grafts with longitudinal alignment of the lumen required a 

slightly modified setup (Figure 3.1A).  Briefly, a voltage of 12 kV was applied to a 

spinneret aimed at a grounded, rotating stainless steel mandrel insulated with a thin-wall 

PTFE tube (1 mm diameter, insulation included; 12 revolutions per minute).  

Electrospinning of the PLLA solution was performed first until scaffold wall thickness 

reached approximately 50 µm and electrospinning of the PLCG+CL was started 

immediately after onto the same collecting mandrel until total scaffold wall thickness 

reached approximately 100 µm. 

Electrospinning of the circumferentially aligned lumen was achieved by additional 

modification to the longitudinal spinning setup (Figure 3.1B).  Briefly, a voltage of 12 kV 

was applied to a spinneret aimed at a grounded, rotating stainless steel mandrel 

insulated with a thin-wall PTFE tube (1 mm diameter, insulation included; 800 

revolutions per minute).  This time, the insulated mandrel was flanked equidistantly on 

top and bottom by two, grounded, stationary, and bare stainless steel mandrels.  

Electrospinning of the PLLA solution was performed first until scaffold wall thickness 

reached approximately 50 µm and electrospinning of the PLCG+CL was started 

immediately after onto the same collecting mandrel until total scaffold wall thickness 

reached approximately 100 µm. 

After each electrospinning process was complete, the resulting scaffold was then 

removed from the mandrel and placed into a vacuum desiccator for 24 hours to remove 

any residual HFIP.  Bulk scaffold and fiber quality and dimensions were inspected using 

a Hitachi TM-1000 Scanning Electron Microscope (SEM).  The bulk scaffold was cut into 
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7 mm length segments, sterilized in 70% ethanol under germicidal ultra-violet light for 30 

minutes, and washed five times with sterile, deionized water.  

Figure 3.1.  Electrospinning setup for aligned lumen.  SEM images and 
corresponding schematic setup for electrospinning (A) longitudinally aligned and 
(B) circumferentially aligned vascular grafts lumen.  Both scale bars = 50 µm.  
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Chemical Modification of Membranes and Bilayered Electrospun Vascular 

Graft Scaffold 

 To minimize vascular graft failure due to platelet activity, each scaffold was 

subsequently PEGylated, using 1-ethyl-3-(3 dimethylaminopropyl) carbodiimide 

hydrochloride (EDC) and N-hydroxysulfosuccinimide (sulfo-NHS) (Pierce Biotechnology, 

Rockford, IL) to conjugate di-amino-poly(ethylene glycol) (PEG) only to the fibers, as 

previously described [48].  To remain consistent and facilitate cell seeding by increasing 

hydrophilicity, membranes used for in vitro studies were PEGylated in the same manner. 

 

Bovine Aortic Endothelial Cell Culture 

 Bovine aortic endothelial cells (BAECs) were isolated from bovine aorta via 

collagenase digestion or by mechanical denudation as previously described [52].  Unless 

otherwise stated, all cells used for this study were maintained in culture media consisting 

of Dulbecco’s Modified Eagle Medium (DMEM) (Invitrogen, Carlsbad, CA) supplemented 

with 10% fetal bovine serum (FBS), and 1% penicillin/streptomycin (P/S) antibiotic mix.  

Cell culture was maintained in a humidified incubator at 37°C and supplemented with 5% 

CO2. 

 

In Vitro Endothelialization on Microfiber Membranes under Physiological 

Shear Stress 

The effect of microfiber alignment relative to applied shear stress on endothelial 

cell migration was investigated using an in vitro wound model previously described [49].  
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Briefly, BAECs were treated with DiI cell tracker (Invitrogen) and subsequently seeded 

as a confluent monolayer on PEGylated microfibrous membranes for at least 24 hours to 

ensure adhesion.  Membranes were oriented such that they were part of one of the 

following groups: 1) randomly oriented fibers (“random”); 2) aligned fibers perpendicular 

to the direction of flow (“perpendicular-to-flow”); and 3) aligned fibers parallel to the 

direction of flow (“parallel-to-flow”).  An 800 µm wide gap defect or “wound” was created 

across the length of the membrane such that the length of the defect ran perpendicular 

to the direction of flow.  The DiI cell tracker was used to confirm confluent seeding, as 

well as verify the wound width.  Seeded membranes were immobilized onto one plate of 

a custom-made, parallel-plate, laminar flow chamber.  They were then subject to 24 

dynes/cm2 shear stress produced by flow of culture media for 10 h.  The flow chambers 

were kept in a humidified incubator at 37°C and supplemented with 5% CO2 throughout 

the entire flow duration.  After the 10 h flow period, each sample was fixed with 4% 

paraformaldehyde for 15 min, blocked and permeabilized with 5% normal goat serum 

containing 0.1% Triton X-100, and stained using Alexa-Fluor 488-conjugated phalloidin 

(Invitrogen, Carlsbad, CA) to visualize actin and DAPI to visualize the nucleus.  DAPI 

staining was also used to count cells that have migrated into the defect area.  Images 

were captured using a Zeiss Axioskop 2 MOT microscope.   

 

Endothelial Cell Retention on Microfiber Membranes under Physiological 

Shear Stress 

The effect of microfiber organization on endothelial cell retention under applied 

shear stress was investigated.  BAECs were treated with DiI cell tracker (Invitrogen) and 

subsequently seeded as a confluent monolayer on PEGylated microfibrous membranes 
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for at least 24 hours to ensure adhesion.  Membranes were oriented such that their 

fibers were 1) random, 2) perpendicular-to-flow, or 3) parallel-to-flow.  The DiI cell 

tracker was used to confirm confluent seeding and uniform cell density across all 

samples.  Seeded membranes were immobilized onto one plate of a custom-made, 

parallel-plate, laminar flow chamber and subjected to 24 dynes/cm2 shear stress 

produced by flow of culture media for 1 h.  The flow chambers were kept in a humidified 

incubator at 37°C and supplemented with 5% CO2 throughout the entire flow duration.  

After the 1 h flow period, each sample was fixed with 4% paraformaldehyde for 15 min, 

blocked and permeabilized with 5% normal goat serum containing 0.1% Triton X-100, 

and stained using Alexa-Fluor 488-conjugated phalloidin (Invitrogen, Carlsbad, CA) to 

visualize actin and DAPI to visualize the nucleus.  DAPI staining was used to count cells 

retained on the membranes.  Images were captured using a Zeiss Axioskop 2 MOT 

microscope.   

 

In Vivo Efficacy – Small Animal Studies 

 Adult female athymic rats (8 weeks, 200 ± 20 g) were anesthetized with 2.0% 

isoflurane, placed in the supine position, and had a vascular graft sutured end-to-end to 

the ligated left common carotid artery (CCA).  No heparin or other anti-coagulant was 

used at any time during these animal studies.  After 1 month post-operative procedure, 

the rats were euthanized via CO2 asphyxiation followed by bilateral thoracotomy, and the 

vascular grafts were explanted and washed with saline to remove remaining blood.  
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Mechanical Testing 

 Preimplanted and freshly explanted vascular grafts were cut so that 2 mm long 

segments could be mounted onto and uniaxially loaded by an Instron mechanical testing 

machine.  The stress-strain curve was obtained for each sample using the 

accompanying Bluehill software.  The elastic modulus was calculated from the linear 

portion of the stress-strain curve acquired for each graft.    

 

Histological Analysis 

 Samples were cryopreserved at -20ºC in Optimal Cutting Temperature (OCT) 

compound (TissueTek, Elkhart, IN) and subsequently cryosectioned at 10 µm 

thicknesses in the cross-sectional plane of the grafts.  Immunohistochemical staining 

was performed to analyze the presence of CD31 (BD Biosciences, San Jose, CA), 

smooth muscle-myosin heavy chain (SM-MHC) (Santa Cruz Biotechnology), and 

proliferation marker, Ki67 (Abcam, Cambridge, MA).  Images of all aforementioned 

stains were captured with a Zeiss Axioskop 2 MOT microscope. 

 

En Face Immunofluorescence Staining to Visualize Endothelialization 

Freshly explanted grafts were cut longitudinally to expose the luminal surface, 

fixed with 4% paraformaldehyde for 1 h, and soaked in 30% sucrose in PBS overnight.  

They were then washed with PBS, blocked and permeabilized with 5% normal goat 

serum containing 0.1% Triton X-100, and stained using anti-rat CD31 antibody (BD 

Biosciences) and Alexa-Fluor 488 secondary antibody (Invitrogen, Carlsbad, CA).  
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Images of the stained luminal surface were 

captured using a Zeiss LSM510 Meta confocal 

microscope.   

 

RESULTS 

 

Electrospinning of Bilayered Fibrous 

Grafts that Mimic Native Matrix Fiber 

Structure and Contained Customized 

Luminal Topography 

 We successfully made nonwoven, micro-

/nanofibrous, bilayered conduits that were 

suitable for use as vascular graft scaffolds 

(Figure 3.2A).  The electrospun bilayered 

scaffolds exhibited a structure similar to native 

matrix, marked by the fiber morphology and high 

porosity (Figures 3.2B and C).  The average 

diameter of the PLLA fibers regardless of 

organization (Figures 3.1A, B, and 3.2B) and 

PLCG+CL fibers (Figure 3.2C) was 

approximately 1.5 µm and 800 nm, respectively.   

 Longitudinally-aligned fibers were 

Figure 3.2.  Structure of 
bilayered electrospun 
vascular grafts.  (A) SEM 
image of the bilayered 
electrospun vascular graft.  
Scale bar = 500 µm. (B) and (C) 
SEM images of the highly 
porous surface of the PLLA 
microfibrous layer and 
PLCG+CL nanofibrous layer, 
respectively.  Scale bars for (B) 
and (C) = 50 µm.   
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produced by insulating a segment of the grounded stainless steel mandrel and thus 

constraining the strongest electrostatic force to the exposed metal ends (Figure 3.1A).  

This caused the jet of fibers to whip from one end to the other, ultimately depositing 

fibers onto the mandrel in that same path.  Circumferentially-aligned fibers were 

produced by constraining the strongest electrostatic force to the stationary, grounded 

mandrels equidistantly above and below the rotating, insulated, grounded mandrel 

(Figure 3.1B).  As the jet of fibers whipped from the top mandrel to the bottom one and 

vice versa, the rotating mandrel essentially wound the fibers around itself, resulting in 

circumferential alignment of deposited polymer. 

 

Microfiber Alignment Parallel to Shear Stress Enhances Upstream and 

Downstream Migration in Short Term 

 After being subject to 24 dynes/cm2 shear stress for 10 h, BAEC migratory 

tendencies were examined via fluorescence staining in three equally sized areas of the 

wound – the upstream area, middle area, and downstream area.  Using DAPI nuclear 

staining, the number of cells in each area of each sample group was counted and 

compared (Figure 3.3).   Interestingly, migration varied with microfiber organization and 

each area of the wound produced different statistically significant trends.  Upstream, 

parallel-to-flow microfibers showed the highest tendency of cell migration into the wound, 

but this tendency was only statistically significant over migration exhibited by 

perpendicular-to-flow membranes.  On the other hand, significantly more BAECs were 

able to migrate into the middle and downstream areas of the wound on parallel-to-flow 

membranes.  Migratory tendency on parallel-to-flow microfibers was always significantly 

higher than on perpendicular-to-flow samples.   
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Figure 3.3.  The effect of microfiber organization on cell migration under 
flow into a wound.  Confluently seeded BAECs were allowed to migrate into a 
gap defect on (A) randomly aligned, (B) perpendicularly aligned, and (C) parallel  
microfibers with respect to flow.  Dotted white lines indicate initial wound border at 
0 h.  Scale bar = 200 µm.  (D) Quantification of cells within three equally sized 
areas of the wound.  * p<0.05 based on Holm’s t-Test, n=3. 
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Microfiber Alignment Parallel to Shear Stress Retains More Cells 

  After being subject to 24 dynes/cm2 shear stress for 1 h, BAEC retention was 

examined via fluorescence staining.  Using DAPI nuclear staining, cell number was 

counted for each orientation group and corresponding static controls.  The percentage of 

BAECs retained was calculated by taking the total cell number on each flow sample and 

divided it by the total cell number on its corresponding static control.  The number of 

BAECs on each membrane did not differ prior to flow application (data not shown).  

BAECs on parallel-to-flow membranes showed the highest average retention rate, albeit 

significant only over cell retention on perpendicular-to-flow microfibers (Figure 3.4).   

Figure 3.4.  BAEC retention on microfiber membranes.  Microfibers parallel to 
physiological flow exhibited the highest average cell retention rate, but only 
significantly more than the retention rate on perpendicularly aligned microfibers 
relative to flow. *p<0.05 based on Holm’s t-Test, n=3. 
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Microfiber Organization Dictates Cellular Alignment Regardless of Shear 

Stress 

 After 1 and 10 h of 24 dynes/cm2 shear stress, retention study and migration 

study samples, respectively, were stained for actin to visualize cytoskeleton morphology.  

BAECs remained aligned with the microfiber organization of the membrane on which 

they were seeded (Figures 3.3A, B, C and 3.5), indicating their preference to remain 

aligned based on topographical cues over external mechanical ones in the short term.   

 

Longitudinally Aligned Luminal Layer Significantly Improved Patency Rates 

In Vivo 

 Patency for bilayered grafts with random, circumferential, and longitudinal luminal 

alignment was determined after 1 month post-implantation.  This was accomplished by 

confirming unobstructed blood flow through the graft into the distally-attached native 

Figure 3.5.  BAECs on microfiber scaffolds after 1h of physiological flow.  
BAECs were confluently seeded on microfiber membranes of varying orientation – 
(A) randomly oriented; (B) aligned perpendicularly to flow, and (C) aligned parallel 
to flow - and subjected to 1h of physiological flow.  Phalloidin staining was 
performed to visualize the cytoskeleton.  Scale bar = 50 µm. 
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CCA prior to explantation.  After 1 month in athymic rats, 4 out of 6 (66.7%) grafts with 

random luminal alignment were patent, 4 of 6 (66.7%) circumferentially aligned grafts 

were patent, and 6 out of 6 (100%) grafts with longitudinally aligned luminal layer were 

patent.  

 

Bilayered Grafts Maintain Mechanical Strength after One Month In Vivo, 

Regardless of Luminal Alignment 

 To determine whether the mechanical strength of our modified grafts was 

affected by luminal fiber alignment preimplantation and in vivo, we performed 

mechanical tests on rings of preimplanted and explanted grafts and compared their 

average elastic moduli to each other.  Grafts with circumferentially aligned lumen 

exhibited a statistically higher average elastic modulus (19.6 ± 0.2 MPa, p<0.05 based 

on Holm’s t-Test, n=3) versus grafts with randomly oriented (12.8 ± 2.5 MPa) and 

longitudinally aligned (12.4 ± 0.2 MPa).  These average elastic moduli did not 

significantly change after 1 month postoperative procedure.  The elastic moduli of 

implanted grafts after 1 month in vivo were: 12.4 ± 0.3 MPa (randomly oriented lumen), 

19.6 ± 0.6 MPa (circumferential aligned lumen), and 12.7 ± 0.3 MPa (longitudinal aligned 

lumen). 

 

Endothelialization and Smooth Muscle Cell (SMC) Organization  

 The histological results of the patent grafts of the three groups (random, 

circumferential, and longitudinal luminal alignment) showed very interesting trends.  For 

the patent grafts with random luminal alignment, there was consistently minimal 
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thrombosis and/or intimal hyperplasia after 1 month (Figures 3.6A and B).   The 

circumferentially aligned group 

(Figures 3.6C and D) and 

longitudinally aligned group 

(Figures 3.6E and F) showed 

slightly more signs of 

thrombosis or intimal 

hyperplasia, with the former 

exhibiting more.  SMC staining 

showed that SMCs were the 

major cell type in the neo-

tissues that formed around all of 

the grafts (Figures 3.6B, D, and 

F).  They were also the main 

cell type found in the slight 

intimal occlusion in the 

circumferentially aligned group 

and longitudinally aligned group 

(Figures 3.6D and F).  Ki67 

staining of all tissue sections 

was negative, demonstrating the 

cells present in the graft at 1 

month were not proliferative. 

 After one month, end-to-end endothelialization was observed on the luminal 

surface of the patent grafts from all three groups (Figures 3.6A, C, E and 3.7).     

Figure 3.6.  Endothelialization and SMCs in 
implanted vascular grafts after 1 month. ECs 
were stained by using CD31 antibody (blue 
arrows and dark brown stain in A, C, E, G).  
SMCs were stained by using SM-MHC antibody 
(black arrows and dark brown stain in B, D, F, 
H).  Purple dotted lines indicate neo-
tissue/PLCG+CL border.  Red dotted lines 
indicate PLCG+CL/PLLA border.  In all images, 
right side = luminal side.  Scale bar = 100 µm. 
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Figure 3.7.  Complete endothelialization of grafts at 1 month post-
implantation.  Representative images of en face immunofluorescence staining of 
CD31.  Endothelial monolayer formation succeeded on all patent graft lumen.  
Top of images = proximal end.  (A) Randomly oriented, (B) Circumferentially 
aligned, and (C) Longitudinally aligned lumen.  Scale bar = 200 µm. 
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DISCUSSION 

 

 In this study, we developed a bilayered, electrospun small-diameter vascular 

scaffold that exhibited excellent performance when the luminal topography was 

customized to be longitudinally aligned.  These topographically modified acellular grafts 

showed superior patency rate and promising end-to-end endothelialization after 1 month 

in vivo.  In addition, our customized luminal design did not significantly affect the ability 

of our bilayered graft to minimize mechanical compliance mismatch for 1 month, in vivo.  

This maintenance in strength maintains this graft design as a candidate scaffold to aid in 

long-term graft success. 

 Consistent with what was believed and previously shown in other applications, 

topographical customization showed enhancement of cellular function when applied to 

the vascular system, specifically the activity of endothelial cells.  In vitro assessment of 

the tested topographies implied that this enhancement was due to a complex interaction 

between flow-induced migration, topographical guidance, and orientation-dependent 

retention.   

Previously, it has been observed that alignment of fibers perpendicular to a 

wound edge can increase cell migration into that wound under static conditions [48, 49].  

It has also been shown that laminar shear stress promotes EC migration on unpatterned 

substrates in the direction of flow, presumably by promoting the detachment at cell—cell 

adhesions that otherwise hold ECs back from to migrating into the wound [53, 54].  Our 

observations regarding our in vitro investigation of EC migration under flow may be 

explained by the interplay of these previous findings.   
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At the upstream area of the wound where the cells are confluent, fluid shear 

stress may indeed induce the same amount of flow-induced disruption of cell—cell 

adhesions and subsequently the same magnitude of EC migration on both random fibers 

and parallel-to-flow fibers since cell confluency (and thus EC monolayer) on each 

scaffold was not different.  Thus, the number of cells seen on the upstream area of the 

wound on each type of these two membranes at any given time may not differ 

significantly.  Once they have migrated away from the confluent monolayer, the ECs 

must rely more on topographical guidance to prolong migration into the wound and can 

only rely on flow for acceleration of the process if it is going in the same direction.   

However, flow will not completely hinder migration in the opposing direction.  

Thus, topographical “contact” guidance is the dominating feature when flow and 

topography are parallel.  This can be substantiated by observing the downstream side of 

the wound area.  Here, based on flow-induced migration theory, direction of flow would 

favor migration away from the wound area.  However, our in vitro wound model still 

exhibits ECs migrating from that end, albeit to lesser extent than the upstream end.  

Presumably this occurs because the topography favors such action, which flow can 

delay but not completely prevent.   

When flow direction and topography are not in accordance, wound healing is not 

only hindered by decreased directional migration, but by decreased cell retention as 

well.  This is supported by observing the in vitro assessment of our perpendicular-to-flow 

membranes.  Figure 3.3B shows the minimal migration of ECs into the wound after 10 

hours.  It also shows the maintained preference of ECs to be aligned with the underlying 

topography, which is also observed in our in vitro cell retention study (Figures 3.4 and 

3.5).  The number of cells on perpendicular-to-flow scaffolds has decreased noticeably in 

the upstream area.  This decrease can be explained by flow induced detachment of 
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cell—cell adhesions, which would make ECs more susceptible to detachment from the 

membrane by shear stress, especially with little or no topographical cues to support 

them in the direction of applied force.   

The detachment of cells may also be a result of altered fluid dynamics caused by 

the topography.  At the microfiber level, topography running parallel with laminar flow is 

more likely to not disturb the flow.  With fiber orientation being perpendicular to fluid 

motion, flow at the graft surface may show instances of being less laminar, and thus less 

optimal for endothelial cell function.  Changes in fluid dynamics have been implicated in 

conditions that induce endothelial cell dysfunction, such as low wall shear stress [55-60]. 

The “perpendicular” and “parallel” orientations are extreme cases.  However, the 

observations pertaining to them can both be applied to the random orientation, since 

such orientation can be thought of as an arbitrary mixture of parallel and perpendicular 

fibers.  Hence, lack of statistical difference in the number of cells in the wound on 

random fibers when compared to parallel-to-flow fibers can be explained by the former’s 

inherent variation in topography – random fibers can simultaneously accelerate cell 

migration induced by flow via topographical guidance and decrease cell retention via 

fiber organization perpendicular to the direction of flow.    

Since it has been shown that endothelialization of an implanted small-diameter 

vascular graft primarily results from endothelial cell migration into anastomoses [18, 21], 

by longitudinally aligning the luminal microfibers we may have maximized EC retention 

and increased endothelialization rate, which, as we have observed in vitro, are not likely 

mutually exclusive.  Therefore, such enhancement resulting from topographical 

customization may increase the potential of long-term success of our vascular grafts.   
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As beneficial as we have shown it to be, however, there is one drawback that has 

been observed in this study. This can be visualized in Figure 3.6.  The SMC presence in 

both circumferentially aligned and longitudinally aligned lumen is a cause for concern.   

The SMC presence, or neo-intima, of the circumferential case can potentially be 

explained by its slower promotion of EC migration into a wound, as well as its poor ability 

to retain ECs.  Such inactivity leaves the graft surface prone to thrombus formation and 

possible subsequent intimal hyperplasia for a longer time, increasing the chance for 

inward remodeling before endothelialization can occur to stop it.  In addition, changes in 

hemodynamics that may be responsible for poor cell retention may also induce 

thrombosis-related events. 

In the longitudinal case, the neo-intima observed may paradoxically be due to the 

topography-related enhanced ability to retain cells and promote migration into a gap.  

Specifically, it may be likely that the cell population that migrates from the anastomoses 

is not purely endothelial cells, but also include vascular SMCs, specifically SMCs 

exhibiting the abnormal, hyperproliferative, migratory phenotype associated with vessel 

injury.  These SMCs may cause some occlusion by increased proliferation or thrombosis 

induction before they terminally differentiate and can be regulated once again by an 

endothelial cell monolayer.  Since our staining showed the grafts to be negative for 

proliferative cells in the lumen after 1 month, it is possible this SMC activity could have 

occurred sooner post-implantation. 

More evidence of this SMC activity can be found when examining the en face 

staining of patent grafts, particularly the ones with circumferentially aligned and 

longitudinally aligned lumen (Figures 3.7B, C, respectively).  CD31 staining indicates 

that that alignment of the endothelial cells on the lumen was not always in the direction 
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of our original luminal alignment.  In accordance with our in vitro data, this connotes a 

change in the topography of our grafts, which may be as a result of SMC activity and 

neo-intima formation.  Such SMC activity and subsequent coverage of our topographical 

customization may also justify the successful endothelialization of our circumferentially 

aligned luminal layers – covering the hindering topography may likely result in more 

favorable topography for endothelial migration from the anastomoses.   

Taken together, future application of this customized topography requires extra 

precaution, perhaps in the form of additional chemical modification.  Topographical 

customization has already been shown to improve dermal wound healing in conjunction 

with heparin coating [48].  It will be beneficial to investigate the use of our customized 

topography in conjunction with a surface modification like heparin to minimize occlusion 

due to surface-induced thrombosis and intimal hyperplasia.  Grafts modified chemically 

and topographically in such a manner, as well as solely topographically as we have done 

here, should also be tested in vivo for a longer time period, i.e. 6 months, 1 year, and 

beyond, as well as in other animal models, to especially investigate the long term 

patency of such grafts and the long term stability of enhanced endothelialization. Our 

reported results can only detail effects of topographical modification within athymic rats 

for 1 month. 

It will also be valuable to investigate how customized topography of micro-

/nanofibers with and without surface modification can contribute to cell infiltration of the 

vascular graft and subsequent native blood vessel regeneration in vivo.  Furthermore, 

electropsun, aligned nanofibers have been used to promote vascular smooth muscle cell 

activity in vitro [35].  It would be interesting to investigate the performance of a vascular 

graft that combines that design with ours detailed here. 



76 
 

Thus, the use of electrospinning provides a superb means of producing micro-

/nanofibrous scaffolds comprised of synthetic, biocompatible, bioabsorbable materials 

like PLLA and PLCG+CL that mimic extracellular matrix scale and organization and may 

optimize tissue regeneration.  This technology has helped produce a design that has 

shown promise in the prolongation of in vivo success of small diameter vascular grafts. 
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CHAPTER 4 

Effects of Bio-Inspired Topographical Customization 

and Chemical Modification on Cellular Infiltration and In 

Vivo Remodeling Potential 

 

“Have you ever noticed that when some people try to reach a seat 
in the middle of a crowded row, they straighten themselves up and 

slide sideways?” 
“Yes. Of course.  After all, you can’t fit a marble into a coin slot.” 

“Challenge accepted!” 
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INTRODUCTION 

 

Electrospinning technology has immense potential in providing the field of tissue 

engineering with the necessary biomimetic scaffolds to develop synthetic substitutes.  

Electrospun products consist of micro- and nanometer-sized fibers that can be tailored to 

mimic the scale of native extracellular matrix (ECM) [1-7].  These fibers give scaffolds a 

high porosity and large surface area to volume ratio, providing more area to promote 

cellular activity as evidenced in recent studies [1, 4, 8-21].   

There has been recent focus on tailoring the topography of tissue-engineered 

scaffolds to more accurately resemble native tissue.  This has been driven by the fact 

that the majority of native tissue has a defined architecture [22], as well as the well-

established notion that surface microstructure can greatly affect cellular activity [23-26].  

An obstacle that is often faced when trying to mimic biological tissue organization and 

topography is the inability to optimize pore size.  Despite exhibiting high porosity, 

electrospun fibrous scaffolds exhibit pore sizes that are actually smaller than the 

average diameter of many cells.  This deters cell infiltration into the three-dimensional 

structure, a highly sought-after event by researchers using biocompatible, biodegradable 

synthetic materials for electrospun scaffolds.  When such materials are used, the 

ultimate regeneration product would be solely native tissue, since all scaffolding and 

auxiliary substances would have degraded and been eliminated.  For such tissue 

regeneration to ultimately be accomplished, native cell infiltration into the implanted 

construct must first occur.  Without this initial event, intra-scaffold matrix remodeling 

would be impeded and eventual tissue regeneration may not occur before implant 

failure.   
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Researchers have increased cell infiltration by electrospinning biological 

polymers, which have been shown to promote more cell infiltration than synthetic 

polymers [27-30].  Others have been able to increase the porosity of electrospun 

products by varying fiber diameter or via salt-leaching [31, 32].  Recently, researchers 

have employed the co-electrospinning of sacrificial nanofibers that can be selectively 

dissolved post-production to increase pore size and intra-scaffold space [33, 34].   All of 

these scaffolds are limited in use, however, since they may naturally lack the mechanical 

integrity for many load-bearing applications or may have compromised mechanical 

properties because of post-processing.   

Previous research in vivo has shown some cell infiltration into vascular grafts 

with nanofibers aligned in the circumferential direction, but the cause of the cell 

infiltration was not concluded to be solely due to the fiber orientation [16].   

These previous studies have all investigated enhanced cell infiltration in relation 

to physical attributes, but it is possible that such enhancement can be accomplished 

chemically.  By using growth factors, ECM proteins, or other biological entities that 

induce cell migration, cells may become more inclined to traverse through previously 

unfavorable conditions correlating with inadequate pore sizes.  Moreover, physical 

manipulation combined with chemical modification can potentially work synergistically to 

further promote cell infiltration. 

Recent studies have elucidated the effect of nanofiber patterning on the 

organization of cells and cellular activity [14, 16, 35-39].  In addition, we have previously 

shown that aligned fibers can enhance cell migration into a gap defect, using a two-

dimensional wound model.  However, the effect of customized nano-/microtopography 

on cell infiltration in a three-dimensional scaffold, particularly vascular replacements, has 
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not yet been fully investigated.  Here, we investigate the effect of aligned nanofibrous 

membranes on three-dimensional cell infiltration in vitro.  Additionally, we utilized the 

customized luminal topography of our previously reported bilayered, electrospun micro- 

and nano-fibrous tubular scaffold to examine the effects of fiber alignment on cell 

infiltration in vivo in the vascular setting.  We also investigate the effect of chemical 

modification on cell infiltration in conjunction with both randomly aligned nanofiber 

vascular grafts and aligned meshes in vitro.  Since heparin is known to bind to many 

growth factors and matrix proteins, it is an ideal protein to employ to assess the ability of 

chemical modification to enhance cell infiltration into three-dimensional nanofibrous 

scaffolds. 

 

METHODS 

Note: All procedures involving animals were approved by the Institutional Review Board 

Service and Institutional Animal Care and Use Committee at the University of California, 

San Francisco and the Research Administration and Compliance Office and Animal 

Care and Use Committee at University of California, Berkeley. 

 

Electrospinning  

Nanofibrous Membrane 

 PLLA was dissolved in HFIP and sonicated to produce a 10% (w/v) solution, 

which was subsequently delivered by a programmable pump to a spinneret charged with 

12kV.  An electrostatically charged fiber resulted and was ejected toward a grounded 

collecting drum in the high electric field.  Alignment of nanofibers was controlled during 
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the electrospinning process via adjustment of rotational speed of the collecting drum.  

Randomly oriented nanofibers were produced using a low speed of rotation (20 rpm), 

whereas high rotational speed (800 rpm) was utilized to fabricate aligned nanofibers.   

 

Nanofibrous Vascular Graft Scaffold  

 PLLA (Lactel Absorbable Polymers, Pelham, AL, 1.09 dL/g inherent viscosity) 

was dissolved in 1,1,1,3,3-hexafluoro-2-propanol (HFIP) via sonication for 30 minutes or 

until all of the PLLA crystals were completely dissolved, resulting in 20% (w/v) solution.  

Electrospinning was done as previously described [15].  Briefly, a voltage of 4.5 kilovolts 

(kV) was applied via high voltage generator (Gamma High Voltage, Ormond Beach, FL) 

to a rotating stainless steel mandrel (1 mm diameter; 75 revolutions per minute) and a 

positive voltage of 4 kV was applied to a spinneret that automatically translated in the 

longitudinal direction of a mandrel to ensure uniform thickness the length of the conduit.  

Electrospinning continued until scaffold wall thickness reached approximately 200 µm.   

 

Bilayered, Micro-/Nanofibrous Vascular Graft Scaffold with Random, Longitudinal, 

and Circumferential Alignment of the Lumen 

 For details on this production process, please refer to the subsection in Chapter 

3, pages 56 through 58, entitled “Electrospinning of Bilayered, Micro-/Nanofibrous 

Vascular Graft Scaffold with Random, Longitudinal, and Circumferential 

Alignment of the Lumen.” 

 After each electrospinning process was complete, the resulting scaffold was 

then removed from the mandrel, placed into a vacuum desiccator for 24 hours to remove 

any residual HFIP, and inspected to verify bulk scaffold and fiber quality and dimensions 
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using a Hitachi TM-1000 Scanning Electron Microscope (SEM).  Bulk graft scaffolds 

were cut into 7 mm length segments.  Bilayered grafts were sterilized in 70% ethanol 

under germicidal ultra-violet (UV) light for 30 minutes and washed five times with sterile, 

deionized water.  Nanofibrous grafts were sterilized in 70% isopropanol under germicidal 

UV light for 30 minutes and washed three times with phosphate buffer saline (PBS). 

 

Chemical Modification of Electrospun Scaffolds 

Nanofibrous Membrane and Nanofibrous Vascular Graft Scaffold 

Heparin modification of nanofibers was accomplished by using 1-ethyl-3-(3 

dimethylaminopropyl) carbodiimide hydrochloride (EDC) and N-hydroxysulfosuccinimide 

(sulfo-NHS) (Pierce Biotechnology, Rockford, IL) with di-amino-poly(ethylene glycol) as 

a linker [37].  A group of grafts were also PEGylated, using EDC and sulfo-NHS to 

conjugate only di-amino-poly(ethylene glycol) (PEG) to the nanofibers.  The presence of 

heparin on nanofibers was verified by toluidine blue staining. Briefly, heparin-treated and 

non-heparin-treated scaffolds were incubated in toluidine blue solution (0.0005% in 

0.001 N hydrochloric acid with 0.02% (w/v) sodium chloride) on a shaker for 1 min then 

promptly removed from solution.  Purple coloring of the scaffolds indicated the presence 

of heparin. 

 

Bilayered Electrospun Vascular Graft Scaffold 

 To minimize failure of these grafts due to platelet activity, each scaffold was 

subsequently PEGylated, using EDC and sulfo-NHS to conjugate only PEG to the 

electrospun fibers, as previously described (above and [36]).   
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Bovine Aortic Endothelial Cell Culture 

 Bovine aortic endothelial cells (BAECs) were isolated from bovine aorta via 

collagenase digestion or by mechanical denudation as previously described [40].  All 

cells used for this study were cultured in media consisting of Dulbecco’s Modified Eagle 

Medium (DMEM) (Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine serum 

(FBS), and 1% penicillin/streptomycin (P/S) antibiotic mix.  Cell culture was maintained 

in a humidified incubator at 37°C and supplemented with 5% CO2. 

 

In Vitro Cell Infiltration Model 

Random and aligned nanofibrous sheets of approximately 150-200 µm thickness 

produced by electrospinning were cut into 1 cm x 1 cm membranes.  These membranes 

were sterilized in 70% ethanol while under germicidal ultraviolet light for 30 min and 

subsequently washed five times with sterile, deionized water.  Afterwards, half of the 

sterilized random membranes and half of the sterilized aligned membranes were 

chemically functionalized via the conjugation of heparin, resulting in four groups of 

membranes: (1) randomly oriented, heparin-modified nanofibers; (2) aligned, heparin-

modified nanofibers; (3) randomly oriented nanofibers without heparin; and (4) aligned 

nanofibers without heparin.  A minimum of three nanofibrous membranes representing 

each of these four groups were then secured to non-tissue-culture-treated polystyrene 

dishes via sterile, double-sided tape. 

BAECs were stained with DiI fluorescent cell tracker and seeded at 100% 

confluency onto the membranes.  Seeding consistency among all four groups was 

confirmed by viewing the DiI fluorescent signal under a Zeiss Axioskop 2 microscope 
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(Carl Zeiss MicroImaging Inc., Thornwood NY).  The BAEC-seeded membranes were 

subsequently kept for seven days in a humidified incubator (37°C, 5%CO2).  Sufficient 

media was used in each dish as to avoid the need to change the DMEM before the end 

of seven days. 

At Day 7, each membrane was removed from the polystyrene dishes and 

cryopreserved in OCT compound (TissueTek, Elkhart, IN) on dry ice.  Cross-sections of 

10 µm thickness were taken in the transverse plane in a -20°C cryosectioner.  The DiI 

fluorescent signals from the cells within these cryosections were again viewed under a 

Zeiss Axioskop 2 microscope.  Hematoxylin staining was subsequently performed to 

further visualize cell infiltration into the nanofiber membranes.  A minimum of 3 

cryosections were observed for each membrane to confirm consistency between 

sections. 

 

In Vivo Cell Infiltration via Small Animal Model 

 Adult female athymic rats (8 weeks, 200 ± 20 g) were anesthetized with 2.0% 

isoflurane, placed in the supine position, and had a vascular graft sutured end-to-end to 

the ligated left common carotid artery (CCA).  No additional heparin or other anti-

coagulant was used at any time during these animal studies.  After 1 month post-

operative procedure, the rats were euthanized via CO2 asphyxiation followed by bilateral 

thoracotomy, and the vascular grafts were explanted and washed with saline to remove 

remaining blood.  

Patent graft samples were cryopreserved at -20ºC in Optimal Cutting 

Temperature (OCT) compound (TissueTek, Elkhart, IN) and subsequently cryosectioned 
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at 10 µm thicknesses in the cross-sectional plane of the grafts.  For the bilayer grafts, 

immunohistochemical staining was performed to analyze the presence of collagen and 

elastin (via Verhoeff staining) and proliferation marker, Ki67 (Abcam, Cambridge, MA) in 

the tissue sections.  Hematoxylin and Eosin (H&E) and DAPI stains were also performed 

to visualize cell presence within the graft sections.  Only DAPI and Ki67 staining were 

performed on cryosections from the nanofibrous graft for this study.  Images of all 

aforementioned stains were captured with a Zeiss Axioskop 2 MOT microscope. 

  

RESULTS 

 

Electrospinning of nanofibrous scaffolds and heparin modification 

Before using the nanofibrous membranes for biological experimentation, they 

were characterized for desired fiber architecture and chemical functionalization.  We 

were able to obtain nanofibrous scaffolds with either random or aligned nanofibers by 

adjusting the rotation speed of the drum in electrospinning system, as described (Figure 

4.1A and B).  Finalized scaffolds were approximately 150-200 µm in thickness, based on 

thickness gage (Mitutoyo America, Aurora, IL) measurements.  The average pore size, 

regardless of alignment, was 40 µm2.  Furthermore, toluidine blue staining verified the 

immobilization of heparin on the nanofibers (Figure 4.1C). 
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Electrospinning of Nanofibrous Grafts 

that Mimic Native Matrix Fiber Structure 

 We successfully made nonwoven, 

nanofibrous conduits that were suitable for use 

as vascular graft scaffolds (Figure 4.2A).  The 

electrospun PLLA nanofiber scaffolds exhibited 

a structure similar to native matrix, marked by 

the fiber morphology and high porosity (Figure 

4.2B).  The average diameter of the fibers was 

approximately 700 nm and the average pore 

size was 40 µm2.   

 

Electrospinning of Bilayered Fibrous 

Grafts that Mimic Native Matrix Fiber 

Structure and Contained Customized 

Luminal Topography 

 We successfully made nonwoven, 

micro-/nanofibrous, bilayered conduits that 

were suitable for use as vascular graft 

scaffolds.  The average pore sizes of the PLLA 

and PLCG+CL layers were 55 µm2 and 24 µm2, 

respectively.  For additional details on this 

result, please refer to the subsection in Chapter 

Figure 4.1.  Nanofiber 
organization and heparin 
modification.  SEM images of (A) 
randomly oriented and (B) aligned 
nanofibers.  Scale bar = 5 µm.   (C) 
Heparin was conjugated to 
nanofibers and stained by toluidine 
blue, showing purple color.  



90 
 

3, pages 63 through 64, entitled 

“Electrospinning of Bilayered Fibrous 

Grafts that Mimic Native Matrix Fiber 

Structure and Contained Customized 

Luminal Topography.” 

 

Effects of Nanofiber Alignment and 

Heparin Modification on Cell 

Infiltration In Vitro 

To investigate the effects of 

nanofibrous scaffolds on cell infiltration in 

vitro, BAECs were seeded on the surface of 

nanofibrous scaffolds as described.  After 7 

days, a significant difference between BAEC 

infiltration into randomly oriented fiber 

meshes and aligned meshes was apparent 

(Figure 4.3).  As evidenced by both the DiI 

cell tracking stain (Figure 4.3A) and hematoxylin stain (Figure 4.3B), aligned nanofiber 

meshes enhanced cell infiltration into the thickness of the mesh when compared to 

randomly oriented nanofiber meshes, regardless of heparin modification.  Without 

nanofiber alignment, heparin modification had no clear effect on the cells ability to 

penetrate into the membranes of randomly oriented nanofibers. 

 

Figure 4.2.  Structure of 
nanofibrous vascular grafts.   
(A) SEM image of the electrospun, 
nanofibrous vascular graft. Scale 
bar = 500 µm. (B) Scanning 
electron micrograph of the highly 
porous surface of the electrospun 
vascular graft. Average fiber 
diameter is approximately 700 nm. 
Scale bar = 10 µm. 
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Figure 4.3.  BAEC infiltration into a nanofiber matrix 
in vitro after 7 days.  (A) DiI staining of cells (in red) 
and (B) hematoxylin staining of cells (dark purple).  
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Aligned Luminal Topography Enhances Cell Infiltration In Vivo 

 The histological results of the patent bilayered grafts of the three groups 

(random, longitudinally aligned, and circumferentially aligned lumen) showed very 

interesting similarities and trends.  The H&E stain indicated that neo-tissues form around 

the vascular grafts, and there were some cell infiltration into the scaffolds (Figure 4.4A, 

D, and G).  It also revealed some thrombosis/intimal hyperplasia in the circumferentially 

and longitudinally aligned grafts (Figures 4.4D and G, respectively).  The Verhoeff stains 

confirmed the presence of collagen and elastin in the neo-tissue around the grafts and a 

presence within the luminal layer of the bilayered scaffold (Figure 4.4B, E and H).  It also 

verified some matrix deposition in the lumen of the circumferentially and longitudinally 

aligned grafts (Figure 4.4E and H, respectively).   

To clearly show cell distribution in the bilayered grafts, cell nuclei were stained by 

DAPI (Figure 4.4C, F, and I).  Cell infiltration had occurred by 1 month, but to different 

extents in each alignment group.  Grafts with randomly oriented lumen promoted little 

cell infiltration (Figure 4.4C).  Both longitudinally and circumferentially aligned lumen 

(Figure 4.4F and I, respectively) exhibited more cell infiltration than random lumen.  Ki67 

staining of all tissue sections was negative, demonstrating the cells present within the 

graft walls at 1 month were not proliferative.   
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Figure 4.4.  Cross sections of the patent explanted grafts.  (A, B, C) Random 
grafts, (D, E, F) circumferentially aligned grafts, and (G, H, I) longitudinally aligned 
grafts at 1 month post-implantation.  Hematoxylin staining (A, D, G) showed the 
patency of the graft and extent of cell (purple) infiltration. Verhoeff staining (B, E, H) 
confirmed the deposition of collagen (pink) and elastin (black).  DAPI nuclear 
staining (C, F, I) verified cell infiltration and distribution.  White dotted lines indicate 
neo-tissue/PLCG+CL border.  Red dotted lines indicate PLCG+CL/PLLA border.  In 
all images, right side = luminal side.  Both scale bars = 100 µm. 

 



94 
 

Heparin Modification Enhances Cell 

Infiltration into Nanofibrous Vascular 

Grafts In Vivo 

    To show cell distribution in the 

nanofibrous vascular grafts, cell nuclei were 

stained by DAPI (Figure 4.5A, B, and C).  Cell 

infiltration had occurred by 1 month, but to 

different extents in each treatment group. 

Heparin-modified grafts (Figure 4.5C) promoted 

the most cell infiltration.  PEGylated grafts 

(Figure 4.5B) promoted some cell infiltration, but 

not as much as heparin-modified grafts.  

Untreated grafts (Figure 4.5A) had the least 

amount of cell infiltration.  As was the case for 

the bilayered grafts, Ki67 staining of all tissue 

sections was negative, demonstrating the cells 

present within the graft walls at 1 month were not 

proliferative.   

 

DISCUSSION 

 

 Electrospun fibrous scaffolds hold much 

promise for tissue engineering applications, but 

Figure 4.5.  DAPI nuclear stain 
of explanted patent cross 
sections.  (A) Untreated, (B) 
PEGylated, and (C) heparin-
modified grafts at 1 month post-
implantation exhibited cell 
infiltration to different extents.  
White dotted lines indicate neo-
tissue/graft border.  In all images, 
right side = luminal side.  Both 
scale bars = 100 µm. 
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are not without limitations.  Their high porosity often denotes that they contain a great 

number of small pores, as opposed to pores with optimally large diameters that can 

support cell infiltration into the three-dimensional construct [33, 41].  Many groups have 

tried to address this shortcoming by varying the physical characteristics of scaffolds, but 

often compromise the integrity of the fibers and/or the mechanical properties of the 

entire scaffold in the process.  Previously, we have shown that customized organization 

of micro-/nanofibers can not only maintain or enhance mechanical integrity, especially as 

a three-dimensional vascular construct, but can also enhance cell migration in two-

dimensional space [37].  In this study, we show that such customization can also 

promote cell movement into three-dimensional space.  We also show that chemical 

modification can significantly promote cell infiltration, albeit via different mechanism. 

 In this study, our main observation is that aligned micro-/nanofibers can enhance 

cell infiltration into three-dimensional scaffolds.  The “contact guidance” bias shown by 

cells in our previous cell migration study (Chapter 3) can provide insight into the 

mechanism behind this enhancement.  It is possible that the aligned organization of our 

fibers here influence the elongation of adherent cells.  Such elongation may couple with 

the flattening of cells, making their morphology more conducive to migrating within the 

space between aligned fibers.  Concurrently, alignment of fibers may cause a 

reconfiguration of round or multilateral pores into highly elongated slots that are more 

favorable for cells to traverse, especially if elongated.   

 This is supported by our in vivo observation of the effect of luminal alignment on 

cell infiltration into vascular grafts.  Similar to our in vitro results, alignment showed more 

cell infiltration compared to random alignment in vivo.  Additionally, the grafts were 

shown to be negative for proliferative cells after 1 month.  However, it might be possible 

that cells penetrated the graft earlier, exhibited proliferative activity, but terminally 
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differentiated by 1 month.  It would be beneficial to determine if this was the case by 

examining shorter time points in vivo and in vitro. 

The presence of thrombosis/intimal hyperplasia on both aligned graft lumen begs 

the question of whether antithrombogenic activity could further increase cell infiltration.  

It would therefore be beneficial to perform short and long term investigation of the effect 

of these graft alignment configurations in conjunction with an antithrombogenic surface 

modification such as heparin. 

 Heparin shows no convincing evidence in vitro of its ability to effect cell 

infiltration.  In vivo, however, it is more apparent.   While randomly aligned fibers exhibit 

no obvious difference in the extent of cell infiltration with or without the presence of 

heparin in vitro, randomly aligned vascular grafts convincingly verify a heparin-related 

amplification of cell infiltration in vivo.  After one month in vivo, DAPI staining shows a 

significantly greater number of cells within the heparin-modified graft wall when 

compared to both the untreated and PEGylated ones.   

Heparin, perhaps via its immense potential to immobilize anticoagulants, growth 

factors and matrix proteins, may have created an attractive environment on the surface 

and within the walls of the graft that influenced the migration of cells to and into the 

scaffold walls.  These cells, in turn, could have signaled via growth factors or cytokines 

to other cells, which could have resulted in an increased influx of cells.  In addition, this 

binding activity of heparin or heparin itself may have made the graft more hydrophilic, 

causing enough of an influx of water to result in increased scaffold pore size due to 

swelling.   

As alluded to earlier, the immense antithrombogenic ability of heparin may also 

provide an explanation for this immense increase in cellular penetration.  By keeping the 
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graft surface free from thrombosis, heparin may have given cells more time, space, and 

opportunity to interact with the scaffold wall, eventually migrate into it, and signal to other 

cells to join them there.   

These hypotheses may not only explain the effect of heparin on cell infiltration, 

but also expose the major weaknesses of our in vitro model.  In our in vitro cell infiltration 

system, not present in our media are all the same proteins and factors that circulate in 

the blood that potentially bind to heparin and influence cell migration.  Our in vitro model 

also lacks the diversity of cell type found in vivo, which may have been integral in 

attracting cells into the scaffold.  Furthermore, there was no risk of coagulation or 

thrombosis, and thus we could not test the significance of the antithrombogenic ability of 

heparin in vitro.  Despite all of these limitations, however, our in vitro cell infiltration 

model was very useful in isolating the significance of structural organization in the 

enhancement of cell infiltration.  Further studies, like the short and long term in vivo 

investigation involving the antithrombogenic modification of aligned lumen mentioned 

previously, may provide more detail of the interplay of biophysical properties and 

biochemical activity in promoting cellular activity, especially infiltration into three-

dimensional scaffolds.  Investigation in other animal models may also provide more 

valuable insight. 

Thus, we have shown that simple modification of the electrospinning process can 

help overcome its limitations, revealing more of the technology’s potential to customize 

the production of scaffolds to promote specific cellular activity.  Moreover, we have 

shown that topographical customization and chemical modification can both play 

significant roles in enhancing cellular infiltration.  Such an increase can translate in vivo 

to quicker remodeling and faster tissue restoration, especially vascular regeneration. 
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CHAPTER 5 

The End of this Journey, Not the End of THE Journey -  

Summary & Future Guidance for the Ongoing Quest 

 

 

“So, when you’ve finished this, what else are you going to do?” 
“I’m not sure, but there’s always something more that can be 

done…” 
 

“Don’t stop believing.”
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CONCLUDING REMARKS 

 

  Tissue engineering, a relatively young science discipline with vast potential, not 

only encourages researchers to understand the naturally-occurring, complexly efficient 

biological systems that control our development, repair, aging, and death, but also 

charges them to advance medical technology and ultimately promote the betterment of 

human life.  By elucidating which system components [i.e. cells, extracellular matrix 

(ECM) proteins, growth factors, genes, transcription factors, etc., or a combination of 

these] are responsible for which biological activities, scientists can develop superiorly 

efficient strategies for diagnostics, disease prevention, and tissue regenerative 

therapies. 

In the investigation detailed in this dissertation, we are particularly interested in 

developing superior options for vascular regenerative therapy, since there remains an 

unmet need for suitable small-diameter vascular bypass grafts.  To that end, we have 

applied electrospinning technology to fabricate a bio-inspired, potentially superior 

scaffold design.  We assessed the potential of these biological structure- and 

organization-mimicking, micro- and nanofibrous scaffolds for regenerative therapy, 

especially in the vascular system as a small-diameter vascular graft.   

In Chapter 2, we developed a novel, bio-inspired, vascular graft scaffold that 

consisted of a microfibrous luminal layer and a nanofibrous outer layer produced by 

electrospinning that proved to be mechanically compliant to the native vessels of 

athymic rats.  We then chemically modified the scaffold with mucin, a glycoprotein 

normally found as part of a protective layer around epithelial tissue.  Our in vivo 

implementation and in vitro assessment of the antithrombogenic activity of mucin 
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showed that mucin immobilization via covalent bonding was instrumental in its success 

in preventing thrombosis.  We observed that the primary mode of antithrombogenic 

activity exhibited by mucin was its ability to suppress platelet adhesion but did not rule 

out its ability to resist non-specific adhesion of proteins and cells, since our in vitro assay 

might not accurately reflect the discriminating in vivo environment.  Mucin was also 

observed to promote cell infiltration into the graft walls, perhaps because its inherent 

negative charge could cause an influx of water and subsequent scaffold swelling; or 

perhaps because it played potential roles as selective molecular transporter of bioactive 

substances, wound healing promoter, and protector against occlusion.  These findings 

could bring us closer to developing a superior, off-the-shelf option for vascular bypass 

procedures. 

Chapter 3 detailed the significance of longitudinally aligning the lumen of 

vascular grafts.  We showed such topographical customization could be produced via 

electrospinning and could enhance endothelialization of vascular graft implants in vivo.  

In vitro assays investigating the effect of topography and shear stress on cell migration 

and retention revealed that cells predominately preferred topographical cues over 

external mechanical ones, i.e. they exhibited a “contact guidance” bias.  In addition, with 

regards to cell migration on fibers, we found shear stress applied in the direction of fiber 

alignment into a wound accelerated cell movement in the alignment direction into the 

wound; application in the complete opposite direction slowed, but did not completely 

hinder migration into the wound; and application perpendicular to the orientation of 

alignment significantly decreased the retention rate of adhered cells.  These 

observations explained the significantly better success in vivo of longitudinal alignment, 

in which topography was most favorable for cell retention and migration into the graft 

“gap defect.”  Our in vivo study also made it evident that optimal topographical 
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customization did not necessarily equate with antithrombogenic activity, since some 

intimal hyperplasia was observed in our aligned luminal layers.  Since re-

endothelialization of vascular implants is a significant milestone towards long term 

success, our topographical customization could provide another design aspect that 

brings us closer to realizing an ideal vascular graft. 

Tissue regenerative therapies require strategies to promote cellular activity that 

results in the reformation of native tissue.  When bioabsorbable materials, like the ones 

used throughout this dissertation, are used, the ultimate regeneration product would be 

solely native tissue, since all scaffolding and auxiliary substances would have degraded 

and been eliminated.  For such tissue regeneration to ultimately be accomplished, native 

cell infiltration into the implanted construct must first occur.  Without this initial event, 

intra-construct remodeling would be hindered and ultimate tissue regeneration may not 

occur before implant failure.  To that end, we addressed the promotion of cell infiltration 

in Chapter 4.  Specifically, we showed that alignment could increase cellular tendency to 

traverse into a three-dimensional scaffold, in vitro and in vivo.  “Contact guidance” bias 

could cause cells to elongate and take on a morphology that facilitates their migration 

into a scaffold.  We also showed that chemical modification, in this case via the 

immobilization of heparin, could enhance cell infiltration in vivo despite not having 

convincing evidence from our in vitro cell infiltration model.  This discrepancy might be 

due to the limited resemblance of our in vitro model to the actual biological environment.  

Regardless, heparin could have enhanced cell infiltration in vivo by making conditions 

and the scaffold environment more favorable for cell activity.  This could have been 

accomplished via: 1) its antithrombogenic activity; 2) its immense ability to bind to growth 

factors and ECM proteins; or 3) its hydrophilic properties.  Thus, this study provided us 

with evidence of additional benefit of customizing topography and suggested the 
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potential synergistic activity of topographical customization and chemical modification, 

both of which were observed to increase cell infiltration independently.   

Taken together, in this dissertation we detailed potential design improvements 

upon current vascular graft therapy that can prevent occlusion in the short term, provide 

means to ensure long term success, and accelerate the ultimate regeneration of native 

tissue. 

 

The Future is in Our Hands 

 

 The conclusions of this study, albeit significant in improving vascular graft design, 

have been mainly presented with non-definitive terms in the context of general 

application, since we are aware there is far more to do before we can clinically apply 

these findings.   

As mentioned in the Discussion sections of the preceding chapters, many of 

these observations need to be verified in longer term studies, as well as in different 

animal models, especially the observations that apply to the long term success of 

vascular grafts, i.e. topographical customization may help long term patency of grafts 

and accelerate graft remodeling and tissue regeneration.   

 Additionally, the limitations of the designs investigated in this dissertation should 

be addressed in the near future.  Specifically, increasing the porosity of the outer layer of 

the bilayered graft design may make the graft more conducive to cell infiltration, but the 

effect of an increase in porosity on the mechanical properties of the graft should be 

monitored.  The prevention of thrombosis/intimal hyperplasia on the aligned lumen in 
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vivo should be addressed, as well as examined.  It would be interesting to determine by 

which mechanism (platelet activation, coagulation, surface-induced, all of the above?) 

this thrombosis occurred on the aligned fibers.  It would be beneficial to use heparin, as 

suggested in Chapter 4, as well as mucin as an antithrombogenic agent, and determine 

which combination of alignment and surface modification would result in the greatest cell 

infiltration.  The mechanism by which each protein enhances this cellular activity may 

also be worth investigating. 

 It would also be valuable to compare heparin and mucin performance as 

antithrombogenic surface modifications in vivo and in vitro, although the former setting 

may prove more significant since it is difficult to completely resemble the native 

biological environment.  Regardless, the comparison of performance between these two 

proteins should be done in the short and long terms in many different animal models. 

 And so the quest for the ideal vascular graft continues… 
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