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ABSTRACT 

 

 The use of intravascular stents to restore blood flow through restricted vessels in 

patients with coronary artery disease has become the preferred method for treating a 

variety of lesion locations and pathologies.  As new stent configurations and coatings are 

developed, a great need exists for high-throughput preclinical evaluation techniques that 

can interface human tissue with three-dimensional devices.  Thus, the goals of this 

dissertation research were 1) to develop an in vitro blood vessel mimic composed of 

human cells for preclinical evaluation of intravascular devices, and 2) to utilize the mimic 

to assess neointimal responses to implanted stents.  

Experiments in support of these goals were broken into four specific aims.  The 

first aim was to develop an in vitro human blood vessel mimic based on techniques for 

creating tissue engineered vascular grafts.  The second aim was to determine the 

feasibility of utilizing this vessel mimic for bare metal stent evaluation.  The third aim 

was to use the in vitro vessel to evaluate the cellular response to protein-coated stents.  

The fourth aim was to take advantage of the ability to control the in vitro vessel 

environment in order to evaluate the effect of shear rate on the neointimal response to 

implanted stents. 

Human blood vessel mimics were created by sodding fat-derived microvascular 

endothelial cells onto expanded polytetrafluoroethylene grafts and cultivating the vessels 

in bioreactor systems.  This resulted in the development of a luminal lining of endothelial 

cells with sub-endothelial smooth muscle and mesenchymal cells.  Deployment and 
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assessment of bare metal stents within blood vessel mimics supported the feasibility of 

using the model for stent evaluation, and demonstrated that cell coverage of the device 

surface could be observed and measured.  Protein-modified stents were created by 

submerging devices in enriched medium, and following implantation in the blood vessel 

mimic exhibited increased cell coverage and increased tissue thickness as compared with 

bare metal stents.  Finally, an increase in shear rate lead to decreased neointimal coverage 

of implanted bare metal and modified stents.  Overall, this dissertation demonstrates that 

in vitro human blood vessel mimics can be created and utilized for preclinical device 

evaluation.      
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1.  INTRODUCTION 

 

Overview 

 The overall goal of this dissertation research was to develop an in vitro human 

blood vessel mimic that could serve as a testing environment for the preclinical 

evaluation of intravascular technologies. 

New intravascular technologies, such as devices, imaging modalities, and drug-

delivery systems are constantly emerging as researchers and clinicians attempt to 

improve the diagnostic and treatment capabilities for patients suffering from coronary 

artery disease.  Coronary artery disease causes insufficient blood flow to the heart, which 

results in impaired cardiac function and oftentimes requires intervention.  As 

technologies and therapies are being developed and improved, it is necessary for 

preclinical testing and assessment to be performed prior to approval for human use.  This 

testing typically progresses through both in vitro and in vivo models.  Although a range 

of vascular responses can be addressed in preclinical testing, a crucial aspect that is 

commonly evaluated is the endothelial cell response to the new technology. 

Based upon the importance of endothelial cells in the overall vascular response, in 

vitro techniques typically utilize endothelial cell culture.  This can provide an efficient, 

cost-effective approach for gathering preliminary data regarding outcomes such as cell 

attachment, cell proliferation, or cell toxicity in a controlled environment.  In addition, 

cell culture methods can be performed with human cells, which is advantageous based on 

differential responses that different species exhibit.  However, in vitro methods 
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traditionally lack the ability to interface with three-dimensional technologies, and are 

commonly performed in static culture.   

Following in vitro assessment, the next step in the progression of preclinical 

testing is to utilize in vivo animal models to evaluate the most promising candidates 

previously identified.  Animal models provide a more physiologic environment for 

assessment, and can be used to gain further insight into various responses, including the 

endothelial cell response to a new technology.  The rabbit iliac artery model is commonly 

used to assess endothelial cell regeneration on the surface of stents or in response to other 

vascular treatments.  Rabbit models are beneficial for providing an environment to assess 

three-dimensional technologies in contact with a proper vessel structure in the presence 

of blood flow.  However, animal models are costly and time-consuming, and thus the 

number of potential technologies that can be evaluated is limited. 

Considering the advantages and limitations of current preclinical testing 

environments, it would be beneficial if an intermediate model system existed that 

combined the high-throughput, cost-effective, and controlled conditions of in vitro 

approaches with the tubular vessel structure and flow conditions provided by animal 

models.  A primary goal of this dissertation research was to create such a system.  It was 

hypothesized that a human vessel model could be developed using tissue engineering 

techniques and maintained in vitro to serve as an intermediate preclinical testing 

environment. 

Tissue engineering techniques have been previously employed to create tissue 

engineered vascular grafts to serve as replacement vessels for bypass surgery.  Although 
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a wide range of techniques exist, one specific approach involves sodding human fat-

derived microvascular cells onto the lumen of an expanded polytetrafluoroethylene 

polymeric graft.  This particular technique could be advantageous for creating a high-

throughput in vitro vessel model for several reasons.  First, the scaffold is consistent and 

readily available.  Second, human fat-derived cells can be easily obtained and cultured to 

yield a population sufficient for sodding a large number of in vitro vessels.  Finally, there 

is significant clinical evidence supporting the development of a cellular neointima and 

neomedia on the lumen of these sodded vessel constructs following in vivo implantation.  

If a similar vessel structure could be developed in vitro, then the engineered construct 

would have potential as an in vitro human vessel model.  Thus, the first question of this 

dissertation research was whether these specific tissue engineering techniques could be 

utilized to develop an in vitro vessel with a neointima and neomedia.  If so, then it is 

possible that such a vessel could be utilized as an in vitro testing environment to evaluate 

the endothelial cell response to intravascular devices.  Variables ranging from stent 

coatings to intravascular conditions could potentially be assessed.  This dissertation 

research was aimed at exploring these possibilities.  

The following introduction will lay the foundation for the aims and experiments 

related to the goals and questions outlined above.  The introduction will begin by 

providing background information on coronary artery disease, which affects millions of 

patients and serves as the underlying motivation for the development of new devices and 

technologies.  Current treatment options for patients with coronary artery disease will be 

reviewed, with an extended discussion of stent technology and the vascular response to 
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implanted stents.  A section will be devoted to reviewing the FDA approval process for 

new intravascular devices, including the spectrum of in vitro and in vivo models 

commonly utilized for preclinical assessments.  The need for an intermediate preclinical 

testing environment will then be presented along with the potential for meeting this need 

with tissue engineering techniques.  An overview of the current capabilities for creating 

tissue engineered vascular grafts will be provided, and advantages of using tissue 

engineered vascular graft techniques for creating a vessel model will be highlighted.  The 

introduction will conclude with a summary of the specific aims for this dissertation 

research, which will lead into the individual chapters on specific experiments and studies 

that were performed. 
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Coronary Artery Disease 

 

Disease Pathology 

Coronary artery disease (CAD) affects millions of people worldwide.  It is 

estimated that in America alone, over 15 million people suffer from some degree of 

coronary artery disease.  This disease can lead to a variety of conditions, ranging from 

chest pain and discomfort to myocardial infarction and death.  Over 450,000 people die 

every year from CAD, and in 2007 it is estimated that costs associated with CAD will top 

$150 billion (Rosamond et al. 2007).  The primary impact of the disease is due to a 

narrowing of the coronary arteries that supply the heart with blood.  This can result in an 

insufficient or a complete lack of blood flow to the myocardium, which impairs the 

heart’s ability to function.  Whether the result is a partial narrowing or a complete 

blockage, the heart exhibits reduced pump efficiency and therefore reduced ability to 

supply peripheral tissue with nutrients and oxygen.  Due to the prevalence and impact of 

coronary artery disease, many clinicians and researchers have strived to understand the 

underlying pathology of the disease process. 

Historically, CAD has been considered solely a cholesterol storage disease; 

however the mechanisms underlying CAD are now considered to include an 

inflammatory component.  The typical development of chronic CAD is believed to 

progress as follows; arterial endothelial cells are triggered by certain stimuli, such as 

bacterial products, products of glycoxidation associated with hyperglycemia, or 

proinflammatory cytokines, to express adhesion molecules.  These adhesion molecules 
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promote blood leukocytes to stick to the arterial wall.  Attached leukocytes then migrate 

into the arterial intima, and begin interacting with the vascular endothelial cells and 

smooth muscle cells.  This interaction takes place through various cytokines, and 

typically results in smooth muscle cell migration from the media into the intima, followed 

by smooth muscle cell proliferation, increased extracellular matrix deposition, and the 

beginning of a lesion.  The increased levels of extracellular matrix proteins contribute to 

the binding and modification of circulating lipoproteins, which in turn sustains and 

propagates the inflammatory response.  As this process continues, lesion growth and 

calcification occurs, and extracellular lipids accumulate and coalesce in the intima.  

Eventually, the coronary artery contains a significant lesion, known as an atherosclerotic 

plaque (Libby and Theroux 2005). 

The long held belief that this plaque immediately develops inward has been 

modified as it has more recently been recognized that the vessel may initially remodel 

outward with no immediate blockage or stenosis (Glagov et al. 1987).  Following a 

period of outward remodeling, the lesion eventually progresses to a point at which it 

begins to impair blood flow through the lumen.  A variety of lesion types are believed to 

exist, including lesions with smaller lipid cores and thicker fibrous caps, as well as 

lesions with lipid-rich cores and thin fibrous caps (Libby and Theroux 2005;Yokoya et al. 

1999).  These different types of lesions, with a range of intermediate manifestations, are 

all classified as coronary artery disease and can lead to diverse clinical manifestations 

and management strategies. The differences result in a range of clinical symptoms and 

require variations in treatment options, which will be reviewed in a subsequent section.  
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However, the overall effect on the coronary artery is the formation of a lesion that 

impedes the normal structure and function of the artery.  It is possible for the lesion to 

physically occlude blood flow, or for the intimal lesion to rupture and cause an acute 

thrombosis.  In either case, when the coronary arteries are compromised, the heart itself 

will become ischemic and will therefore be unable to adequately pump blood to the rest 

of the body.  This can result in outcomes ranging from chest pain to death, depending on 

the severity of the disease and the extent of occlusion. 

 

Diagnostic Approaches 

Prior to potential treatment, coronary artery disease must first be diagnosed and 

the severity of the disease must be assessed.  In some cases a patient may present with 

moderate to severe chest pain, while in other cases diagnosis may occur in an 

asymptomatic patient during routine screening or during treatment of another condition.  

Several different imaging modalities exist that can be used to visualize narrowed arteries 

or plaque presence in the coronary circulation.  Perhaps the most widely used technique 

is angiography.  This is an approach utilized in catheterization laboratories that involves 

injecting a contrast agent into the patients’ vasculature and imaging the arteries with x-

rays to look for narrowness or occlusions in the path of blood flow.  This visually 

provides a silhouette indicating coronary artery lumens and allows a measure of stenosis 

and luminal diameter.  Angiography does not provide information about plaque 

composition and does not identify smaller areas of stenosis that may be undetectable due 

to remodeling, which limits the ability to completely assess lesion characteristics and 
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disease progression (Bhatia et al. 2003).  However, it is clinically the most common 

approach and does clearly identify areas of occlusion that require intervention 

(Schoenhagen et al. 2003). 

A second common imaging modality is intravascular ultrasound (IVUS).  

Ultrasound uses sound waves to create structural images, and IVUS is a small diameter 

probe or catheter that uses ultrasound to acquire two-dimensional cross-sectional images 

within the vasculature (Metz et al. 1997;Yock and Fitzgerald 1998).  Although the 

backscatter of blood may limit image resolution, IVUS does provide the ability to 

measure luminal cross-section, assess the plaque burden, and visualize the fibrous cap of 

the lesion (Bhatia et al. 2003).   

Additional diagnostic tools include magnetic resonance imaging and optical 

coherence tomography (Regar et al. 2003).  High resolution magnetic resonance imaging 

(MRI) can be performed non-invasively to provide information regarding progression and 

regression of plaques, visualization of fibrous caps, and characterization of plaque 

composition (Escolar et al. 2006).  Current limitations of MRI include resolution 

insufficiencies for making accurate thickness measurements as well as cost and 

infrastructure obstacles.  Optical coherence tomography (OCT) is a high resolution 

modality that takes advantage of a laser light source to detect index of refraction 

mismatches to create structural images.  This has great diagnostic potential for CAD due 

to its ability to differentiate lipid tissue from water-based tissues, but it is currently 

limited by a 1-2mm penetration depth and a relatively slow acquisition rate (Bhatia et al. 

2003).   
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Regardless of the specific approach used to identify a coronary lesion, once it has 

been determined that a patient suffers from CAD, a variety of options are available to 

treat the disease. 
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Treatment of Coronary Artery Disease 

 

Lifestyle Modifications and Pharmacologic Approaches 

Neither changes in lifestyle nor prescription of drugs can cure coronary artery 

disease.  However, both will be addressed as they are commonly included in clinical 

strategies to combat the disease.  One of the more simplistic ways to reduce the 

progression of coronary artery disease is to eliminate additional risk factors associated 

with the disease.  For example, patients suffering from CAD can improve their health, or 

at least prevent further decline of their health, through long-term changes in diet and 

exercise and through the cessation of smoking.  Obesity, sedentary lifestyles, and 

smoking increase mortality rates in patients with CAD (Rosamond et al. 2007).  In 

addition, it can be advantageous for a patient to lower their low density lipoproteins or 

blood pressure through diet, vitamins, or other lifestyle modifications (Libby and 

Theroux 2005).  Although lifestyle changes alone are typically not sufficient to reverse 

coronary artery disease, they are beneficial in patients with early progression of the 

disease.  In addition, lifestyle changes are recommended in conjunction with each of the 

more direct treatment options that will be discussed. 

A wide range of drugs are available to manage and to address aspects of coronary 

artery disease as well.  Although a comprehensive description of these pharmaceuticals is 

beyond the scope of this introduction, several major classes will be summarized.  Three 

major goals in treating CAD are to relieve symptoms, to prevent further progression of 

the disease, and to restore blood flow to ischemic regions of the heart.  Although drugs 
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have not yet been successful in re-opening severely occluded vessels, major 

pharmacologic advances have contributed towards relief of symptoms and prevention of 

disease progression.  

 One of the most commonly prescribed drugs is aspirin.  Aspirin is a COX-1 

inhibitor and acts to inhibit platelet aggregation.  This contributes to decreased risk of 

thrombus and therefore a decreased risk of myocardial ischemia and acute myocardial 

infarction in patients with CAD.  Another beneficial group of drugs is the “statins”.  

Statins are HMG-CoA reductase inhibitors that have favorable effects on platelet 

adhesion, thrombosis, endothelial function, inflammation, and plaque formation 

(Jaumdally et al. 2005).  These effects can decrease mortality in patients with coronary 

artery disease, and improve prognosis following coronary intervention.  A third class of 

drugs is known as the angiotensin converting enzyme inhibitors.  These agents decrease 

neointimal proliferation, which can slow the progression of coronary artery disease, 

although overall beneficial effects for CAD remain controversial (Jaumdally et al. 2005).  

A fourth group of drugs are the beta-blockers.  Beta-blockers are typically used to treat a 

variety of co-morbidities associated with CAD, including angina, hypertension, atrial 

fibrillation, and heart failure, although they also have potential capabilities to prevent 

smooth muscle cell migration and proliferation in lesion formation.  In addition to these 

four pharmacologic agents, many others exist.  Drugs play a large role in the clinical 

treatment of CAD and in addition to being used in combination with surgical 

intervention, recent reports have documented the success of medical therapy alone in 

regards to long-term death rates and myocardial infarctions in CAD patients (Allen et al. 
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1996;Boden et al. 2007;Laurendeau and Lassonde 1989).  The pharmacologic agents 

utilized in drug-eluting stents will be discussed in a subsequent section. 

 

Coronary Artery Bypass Grafting 

In cases where a major coronary artery has been partially or completely occluded, 

lifestyle modifications and drugs are not sufficient to immediately restore proper blood 

flow, and therefore surgical intervention may be required.  In multi-vessel disease, or in 

cases of complex lesion geometry, coronary artery bypass grafting (CABG) is a common 

solution (Kennelly 1977;McIntosh and Garcia 1978;Hawkes et al. 2006).  This procedure 

involves opening the chest and utilizing a vascular conduit to shunt blood past the lesion 

to the distal tissue.  The primary goal of this bypass conduit is to provide blood to the 

heart muscle distal to the occluded artery (Lawrie et al. 1991). 

The replacement conduit is ideally a vessel harvested from the patient’s own 

body, such as the saphenous vein or mammary artery.  This approach is advantageous 

because the graft is autologous, which improves acceptance by the immune system, and 

has adequate structural and material properties.  In many patients, a native vessel bypass 

conduit will remain patent beyond 10 years.  However, coronary bypass grafting with 

native vessel replacements is not perfect, and 5-15% of patients require revascularization 

procedures by 5 years post-surgery due to graft failure, which can be caused by 

thrombosis, intimal hyperplasia, or atherosclerosis (Hannan et al. 2005;Schofield 

2003;Shuhaiber et al. 2002).  In spite of these potential limitations, a native vessel is 

currently the best choice for use as a bypass conduit. 
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Unfortunately, 15% to 30% of patients who are candidates for CABG lack 

sufficient healthy vessels to serve as replacements (Veith et al. 1979;Poletti et al. 1998).  

This insufficiency can be due to systemic disease, amputation, or previous harvesting, 

and in these cases alternative conduits are necessary.  Donor human tissues and animal 

vessels have been explored as alternatives, but tend to have problems with infection 

(Williams and Jarrell 2002).  Thus synthetic materials have been investigated, including 

expanded polytetrafluoroethylene (ePTFE) and polyethylene terephthalate (PET) (Pu et 

al. 2002).  The use of ePTFE and PET vascular grafts has been relatively successful for 

applications involving vessel diameters greater than 5-6mm (Allen et al. 

1996;Laurendeau and Lassonde 1989;Bennion et al. 1985); however, similar success has 

not been realized in cases requiring smaller diameters such as the coronary arteries 

(Salacinski et al. 2001;Sapsford et al. 1981).  Due to the compliance mismatch with 

native tissue, small-diameter grafts are more likely to fail due to restenosis (Abbott et al. 

1987).  In addition, small-diameter sites experience low flow rates and are at a much 

greater risk of occlusion should a small clot form due to the thrombogenicity of the 

synthetic material surface (Herring et al. 1978;Yates et al. 1973). 

 

Biologic Alternatives for CABG Conduits 

One proposed solution to the problem of small-diameter graft thrombogenicity 

has been to grow a monolayer of endothelial cells on the luminal surface of a synthetic 

graft.  The rationale behind this is that if the lumen of the synthetic material is covered 

with autologous vascular cells, it may have greater long-term patency following 
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implantation (Herring et al. 1978;Pawlowski et al. 2004).   The anti-thrombogenic 

potential of endothelial cells could be maintained on the construct, thereby reducing the 

risk of clotting and resulting in a patent vascular conduit (Rupnick et al. 1989).  A variety 

of cell sources, cell-seeding methods, and cell growth techniques have been attempted 

toward the goal of creating a more biocompatible, small diameter bypass graft.  Although 

many different groups have developed ways to accomplish the task of growing 

endothelial cells on the surface of a vascular conduit, further development is still 

underway to make this procedure available to surgeons in the operating room (Kannan et 

al. 2005;Rashid et al. 2004b;Williams et al. 1994b;Williams 1995).   

An additional proposed solution to meet the need for small diameter vascular 

conduits, related to the idea of endothelial cell seeding described above, is to engineer a 

multi-layer replacement conduit that resembles a native vessel.  Tissue engineered blood 

vessels can be made with a variety of biologic and synthetic scaffold materials, utilizing 

several types and sources of cells, under a range of cultivation conditions.  Engineered 

constructs almost always contain an intimal endothelial cell lining, and sometimes 

contain distinct layers that resemble medial and adventitial components as well.  

Different techniques for vessel development will be discussed more thoroughly in a 

subsequent section devoted to tissue engineered vascular grafts.  Although sodded 

prostheses and tissue engineered blood vessels have not yet become the conduits of 

choice for CAD patients, it is likely that someday they will become the preferred options 

for CABG procedures. 
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Angioplasty 

In contrast to the more invasive method of surgery for bypass procedures, balloon 

angioplasty was developed as a minimally invasive intervention to treat occluded arteries 

and restore blood flow in patients with severe coronary artery disease.  This procedure, 

also known as percutaneous transluminal coronary angioplasty (PTCA), was pioneered 

by Andreas Gruentzig and first performed in a human coronary artery in 1977 (King 

1996).  The procedure involves the insertion of a flexible balloon catheter through the 

patient’s vasculature to the area of vessel occlusion.  The balloon is inflated to force open 

the blocked artery and stretch the vessel wall. A diagram illustrating balloon insertion and 

inflation within a vascular lesion is shown in Figure 1.1.  The balloon is then deflated 

and the entire catheter is removed.  Although this technique successfully increases lumen 

diameter, restores blood flow, and relieves chest pain, it has been found that within 6 

months approximately one-third of patients suffer from a restenosis and require a 

revascularization procedure.  This restenosis is due to vascular remodeling, elastic recoil 

of the artery, thrombus formation, and smooth muscle cell proliferation (Nawarskas and 

Osborn 2005;Schofield 2003).  Due to these complications, and to more recently 

developed technologies, angioplasty alone is seldom the treatment of choice for coronary 

artery disease. 

 

Stenting 

The problems of restenosis and elastic recoil following balloon angioplasty led to 

the development and implementation of devices known as stents (Palmaz et al. 1985). 
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Figure 1.1- Balloon angioplasty restores blood flow by re-opening sites of vessel 

occlusion by inflating an intravascular balloon. 
 

(Permission granted to reprint image from the National Heart, Lung, and Blood Institute 
as a part of the National Institutes of Health and the U.S. Department of Health and 

Human Services; see Appendix I) 
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Stents are tubular structures that can be implanted within a variety of locations, including 

damaged ureters, mandible reconstructions, and blood vessels.  The name “stent” comes 

from Dr. Charles Stent, who was an English dentist credited with first introducing a 

“stent” material for dental applications (Ring 2001).   For cardiovascular applications, 

stents can be implanted within a blood vessel in order to prevent elastic recoil and 

maintain luminal diameter following angioplasty (Nawarskas and Osborn 2005).  These 

devices can be crimped onto catheters, introduced in a minimally invasive manner to the 

lesion site, and expanded intravascularly to prop open and maintain patency within a 

coronary artery.  The stent itself is left in place following removal of the catheter, as 

illustrated in Figure 1.2.  Although the first publication documenting a stent proposal 

was in the 1960’s (Dotter 1969), it took several decades for the idea to make its way into 

clinical practice for treating coronary artery disease.  In 1987 it was reported for the first 

time that stents have the potential to reduce the occlusion and restenosis that occurs in 

vessels after they are treated by angioplasty (Sigwart et al. 1987).   

Over the past two decades, the development of new stent technology has played a 

large role in treating coronary artery disease.  Prior to 1994, two types of stents were 

approved by the Food and Drug Administration, the Gianturco-Roubin stent and the 

Palmaz-Schatz stent, and since then the FDA has approved at least 16 models of stents 

from nine different manufacturers (Butany et al. 2005).  Worldwide, more than 40 stent 

designs are currently available (Kandzari et al. 2002).  With the development of high 

pressure deployment methods, advanced anti-platelet therapy, and a constantly increasing 

amount of supportive clinical data, stenting has become the principal method of  
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Figure 1.2- Stent deployment within a coronary artery.  Following deployment and 
removal of the catheter, the stent is left in place at the site of a lesion. 

 
(Permission granted to reprint image from the National Heart, Lung, and Blood Institute 
as a part of the NIH and the U.S. Department of Health and Human Services, from the 

NHLBI Disease and Conditions Index on Coronary Angioplasty; see Appendix I) 
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percutaneous coronary revascularization for patients suffering from CAD (Kandzari et al. 

2002). 

 Stents vary based on the mechanism of expansion, the overall physical design, 

and the material composition (Colombo et al. 2002).  One reason that various types of 

stents exist is that competitors have a legal requirement to alter the design in order to 

overcome specific patents.  Another reason is that a variety of engineering approaches 

have been taken in an attempt to develop the most clinically effective stent.  A stent must 

be flexible enough to facilitate safe delivery without compromising the radial support and 

lesion coverage that is required post-deployment, and it must be both biocompatible and 

biodurable.  The stent should be thrombo-resistant, have good hydrodynamic 

compatibility, and have a low, unconstrained profile.  Finally, a stent must be able to be 

secured to a delivery system, and it must have radiological visibility such that it can be 

identified angiographically during minimally invasive placement in the vessel (Butany et 

al. 2005).  These engineering challenges have resulted in a variety of stent designs.   

In terms of stent expansion, there are two main deployment techniques that have 

been developed.  One type of system relies on self-expansion.  These stents are designed 

to be self-expanding at the site after the target lesion has been opened by balloon 

angioplasty.  This can be achieved with certain types of shape-memory alloy materials.  

The other technique requires a mechanical expansion of the device inside the vessel.  

These stents are crimped onto a balloon and expanded by inflating the balloon. This type 

of deployment can occur either at the same time the lesion is being opened or afterward.  

The stent-loaded balloon catheter is placed in the vessel at the site of the lesion, the 
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balloon is inflated causing the stent to open, and the balloon and catheter are removed 

leaving the stent in place.  Balloon expandable stent technology is utilized in a majority 

of commercially available stent systems (Butany et al. 2005). 

The overall physical design of stents can play a key role in device function and 

success.  As mentioned previously, different manufacturers design different stent 

configurations to set them apart from the competition and to address specific engineering 

and intravascular challenges.  Over the years, stents have been classified into three basic 

overall designs: coils, tubular mesh, and slotted tubes.  Coil stents are characterized by 

metallic wires formed into a circular coil shape.  Tubular mesh stents consist of wires 

wound together in a meshwork, forming a tube.  Slotted tube stents are made from tubes 

of metal from which a strut design is laser cut.  Some of the properties that vary within 

these design types include strut pattern, strut width, or overall stent diameter (Butany et 

al. 2005).  Evidence exists that these strut patterns and strut spacings can result in 

differential responses once implanted inside the vessel, based upon factors such as 

platelet adhesion and vessel injury (Robaina et al. 2003;Rogers and Edelman 

1995;Sullivan et al. 2002;Carter et al. 1999).  In addition to the overall design, specific 

strut geometries can also vary.  These geometries contribute to deployment capabilities, 

side branch access, radial strength, and also the healing potential of the stent.  Four 

examples of different strut configurations, or cell geometries, are illustrated in Figure 

1.3.  The four diagrams represent designs of the Tetra stent by Guidant, the S670 stent by 

Medtronic, the NIR stent by Boston Scientific, and the BX Velocity stent by Cordis.  The 
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Figure 1.3- Stents can vary based on strut configuration.  Four example geometries are 
diagrammed above, representing open (left two) and closed (right two) strut patterns.  
From left to right, the diagrammed strut geometries represent the Guidant Tetra stent, 
Medtronic S670 stent, Boston Scientific NIR stent, and the Cordis BX Velocity stent.  

 
(Permission granted to reprint image from Kandzari et al 2002 published in 

Catheterization and Cardiovascular Interventions by John Wiley and Sons Inc; see 
Appendix I) 
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shaded areas highlight variations in the openness or closed ness of the strut pattern 

(Kandzari et al. 2002).   

Finally, a third key aspect of stents is their composition or material.  Although 

metals are the most widely used, research has been done on a variety of scaffolds 

including biodegradable polymers (Tsuji et al. 2001).  The idea behind a biodegradable 

polymer is that the structure is not permanent, but will remain in place long enough to 

prevent elastic recoil of the vessel following intervention (Tamai et al. 2000).  However, 

non-degradable metallic stents presently dominate the commercial market and are 

commonly made from surgical-grade 316L stainless steel.  Other widely used metals 

include cobalt-chrome alloys, tantalum, and nitinol.  Similar to the other stent 

characteristics described, stent material plays an important role in the vascular tissue 

response, with specific metallic compositions impacting cellular growth profiles and 

protein expression levels (Yeh et al. 2006). 

 

Tissue Responses Following Stent Implantation 

Implantation of a coronary bare metal stent leads to a cascade of tissue responses.  

The extent and timing of each response varies based upon patient and device-specific 

characteristics such as vessel size, lesion location, patient co-morbidities, and stent 

composition (Kastrati et al. 2001), but the overall progression of responses remains fairly 

consistent.  Stent deployment initially causes vessel injury and denudation of the 

endothelium.  Immediately following implantation, an acute thrombogenicity phase 

involving platelet and fibrin deposition occurs on and around the stent struts.  This is 
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associated with an acute inflammation stage that can last approximately three months, 

during which the thrombus resolves.  Next is the infiltration of chronic inflammatory 

cells such as lymphocytes and macrophages, and the migration and proliferation of 

vascular smooth muscle cells (Babapulle and Eisenberg 2002a).  These smooth muscle 

cells synthesize extracellular matrix proteins, including proteoglycans and collagen, 

which contribute to the formation of what is known as the neointima.  The final stage is a 

remodeling stage, which includes compensatory intimal shrinkage and re-

endothelialization of the luminal surface (Virmani 2006).  This final step of endothelial 

regeneration is a key component of long term device healing.  A confluent monolayer of 

endothelial cells modulates local thrombolysis, produces vasoactive agents, provides a 

barrier to circulating growth-promoting factors, and contributes towards quiescence of 

smooth muscle cells, all of which help maintain long-term function and patency of the 

stented blood vessel (Kipshidze et al. 2004).  The timeline of a typical healing cascade 

after bare metal stent implantation (Virmani 2006) is illustrated in Figure 1.4. 

Ideally, the cascade of responses following bare metal stent implantation leads to 

a remodeled and re-endothelialized lumen that remains patent long-term.  However, 

opportunities for device failure do exist, with the most common causes being thrombosis 

and restenosis.  The risks of acute thrombosis are typically modulated by the prescription 

of dual anti-platelet therapy including clopidogrel and aspirin, and late thrombosis is 

minimal if proper re-endothelialization has occurred.  Overall, rates of bare metal stent 

thrombosis are low, ranging from <1% to 2% within 30 days and <2% up to 9 months 

post-deployment, depending on patient subsets (Circulatory System Devices Panel 2006). 
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Figure 1.4- Typical healing cascade following bare metal stent implantation in a human 
patient.  Timeline includes early thrombosis stage followed by acute inflammation, 
proliferation, and extracellular matrix deposition.  Final remodeling stage includes 

regeneration of the endothelium. 
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Although stenting successfully reduces problems of re-occlusion triggered by 

balloon angioplasty, it introduces its own risks of restenosis.  Histological and ultrasound 

studies provide evidence that in-stent restenosis develops differently than PTCA 

restenosis.  PTCA restenosis is thought to involve primarily negative remodeling of the 

vessel and only partial neointimal hyperplasia.  Neointimal hyperplasia is the 

uncontrolled proliferation of vascular smooth muscle cells within the vessel intima, 

which is commonly accompanied by increased deposition of extracellular matrix 

molecules (Liuzzo et al. 2005).  Stents provide mechanical scaffolding that effectively 

reduces long-term negative remodeling of the vessel, and thus in-stent restenosis is 

primarily the result of this neointimal hyperplasia (Indolfi et al. 2003b).  

 The development of in-stent restenosis is a complex cellular process that 

progresses due to the interaction of several factors.  As mentioned, platelet deposition and 

aggregation occurs around the site of an implanted stent.  Platelets release multiple 

growth and migratory promoting factors in addition to those released from injured 

vascular cells and surrounding extracellular matrix, such as thrombin, platelet-derived 

growth factor (PDGF), interleukin (IL)-1, insulin-like growth factor-1 (IGF-1), fibroblast 

growth factor-2 (FGF-2), vascular endothelial cell growth factor (VEGF), and others. 

This complex interplay of growth factors then regulates vascular SMC migration and 

proliferation through cell surface receptors and intracellular signaling molecules, 

inducing the cells to leave their quiescent state and enter the cell cycle (Liuzzo et al. 

2005).  The expression of these factors during the thrombosis and acute inflammation 
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stages illustrated in Figure 1.4 leads to the subsequent proliferation stage that can extend 

beyond several months. 

In addition, positive regulatory proteins, such as cyclins and cyclin-dependent 

kinases (CDKs), and negative regulators, such as cell cycle inhibitors, both tightly control 

cell cycle events.  Progression from one cell cycle phase into the next is regulated by the 

formation and activation of cyclin-CDK complexes.  Endogenous cyclin-dependent 

kinase inhibitors attenuate the activity of cyclin-CDK complexes, leading to G1 arrest, 

thereby functioning in growth regulation and wound repair. In vascular smooth muscle 

cells, p27kip1 and p21cip1 are two important CDK inhibitors that regulate CDK activity 

(Liuzzo et al. 2005).  When these regulatory proteins are inappropriately stimulated or 

insufficiently produced, the tissue response to an implanted stent can spiral out of control, 

resulting in significant restenosis of the vessel and requiring revascularization.  It is 

estimated that in-stent restenosis occurs in 20-50% of patients following implantation of a 

bare metal stent, which has emerged as the major drawback of bare metal stent use 

(Kastrati et al. 2001).   

 

Drug-Eluting Stents 

In an effort to reduce the problems associated with bare metal stents and 

restenosis, drug-eluting stents (DES) have been developed (Lincoff et al. 1994;Sousa et 

al. 2001;Topol and Serruys 1998).  The approach is to coat a stent with an agent that 

prevents cell proliferation, such that the agent is localized and targeted to the vessel 

lesion where it can prevent in-stent restenosis.  In 2003 the first drug-eluting stent, the 
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Cypher sirolimus-eluting coronary stent produced by Cordis Corporation, was approved 

for marketing by the FDA.  Sirolimus is an antiproliferative agent that inhibits growth-

factor and cytokine-induced cell division.  Although it was originally utilized as an anti-

rejection drug after renal transplants (Groth et al. 1999;Calne et al. 1989), it has been 

shown to also decrease cellular proliferation involved in restenosis (Sarembock 

2004;Burke et al. 1999).  Sirolimus acts by binding to an intracellular receptor protein 

that causes inhibition of cyclin/cyclin-dependent kinase complexes, which induces cell-

cycle arrest in the late G1 phase and reduces cell proliferation and intimal thickening. 

Shortly after the approval and release of the Cypher stent, Boston Scientific 

received FDA approval to release their Taxus Express2 paclitaxel-eluting coronary stent.  

Paclitaxel is an anti-mitotic drug that was originally developed as a cancer therapy 

(Gelmon 1994;Schiff et al. 1979), however its antiproliferative capabilities made it a 

candidate for targeting vascular intimal hyperplasia as well (Axel et al. 1997).  By 

enhancing microtubule assembly and stabilizing polymerized microtubules within the 

cell, paclitaxel prevents DNA synthesis and arrests cells at the G0/G1 and G2/M 

interfaces of the cell cycle (Liuzzo et al. 2005).  Thus, when this agent is delivered by an 

intravascular stent, proliferation is prevented and in-stent restenosis can be averted 

(Nawarskas and Osborn 2005;Liistro et al. 2002;Grube and Bullesfeld 2002;Lasala et al. 

2006).  A diagram of the cell cycle with corresponding targets of the anti-proliferative 

agents sirolimus and paclitaxel is shown in Figure 1.5. 

As described, both sirolimus and paclitaxel arrest cells at specific stages in the 

cell cycle, rendering the cells unable to proliferate.  This ultimately prevents the cellular 
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Figure 1.5- Diagram of the cell cycle, with indications of where the anti-proliferative 

agents Sirolimus and Paclitaxel inhibit cycle progression 
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proliferation that leads to restenosis.  Over the past several years, there have been many 

clinical studies performed on these drug-eluting stents.  It has become quite clear that 

drug-eluting stents result in better patency and a lower incidence of restenosis as 

compared with bare metal stents (Grube and Bullesfeld 2002;Shafiq et al. 2006).  The 

RAVEL and SIRIUS trials both demonstrated drastically reduced restenosis rates in 

sirolimus coated stents as compared with bare metal stents (Regar et al. 2002;Serruys et 

al. 2002;Moses et al. 2003;Sonoda et al. 2004).  Specifically, the rates of restenosis were 

0% (RAVEL) and 3% (SIRIUS) for the drug-eluting stents as compared to 27% and 35%, 

respectively, in control groups receiving bare metal stents (Moses et al. 2003;Serruys et 

al. 2002).  Similar success has been found with paclitaxel coated stents.  In the ASPECT, 

ELUTES, and TAXUS I and II trials, restenosis in the drug-eluting stents was 4%, 3%, 

0%, and 6% respectively, as compared to rates of 27%, 21%, 10%, and 20% in bare metal 

controls (Gershlick et al. 2004;Hong et al. 2003;Winslow et al. 2005).  Due to these 

successes in addressing restenosis, many new drugs are being explored for stent coatings.  

It is estimated that over 35 new formulations of drug-eluting stents are under 

investigation worldwide (Butany et al. 2005).  For example, everolimus is a derivative of 

sirolimus that has antiproliferative capabilities, but also may have improved cellular 

residence time and activity.  It is being utilized by Abbott Vascular, a division of Abbott 

Laboratories, for their drug-eluting stent Xience V (Grube and Buellesfeld 2004).  In 

addition, Medtronic Inc. is pursuing approval to market their Endeavor drug-eluting stent, 

which is a cobalt-chrome alloy stent platform coated with the sirolimus analogue ABT-

578 and a biocompatible phosphorylcholine polymer (Buellesfeld and Grube 2004). 
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Just as the stent platform and drug of choice is different for each DES, the 

mechanism of drug release from stents can also vary (Whelan et al. 1998).  The most 

common approach is to attach the drug to a primed metal stent surface, and then to coat it 

with an outer layer of a biocompatible polymer.  This polymer coating enables the drug to 

elute at a slower rate.  On average, a polymer coating results in approximately a 30-day 

elution period.  This technique works relatively well and is widely used, but drawbacks 

do exist.  The release rate is not constant and the stent can unload a significant proportion 

of the drug in the first week.  There is also evidence of inflammation and negative 

healing responses due to the polymer coating.  This has lead to alternative release 

methods, such as the creation of physical pockets, or reservoirs, in the stent.  Conor 

Medsystems, LLC has designed a stent containing tiny holes in the struts, which can be 

loaded with drugs for release.  This alternative method of drug delivery has the potential 

for directional control of drug release as well as expanded drug capacity (Serruys et al. 

2005).  

 Overall, the evolution of drug-eluting stent technology has lead to improvements 

in patient care by reducing rates of restenosis and decreasing the prevalence of 

revascularization procedures.  People suffering from coronary artery disease and 

occluded blood vessels can be treated in a minimally invasive manner, with an outcome 

that is unlikely to be plagued by restenosis.  However, it is important to note that the 

antiproliferative mechanism of the drugs on these stents is not specific for any one cell 

type.  Smooth muscle cells are unable to proliferate, but so are all other cell types in the 
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localized region of delivery, including the endothelial cells that are crucial in the final 

remodeling stages of stent healing.   

The inhibition or postponement of re-endothelialization on drug-eluting stents has 

only recently been officially documented (Circulatory System Devices Panel 2006).  This 

delay in healing results in a prolonged window of risk for stent thrombosis, as the device 

surface maintains its contact with the flow of blood.  Although this can superficially be 

addressed by prolonging anti-platelet therapy, long term data is beginning to show a 

small but significant increase in late stent thrombosis in patients treated with DES as 

compared with those who received bare metal stents (Joner et al. 2006).  It is still 

uncertain how this will impact the clinical use of drug-eluting stents, but it remains clear 

that there is room for device improvement and for further understanding of how to 

successfully modulate intravascular tissue responses. 

 

Coated Stents 

In addition to anti-proliferative agents, and in light of potential limitations of 

drug-eluting stents, many varieties of other stent coatings have been evaluated and are 

being developed.  The goal in every case is to beneficially impact vascular healing and 

long-term patency of implanted stents.  One approach has been to coat stents with inert, 

biocompatible materials including carbon, gold, or silicone carbide.  These coatings are 

potentially anti-thrombogenic and anti-inflammatory, and each has been evaluated in 

clinical trials.  Carbon-coated stents were documented as being well tolerated, with the 

potential benefit of decreased restenosis in high risk patients (Antoniucci et al. 2001).  
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Gold-coated stents have presented somewhat contradictory results, but overall have not 

been shown to have significant benefits compared with bare metal stents (Danzi et al. 

2002).  Silicone carbide coated stents have shown decreased thrombogenicity compared 

with bare metal stents, but no improvement in restenosis rates (Kandzari et al. 

2002;Monnink et al. 1999). 

 As described in the introduction to drug-eluting stents, it is also possible to coat 

stents with polymers.  A naturally occurring phospholipid polymer called 

phosphorylcholine has been coated onto stents and evaluated in numerous human trials.  

It has been well-tolerated in patients, with low rates of thrombosis and desirable effects 

on short term restenosis outcomes.  It remains unclear if this polymer alone will exhibit 

long-term inhibition of neointimal hyperplasia (Galli et al. 2001), but as mentioned 

previously it is also being utilized in combination with anti-proliferative agents. 

 In addition to drugs that target restenosis, other drugs have been assessed for use 

as stent coatings to address thrombosis risks.  One such pharmacologic agent is heparin 

(van der Giessen et al. 1998).  This anticoagulant has demonstrated safety in human 

trials, and has shown lower rates of subacute thrombosis compared to uncoated stents.  

Although benefits were seen in regards to restenosis in complex lesions, no significant 

long-term benefits were found overall when restenosis of heparin-coated stents was 

compared to uncoated stents.  This type of coating may still be favorable for cases where 

targeting thrombotic risk is a priority (Babapulle and Eisenberg 2002b). 

  Estradiol-eluting stents provide another example of the utilization of various stent 

coatings.  Based upon the beneficial effects of estrogen on lipids and nitric oxide 
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production and its protective effects in the coronary circulation, estradiol was 

investigated for its potential positive impact on stent healing.  It was also hypothesized 

that estradiol might prevent restenosis by improving re-endothelialization and decreasing 

smooth muscle cell migration and proliferation.  In animal studies of 17-beta-estradiol-

eluting stents, it was found that neointimal formation was reduced while endothelial 

regeneration was in fact maintained.  Feasibility studies in humans have also shown 

initially beneficial outcomes in regards to neointimal hyperplasia (Kipshidze et al. 

2004;New et al. 2002). 

 A final class of stent coatings that will be discussed is protein coatings.  The 

overall goal of coating a stent surface with a biologic agent such as a protein is to 

beneficially modulate the vascular response by enhancing endothelial cell regeneration 

and healing.  Several types of proteins can be used towards this goal of creating a “pro-

healing” stent, including peptides and antibodies.  One such peptide is the integrin-

binding cyclic-RGD sequence.  This coating has been investigated in combination with 

polymer elution technology, and was shown in porcine arteries to reduce the extent of 

neointimal hyperplasia and accelerate stent endothelialization by binding circulating 

endothelial progenitor cells (Blindt et al. 2006).  Another protein option that has been 

explored is the use of antibodies against CD34, which is an antigen found on the surface 

of endothelial progenitor cells (EPCs) (Asahara et al. 1997).  The rationale is to coat 

stents with these antibodies, such that circulating EPCs are captured onto the surface of 

the device for enhanced healing.  In human trials, safety and feasibility of these anti-

CD34 stents was demonstrated, although significant reduction in neointimal hyperplasia 
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was not noted, and certain issues with sterilization techniques still need to be addressed 

(Aoki et al. 2005).  Although both examples of protein-coated stents have yet to be FDA 

approved or implemented for widespread clinical use, they provide encouraging data for 

pursuing additional biologic coating options. 

 

 In summary, a wide range of techniques and technologies are available to 

diagnose and treat coronary artery disease, including a vast array of stent designs and 

stent coatings for minimally invasive intervention.  As researchers gain a better 

understanding of how the vessel and lesion respond to current devices and treatments, it 

will become possible to design even more effective technology.  Thus, researchers, 

clinicians, and industrial groups are constantly improving upon existing treatments and 

introducing new directions and devices for intravascular therapy. 
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Development of New Intravascular Therapies 

 

FDA Approval 

 New intravascular therapies and technologies range from drugs and drug-delivery 

systems to cell-based therapies and from devices to new imaging modalities.  The 

preceding discussion highlighted a range of such therapies for treating coronary artery 

disease, concluding with examples of intravascular stents.  As these new technologies and 

devices are developed and improved, there are specific assessments and regulatory 

requirements that must be completed prior to widespread use in human patients.  One of 

the major steps in this development process is to obtain approval from the Food and Drug 

Administration (FDA) to market the technology in the United States.  Approval to market 

products in other countries is also sought after; however, for the present summary the 

FDA requirements for new devices will be utilized to highlight the approval process.   

The two major goals of the FDA are to ensure safety and to determine 

effectiveness of a new medical product.  Unless a new device is substantially equivalent 

to another legally marketed device in the United States, it must receive a premarket 

approval.  This approval requires technical data from non-clinical laboratory studies as 

well as clinical investigations.  Progression to clinical investigations is dependent on 

receiving an investigational device exemption, which relies on results from the non-

clinical studies.  Thus, non-clinical studies are a crucial component in the development 

and approval of a new device.  These studies involve a range of assessments aimed at 

gathering information on toxicology, immunology, microbiology, biocompatibility, wear, 
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and shelf life of the device.  Non-clinical assessments are performed with in vitro 

laboratory models as well as in vivo animal models to provide information about cellular 

responses and systemic effects.  Following these non-clinical studies, or “preclinical” 

studies as they are referred to in this dissertation, investigational device exemptions can 

be obtained in order to collect safety and efficacy data in humans.  This clinical data can 

then be submitted to obtain premarket approval of successful devices, which leads to the 

ability to market the product in the United States.  

 

Preclinical Evaluation Techniques 

 There is a spectrum of preclinical evaluation techniques that can be used to obtain 

the necessary non-clinical data mentioned above.  The sequence of preclinical 

assessments typically begins with approaches that are cost-effective and efficient to weed 

out failures as early as possible, and progresses to models with increasing complexity.  

For example, evaluation begins with methods such as cell culture assays and eventually 

advances into small and large animal studies, with the end goal being to develop and 

identify the best technologies to progress into human clinical trials.  The following 

sections will review common preclinical evaluation techniques, with a focus on 

evaluating intravascular devices such as stents. 

  

In Vitro Approaches 

When evaluating a new intravascular device, there are many important 

physiologic aspects to consider including the impact of the device on each of the tissue 
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layers that comprise a blood vessel, the effect of blood flow and circulating cells on 

device function, and the role of patient-specific characteristics such as vessel size and 

location.  However, one specific component that is extremely crucial to consider is the 

lining of cells that interfaces between vessel wall and blood, which any implanted 

vascular device will come into direct contact with: the endothelium.   

As highlighted by the section on coronary artery stents, endothelial cells play a 

major role in the overall response to intravascular therapies.  These cells are a specialized 

type of simple squamous epithelium, which forms a monolayer that lines the lumen of all 

blood vessels throughout the body and plays a key role in functions of the cardiovascular 

system.  Endothelial cells form the blood-contacting surface, and in healthy vessels these 

cells provide a sort of slick, frictionless surface over which the blood passes.  This is 

crucial in preventing contact activation of the intrinsic clotting system (Sherwood 2004).  

Endothelial cells also play a key role in the transport of substances between the blood and 

the tissue, specifically in capillaries, and they have the ability to release a variety of 

chemical messengers including nitric oxide to stimulate vasodilation or constriction of 

the arterioles.  Endothelial cells contribute to clotting, play a role in the development of 

atherosclerotic lesions, and express proteins involved in the recruitment of monocytes 

into tissue following injury (Sampath et al. 1995).  These processes are crucial in normal 

and pathological responses in the vasculature, again highlighting the important role that 

endothelial cells play, and the necessity to study and understand endothelial interactions 

when developing and evaluating intravascular therapies.  Thus, although a more complex 

dynamic system exists in vivo, a common preclinical evaluation method involves 
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culturing endothelial cells in vitro to study their responses to new drugs, new materials, 

or new devices. 

In order to grow endothelial cells in vitro, they must be cultured in the presence of 

both heparin and a growth factor isolated from bovine pituitary glands (Maciag et al. 

1981;Jarrel et al. 1984).  A variety of endothelial cell types can be cultured, including 

those isolated from umbilical veins, aortas, or microvessels (Tiwari et al. 2001).  These 

cells can be maintained as two-dimensional monolayers in culture flasks or harvested and 

suspended in solution, either of which can then be exposed to samples of new materials 

or agents.  Responses such as cell proliferation, cell migration, or cell death can be 

assessed.  For example, in an attempt to evaluate the endothelial cell response to different 

types of implant metals, Yeh et al have grown monolayers of endothelial cells on various 

metallic sheets and evaluated subsequent cell morphology by scanning electron 

microscopy and protein expression by western blotting (Yeh et al. 2006).  In an effort to 

evaluate the effect of paclitaxel stents on endothelial cells, Prasad et al suspended human 

umbilical vein endothelial cells in solution and submerged the drug-eluting stents of 

interest in the cell solution (Prasad et al. 2005).  This approach permitted assessment of 

cell attachment, cell viability, and DNA synthesis.  Both examples highlight the desire to 

assess how endothelial cells will respond to various device components, with the goal of 

developing devices that will permit endothelial cell regeneration and healing in vivo. 

Although there are advantages of performing these types of in vitro assessments, 

there are limitations as well.  Both approaches described were performed in static culture, 

and both lacked a realistic geometry to interface with the device.  The cell suspension 
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approach utilized a three-dimensional device, but it was not in direct contact with cells or 

a vessel wall.  Thus the similarities to an in vivo environment are limited.  However, it is 

possible that information obtained from these types of approaches may provide data to 

eliminate new materials or designs if, for example, endothelial cell toxicity is 

documented.  In addition, in vitro cell culture methods provide a simplified, controlled 

environment in which to assess specific variables, such as endothelial cell response, 

without the complexity of a native environment.  These methods are also cost-effective 

and efficient to perform.  Therefore, in vitro techniques are typically used early in the 

preclinical assessment spectrum to obtain preliminary information regarding a large 

number of devices or materials.   

 For stent evaluation, in addition to the endothelial cell response, it is also 

important to address exposure to blood.   In a preclinical setting, assessments of 

thrombogenicity and responses following blood contact are performed primarily through 

systems that flow blood across or through a surface or device (Chandler 1958).  A group 

in Germany tests the thrombogenicity of stents by deploying them in tubes made of 

silicone, polyvinyl chloride, or ePTFE, and then shunting blood through the tubing (Tepe 

et al. 2002).  This does not provide information about the vessel wall tissue response, but 

it does generate preliminary data regarding exposure to blood and circulating cells, and 

potential acute thrombus formation.  Other groups have utilized a flat-plate chamber 

exposed to blood flow to house flat sheets of different stent configurations to assess 

specific factors such as platelet adhesion (Robaina et al. 2003).  Similar to the other in 

vitro approaches described, this is a cost-effective way to evaluate a large number of 
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potential device configurations.  If certain strut patterns or specific coating chemistries 

are found to accelerate thrombus formation, then those configurations can be quickly 

eliminated before progressing into more advanced stages of preclinical evaluation. 

 

In Vivo Models 

 Once it has been determined that a new technology elicits an acceptable cell 

response in vitro, and does not result in immediate thrombus formation, the next step in 

preclinical evaluation involves animal models.  The use of an animal model provides a 

more physiologic environment for evaluating tissue responses and blood contact.  Data 

gathered from animal studies can support preliminary device safety and efficacy, at least 

within the context of the specific animal model being utilized.  This data can then be used 

to obtain an investigational device exemption to evaluate the technology in human trials.  

Human trials are always necessary as no animal model exactly replicates human disease 

and thus true safety and efficacy can only be evaluated in humans.  However, animal 

models provide insight into biological processes and give information regarding the in 

vivo response to a new technology (Touchard and Schwartz 2006).  A range of animal 

models can be used, each with strengths and limitations for providing preclinical data.  

There is no single ideal animal model, but several useful animal models that exist for 

evaluating intravascular devices will be reviewed in this section. 

One of the more cost-effective animal models, which can therefore be used in the 

earlier stages of in vivo evaluation, is the rat.  In the case of intravascular devices, it is 

possible to use the rat carotid or abdominal aorta for stent deployment and evaluation.  
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These types of studies have been utilized to gather data regarding thrombus formation 

and neointimal responses to various implanted stents (Langeveld et al. 2004;Finn et al. 

2002).  It has been shown that the rat model typically exhibits mild injury and limited 

inflammation as compared with other animal models and humans, and thus it may be 

most useful for the assessment of proliferative responses (Touchard and Schwartz 2006).  

A major disadvantage of the rat model is the practical limitation related to small vessel 

sizes. 

 A more common small animal model for evaluating intravascular devices is the 

rabbit.  Rabbit infrarenal aortas have been utilized as a model to evaluate inflammation, 

endothelialization, and stent degradation (Hietala et al. 2001), but in general the iliac 

arteries are the vessels of choice for stent evaluation.  Rabbit iliac arteries provide 

suitable size, access, and injury response (Schwartz et al. 2002).  An atherosclerotic 

rabbit iliac restenosis model exists, and although lesion formation differs from humans 

(Johnson et al. 1999), this model permits assessment of the mechanisms of repair after 

injury to an abnormal artery (Touchard and Schwartz 2006).  Typically the proliferative 

peak in the rabbit iliac restenosis model occurs 8 days post-implantation, which permits 

relatively short-duration studies to be performed.   

The rabbit iliac artery model can also be used to evaluate stent endothelialization 

(Cheneau et al. 2003;Rogers et al. 1993).  As described in the section on tissue responses 

to stent implantation, a crucial component of healing is the regeneration of the endothelial 

cell lining over the surface of the device.  Balloon injured or non-injured rabbit iliac 

arteries provide an environment to evaluate and compare the ability of different devices 
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and device coatings to support endothelialization (Cheneau et al. 2003).  This re-

cellularization process is accelerated compared to a human response, typically resulting 

in complete endothelial cell coverage within 28 days, which again permits relatively 

short-term studies to be performed (Kipshidze et al. 2004;Rogers et al. 1996).  Results 

from these studies may provide insights regarding the most promising “pro-healing” 

devices for further evaluation. 

Following the identification of potentially successful candidate devices through in 

vitro and small animal evaluation, the next stage of evaluation typically involves a 

porcine coronary model.  The porcine coronary arteries are of suitable size and structure, 

provide relevance in terms of coronary artery access, and can be used to assess factors 

such as injury, neointimal development, and thrombosis (Schwartz et al. 1998;Schwartz 

et al. 2002).  A porcine model of coronary artery injury can be induced via mechanical 

overstretch or endothelial denudation, and the subsequent neointimal response has been 

shown to be comparable to a human restenotic neointima in terms of cell size, cell 

density, and histopathologic appearance (Touchard and Schwartz 2006).  In addition, 

porcine inflammation in relation to neointimal thickness is also similar to humans.  The 

primary difference that has been noted between porcine and humans involves thrombus 

formation, as porcine tend to have increased sensitivity to anti-thrombotic agents and 

exhibit decreased durations of acute thrombus risk following stent implantation (Gross 

1997;Johnson et al. 1999).  However, based on overall assessments of coronary artery 

response to implanted devices, it appears that the porcine coronary model is currently the 

most predictive of human response (Johnson et al. 1999;Touchard and Schwartz 2006).   
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Other large animals such as canines or primates are not as widely used for 

intravascular device evaluation.  This is related to species attributes as well other 

restrictive characteristics.  Canine models are reasonable in terms of size, cost, and 

availability, but exhibit high fibrinolytic activity compared to humans and limited 

neointimal formation (Johnson et al. 1999;Touchard and Schwartz 2006).  These 

differences lead to decreased predictive capabilities in terms of intravascular device 

evaluation.  Primate models have a comparable fibrinolytic system and are capable of 

developing atherosclerosis similar to humans (Geary et al. 1996), but are primarily 

limited by cost, availability, and legal restrictions.  In addition, the temporal sequence of 

proliferation in primate models is not well related to human responses (Touchard and 

Schwartz 2006). 

 In order to evaluate the vascular response to implanted devices, animal models are 

advantageous in that they permit a range of assessment techniques at pre-determined time 

points.  Similar to human diagnosis and evaluation, minimally-invasive techniques can be 

utilized that are non-destructive and do not require vessel harvest.  These techniques 

include all of the imaging modalities that were discussed in the section on CAD 

diagnosis, such as angiography, intravascular ultrasound, magnetic resonance imaging, 

and optical coherence tomography.  Just as they are used to visualize and determine the 

severity of lesions and occluded vessels in humans, these techniques can be used to 

determine vessel patency or neointimal formation in animals following treatment with a 

new device or therapy. 
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In addition, studies with animal models provide the option of sacrificing patients 

at specific time points to determine responses to or interactions with implanted devices.  

Entire treated vessels can be harvested and embedded in paraffin or plastic to allow 

histological evaluation with hematoxylin and eosin or Masson’s trichrome stains to 

evaluate gross tissue effects.  Histological cross-sections can also be used to measure 

lumen area and neointimal thicknesses at specific time points, which are important 

efficacy features related to stents in particular (Schwartz et al. 2002).  

Immunohistochemical analysis of certain proteins, including von Willebrand factor, alpha 

smooth muscle actin, or proliferating cell nuclear antigen can be performed in order to 

evaluate endothelial cell, smooth muscle cell, and proliferation responses (Rippstein et al. 

2006).  Vessels can also be evaluated by scanning electron microscopy (SEM), which 

provides high resolution images of the sample surface, to evaluate device-associated cell 

morphology, to calculate percent coverage or re-endothelialization of device surfaces, or 

to determine platelet and white blood cell attachment to an implanted device (Cheneau et 

al. 2003).  Again, these assessments can all be performed at specific pre-determined time 

points in order to gather the data necessary to advance devices to human studies or 

eliminate devices from preclinical testing. 

Overall, animal models can be used to gather necessary data on new intravascular 

devices prior to obtaining approval for clinical investigations.  Rat carotid artery or 

abdominal aorta models typically exhibit mild injury and limited inflammation compared 

to other animals, but can be effectively used to assess proliferative responses to implanted 

devices (Touchard and Schwartz 2006).  These models are cost-effective and ideal for 
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early stages of in vivo analysis.  Rabbit iliac artery models are also relatively cost-

effective, and can be utilized for restenosis assessments or as models to evaluate 

endothelialization of implanted devices.  Due to the relatively rapid endothelialization 

that occurs in rabbits, these healing studies typically do not exceed 28 days (Kipshidze et 

al. 2004), which is beneficial for data acquisition but does not replicate the human 

response.  Devices that exhibit desired responses in rats or rabbits typically progress to 

larger animal models and are evaluated for longer time points.  Porcine models require 

significant resources in terms of facilities and personnel, but are considered one of the 

closest clinical models to humans for intravascular device evaluation in terms of 

anatomy, physiology, and pathophysiology (Johnson et al. 1999).  Other large animals 

such as canines and primates are limited for restenosis and vascular device studies due to 

differences in neointimal responses and restrictions based on cost and availability 

(Touchard and Schwartz 2006).  Thus, following in vitro evaluation techniques, devices 

typically progress from a smaller animal model such as the rabbit to a larger animal 

model such as the pig.  

 

Need for an Intermediate Preclinical Vascular Testing Environment 

There is certainly a broad spectrum of preclinical evaluation techniques, ranging 

from simple cell culture experiments to large animal surgeries.  These approaches can 

provide an abundance of information about new intravascular therapies, including effects 

on cell viability, proliferation, thrombus formation, neointimal growth, vessel patency, 

and survival.  This information provides a foundation for developing and advancing the 
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most promising technologies into human trials and onto the market for treating conditions 

such as coronary artery disease.  However, each approach and every model has 

limitations.  In general, in vitro approaches are high-throughput, cost-effective, and 

simple to perform.  These approaches typically utilize human cells, which is consistent 

from a species standpoint, but oftentimes they are lacking physiologically relevant 

conditions such as flow.  Two-dimensional testing environments are also not conducive 

to evaluating three-dimensional technologies such as stents or intravascular imaging 

modalities. 

Likewise, in vivo animal models are useful for providing a living, functioning 

organism in which to assess a new therapy.  Whether the model is a rat, rabbit, or pig, the 

technology can be tested in a physiologically relevant environment, with proper tissue 

structures, blood flow, and an immune system.  These models are a necessary step prior 

to human trials; however, animal studies are expensive and time-consuming.  Thus, 

researchers and investigators are limited in the number of technologies that can be 

assessed.  In the case of new stent configurations, there are an overwhelming number of 

potential devices based upon newly emerging coating combinations, strut geometries, and 

material choices.  It is not feasible to evaluate all of these possibilities in animal models, 

and thus there is a risk of missing the most promising technologies.  In addition, species 

variability is an important consideration when performing animal studies.  In regards to 

the endothelial cell response in particular, it has been shown that different species exhibit 

different responses to injury and other stimuli (Kipshidze et al. 2004;Cunningham and 

Gotlieb 2005;Schwartz et al. 2002;Schwartz et al. 1994), and this variability makes it 
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difficult to confidently predict the potential outcome in a human patient.  It has also been 

shown that the human response can be quite different from any of the available animal 

models, especially in the case of specific disease pathologies (Touchard and Schwartz 

2006;Mason and Read 1971;Johnson et al. 1999).  Thus, although animal models are a 

necessary step in the evaluation and approval processes, it is important to note that the 

species variability is less than ideal for making predictions of human clinical outcomes. 

Based on the existing advantages and limitations that have been described for 

current preclinical assessment techniques, it would be beneficial if more “intermediate” 

testing environments were available for intravascular evaluation.  If aspects of in vitro 

systems, such as species specificity, cost-effectiveness, and high-throughput screening, 

could be combined with aspects of in vivo models, such as vascular structure, flow 

conditions, and the ability to evaluate three-dimensional technologies, then it would be 

possible to design and develop intravascular treatment options with even greater success.  

Although this type of intermediate preclinical testing environment has not previously 

been established, it is possible that existing techniques for the development of tissue 

engineered vascular grafts could be utilized to create an appropriate environment.  

Creating this type of preclinical model was a primary goal of this dissertation research. 
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Utilization of Tissue Engineering Techniques to Develop a Preclinical Model 

 

 As described in the section on CAD treatment, coronary artery bypass grafting is 

one option for restoring blood flow.  Although the ideal bypass conduit is a native vessel 

from the patient, it was mentioned that in many cases this is not available.  Thus, in 

pursuit of an alternative bypass conduit for enabling successful surgical intervention, 

many different groups around the world have developed approaches for creating tissue 

engineered vascular grafts.  In order to serve as successful substitute vessels in vivo, 

these vascular grafts must be created to resemble native human vessels in a variety of 

ways.  Therefore, a major premise of this dissertation research was that if these tissue 

engineered vessels could be developed and maintained in an in vitro environment, then 

the very same properties that make them potential bypass conduits would also make them 

potential models for preclinical intravascular testing.  Current development techniques 

for creating tissue engineered vascular grafts will thus be reviewed, followed by further 

introduction to the potential use of these constructs as model systems for intermediate 

preclinical testing.  

 

Current Development of Tissue Engineered Vascular Grafts 

 Tissue engineered vascular grafts exist in many different forms.  The overall goal 

is to resemble the tri-layered intima-media-adventitia structure of a native blood vessel.  

In some cases, the entire graft is created and engineered from completely biologic 

components, while in other cases the graft is a combination of synthetic and biologic 
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constituents.  But in most cases, there are three main aspects of creating a tissue 

engineered vascular graft: the scaffold, the cells, and the preparation or cultivation 

techniques.   

 

Scaffolds 

 In order to serve as a vessel substitute, a tissue engineered vascular graft must 

have its foundation on some sort of tubular scaffold.  The scaffold should provide 

mechanical properties sufficient to serve as a vascular conduit, including proper burst 

strength and suture retention strength.  The scaffold must also possess the potential for 

cell attachment in order to permit tissue engineering approaches.  In broad categories, 

graft scaffolds can be biologic or synthetic, and if synthetic they can be degradable or 

non-degradable (Nugent and Edelman 2003). 

A variety of biologic scaffolds have been explored and utilized, with a major 

advantage being that these materials typically have some degree of inherent cell 

compatibility.  Although biologic scaffolds do present challenges for sterilization, they 

can possess the shape and strength of the tissues from which they were derived, which 

can be beneficial if similar to that of a blood vessel.  One type of biologic scaffold that 

has been explored is decellularized porcine vessels.  Porcine aortas, carotid arteries, or 

iliac arteries can be decellularized with detergents and enzymes, and then used as a 

protein-rich tubular scaffold (Conklin et al. 2002;Kaushal et al. 2001;Teebken et al. 

2000).  Another possible tissue-based scaffold is the small intestine submucosa.  This can 

be used as a vascular scaffold if certain layers are removed, leaving the dense collagen 
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and protein layers intact (Lantz et al. 1990).  A third option is to create tubular biologic 

scaffolds based on specific protein types.  A range of collagen based gels and fibrin based 

conduits have been developed for scaffold use (Grassl et al. 2002;Isenberg and 

Tranquillo 2003;Seliktar et al. 2000). 

Synthetic materials, most commonly polymers, are also used for tissue engineered 

graft scaffolds.  Some of these polymers are degradable, which allows them to serve as 

temporary scaffolds while tissue regeneration occurs.  For implant purposes, this can be 

beneficial if long-term presence of the polymer is not desired.  Degradable polymers also 

provide the potential for properties such as strength and compliance to be determined by 

the regenerated tissue, and not the synthetic polymer.  An example of a degradable 

scaffold that has been used for graft applications is polyglycolic acid.  This can be 

developed as a mesh scaffold that loses a majority of its mass by five weeks in culture 

(Niklason et al. 1999).  Another example of a degradable polymer is polyurethaneura.  

This material has been used as a graft scaffold, with degradation occurring only partially 

by five weeks in vivo (Williams et al. 1992).  In addition to degradable polymers, there 

are also nondegradable polymers that have been widely used as graft scaffolds.  A major 

advantage of these polymers is the assurance of long-term structure and stability.  There 

is also significant clinical experience with nondegradable polymers, which is 

advantageous for future clinical applications of tissue engineered grafts.  The two most 

common nondegradable polymers for scaffold use are expanded polytetrafluoroethylene 

(ePTFE) and polyethylene terephthalate (PET) (Williams and Jarrell 2002). 
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In addition to the underlying composition, scaffolds can vary based on coating 

and modification techniques (Xiao and Shi 2004).  In regards to cell and tissue 

incorporation with scaffold materials, it is sometimes necessary for the scaffold to be 

made more amenable to cell attachment and cell function, especially in the case of 

synthetic scaffolds.  One type of modification option, which has been utilized in 

conjunction with PEUU, is a glow discharge gas plasma treatment (Williams et al. 1992).  

Another approach has been to chemically modify a polymer surface with sodium 

hydroxide, to increase hydrophilicity of the material and aid in cell attachment (Niklason 

et al. 1999).  Other options include coating the surface with biologic molecules, such as 

peptides or proteins.  Rashid et al have utilized an RGD peptide surface modification 

(Rashid et al. 2004a), while others have coated scaffolds with fibronectin, collagen, 

laminin, or fibrin to serves as biologic “glues” aiding in cell and tissue incorporation 

(Pawlowski et al. 2004).  In all cases, with biologic materials and synthetic polymers and 

any number of modifications or coatings, the goal is to create a scaffold that can serve as 

the foundation for a vascular conduit. 

 

Cells 

Once an adequate tubular scaffold has been chosen or developed, the next step in 

creating a tissue engineered vascular graft is typically to incorporate an appropriate 

cellular component.  Due to the crucial role of the vascular intima in interfacing with 

blood flow and functionally impacting vessel response (Kipshidze et al. 2004), 

endothelial cells are a key component of tissue engineered vascular grafts.  These cells 
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can be seeded onto the surface of a synthetic graft, or incorporated as the initmal lining of 

a completely biologic graft, but in either case they represent an important part of the 

resulting vessel.  Therefore decisions must be made regarding what type of endothelial 

cells to isolate, and where these cells can be harvested from.  Variations in these choices 

represent differences in many existing vascular grafts. 

Large vessel sources of endothelial cells include existing arteries or veins.  In 

human studies, endothelial cells have been successfully harvested through enzymatic 

digestions from the saphenous vein (Watkins et al. 1984), the jugular veins (Zilla et al. 

1994), and the forearm vein (Kadletz et al. 1992).  In animal models such as bovine, 

aortic endothelial cells have also been harvested and utilized for graft development 

(Niklason et al. 1999), although the aorta has not been a common source for human 

endothelial cell harvest.  In addition to large vessels, endothelial cell isolation has been 

performed from microvascular sources.  Human subcutaneous and liposuction fat, as well 

as the omentum, have all provided adequate sources for microvascular endothelial cell 

isolation (Anders et al. 1987;Rupnick et al. 1989;Williams et al. 1994c;Williams et al. 

1994b).  In these cases, cells are typically harvested through enzymatic digestion, 

filtration, and/or centrifugation (Tiwari et al. 2001;Tiwari et al. 2003).  It is also possible 

to obtain endothelial cells from human embryonic stem cells.  Levenberg et al have 

demonstrated a series of differentiation steps that occur to achieve an endothelial cell 

phenotype from an embryonic stem cell (Levenberg et al. 2002).  Although this type of 

approach has ethical issues and other limitations associated with it, it provides an 

additional option for developing a cellular component in vascular grafts. 



 

67

Just as a native vessel is composed of more than an endothelial cell lining, it is 

possible to engineer a vascular conduit with a multi-layered tissue structure.  Two cell 

types of interest for developing a tissue engineered vascular graft are smooth muscle cells 

and fibroblasts.  Smooth muscle cells can be cultivated within or upon a scaffold prior to 

endothelial cell incorporation in order to create a more native-like vascular media.  These 

smooth muscle cells can contribute to matrix deposition and to the structural and 

mechanical properties of the graft (Niklason et al. 1999;Seliktar et al. 2000).  Fibroblasts 

can also be utilized to create an adventitial layer in an engineered vascular graft.  Based 

upon the ability of these cells to synthesize extracellular matrix proteins, they can be used 

to produce a completely biologic scaffold sheet that can then be employed for subsequent 

graft development (L'heureux et al. 1998;Weinberg and Bell 1986).  Smooth muscle cells 

and fibroblasts can be isolated from large vessels and skin, respectively. 

 

Preparation and Cultivation 

 A variety of techniques exist for developing a tissue engineered vascular graft 

once the components have been selected.  Single-stage techniques involve harvesting 

cells and depositing them on or within a scaffold for immediate implantation as a 

vascular graft (Herring et al. 1978).  This is an ideal approach for emergency procedures, 

but oftentimes it is difficult to harvest cells in sufficient numbers for immediate use.  

Therefore, two-stage techniques require cell harvest, followed by cultivation and 

expansion of the cell population in culture, with subsequent graft development occurring 

days to weeks later (Zilla et al. 1999).  Once a graft has been developed, there is also the 
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option of immediate implantation versus graft cultivation for a period of time.  Graft 

cultivation provides the endothelial cells, and other cells if present, with an opportunity to 

adhere and form a mature vascular lining that can withstand blood flow and implantation. 

 For the cultivation of tissue engineered vascular grafts, there are numerous in 

vitro environmental conditions that are important to control.  First, grafts must be 

maintained in proper physiologic temperature and CO2 conditions.  These requirements 

are typically achieved in an incubator.  Grafts are also usually maintained in some type of 

bioreactor chamber or system to regulate culture medium and nutrients, chemical factors, 

pH, or the mechanical environment.  Flow and pressure can be present, along with other 

physical stimuli such as pulsatility or stretching in order to facilitate graft maturation 

(Thompson et al. 2002;Ratcliffe and Niklason 2002;Sodian et al. 2002).  The type and 

duration of in vitro graft cultivation can vary from simple to complex and from minutes 

to months, if cultivation is utilized at all.  However, the establishment of a dynamic 

physiological environment can contribute to proper formation and preconditioning of an 

engineered vessel, and thus potentially to greater success as a vascular graft (Barron et al. 

2003). 

 

Experiences and Use of Tissue Engineered Vascular Grafts 

 Based upon the large number of options described, a wide range of tissue 

engineered vascular grafts have been developed in research labs and hospital settings 

around the world.  Although there are far too many to review in this introduction, several 

key examples will be discussed.  It is important to note that although many of these tissue 
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engineered grafts have projected uses as coronary artery bypass grafts, a majority of the 

clinical experiences thus far have been in peripheral applications.  Perhaps the first 

example of a tissue engineered vascular graft was created by Herring et al in 1978.  The 

approach entailed isolating endothelial cells from vein segments and immediately 

“seeding” the cells onto an ePTFE scaffold.  Subsequent human clinical trials by this 

group utilized cells from the jugular vein seeded onto a PTFE scaffold and implanted into 

the femoropopliteal position.  Patency was shown to exceed that of control unseeded 

grafts, especially among a subset of smokers (Herring et al. 1987).  More recent work by 

Zilla et al utilizing an analogous approach with cultured venous endothelial cells on 

ePTFE grafts has continued to show successful patency rates 10 years beyond 

implantation in below-the-knee applications (Zilla et al. 1999).  A similar approach taken 

by Williams et al has demonstrated that these types of procedures can also be performed 

with microvessel endothelial cells isolated from liposuction fat (Williams et al. 1989).  

Fat-derived cells have significant advantages for clinical applications due to the 

availability and accessibility of the cells from patients. 

 In contrast to the cell-seeding approach with a synthetic scaffold, perhaps one of 

the first attempts at a completely biologic tissue engineered vascular graft was published 

by Weinberg et al in 1986.  This approach resulted in a tri-layered vascular conduit.  The 

medial layer was developed first, with smooth muscle cells cultured in a collagen tube.  

Next, a layer of fibroblasts was added around the outside of the tube to form an 

adventitial layer, and an intimal lining of endothelial cells was seeded onto the lumen 

(Weinberg and Bell 1986).  This initial structure did not withstand physiologic pressures, 
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and thus an outer Dacron sleeve had to be added between the medial and adventitial 

layers.  However, this additional sleeve was still unable to provide adequate mechanical 

properties, and thus vivo implantation was not possible.   

A more recent example of this type of biologic approach has been successfully 

demonstrated by L’Heureux et al.  This group starts with smooth muscle cells cultured 

with ascorbic acid to produce a cellular sheet, which is wrapped around a mandrel to 

form the media of the vessel.  A sheet of fibroblasts is than added as an adventitial layer, 

followed by 8 weeks of cultivation in a perfused bioreactor.  Finally, the inner mandrel is 

removed and endothelial cells are seeded onto the lumen (L'heureux et al. 

1993;L'heureux et al. 1998).  This engineered vessel demonstrated adequate mechanical 

properties, but only remained patent in 50% of implanted canines in the initial animal 

studies.  The reduced patency has been attributed to a lack of endothelial cells in those 

particular constructs, and in recent years this approach has been brought to clinical trials 

and human patients in connection with a company called Cytograft Tissue Engineering, 

Incorporated (L'heureux et al. 2006). 

  A final example of the experiences with tissue engineered vascular grafts will 

highlight an application utilizing a degradable polymer scaffold.  Niklason et al 

established an approach using a polyglycolic acid (PGA) mesh scaffold.  PGA scaffolds 

were modified with sodium hydroxide, and bovine aortic smooth muscle cells were 

deposited onto the surface.  These conduits were mechanically conditioned in bioreactor 

systems under pulsatile flow to promote proper orientation and maturation.  After 8 

weeks in this culture environment, bovine aortic endothelial cells were seeded onto the 
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lumen.  These vessels had functional characteristics of a native artery, and following 4 

weeks of implantation in a porcine model, grafts created in this manner remained patent 

(Niklason et al. 1999). 

 As these examples illustrate, there are many techniques that exist to create tissue 

engineered vascular grafts.  With variations in cell types, scaffold materials, and 

cultivation conditions, there are many ways to create substitute vessels for bypass 

procedures.  Figure 1.6 illustrates several example cross-sections of existing tissue 

engineered vascular grafts that have been published in the literature. 

 

Limitations for Use in Clinical Bypass 

 Even with the diverse array of development techniques and tissue engineering 

approaches, a majority of tissue engineered vascular grafts have faced similar obstacles to 

achieving widespread clinical use for coronary artery bypass procedures.   One major 

challenge has been compatibility with operating room procedures.  Although many of 

these grafts can be created by experienced researchers in the laboratory, the procedures 

are typically not conducive to a hospital setting with clinicians.  Work has been done to 

address this issue by several researchers (Williams et al. 1989), but a majority of 

engineered vascular grafts are still not operating room compatible. 

 Another major limitation involves the time-frame for development and use.  Due 

to the common development approaches involving two-stage techniques and in vitro graft 

cultivation requirements, it often takes weeks to months to create a suitable bypass 

conduit.  This is acceptable for peripheral applications or non-life threatening conditions,  
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Figure 1.6- Cross-sectional diagrams of example tissue engineered vascular grafts.  A 
simplified version of a native blood vessel is shown in the upper left. 
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but it is not suitable for the emergency scenarios often associated with coronary bypass 

needs.  In addition, engineered grafts must demonstrate consistency in their production, 

as well as safety and long-term patency in the coronary position before regulatory 

approval will be attainable.  Animal and clinical studies are currently underway to 

address these issues and to generate data to support widespread clinical use, but at the 

present time there is still work to be done. 
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Potential Role for Tissue Engineered Vascular Grafts as In Vitro Model Systems 

Full fruition of tissue engineered vascular grafts as coronary bypass conduits may 

still be some time away, but it is possible that these engineered vessels may serve other 

more immediate roles.  As mentioned previously, the same characteristics that make these 

tissue engineered grafts candidates for replacement vessels also make them candidates to 

serve as human vessel models.  One possibility that has been explored previously is to 

utilize these vessels to study vascular biology and functional capabilities of endothelial 

cells and smooth muscle cells during the development and maturation process (Laflamme 

et al. 2005).  It has also been demonstrated that an engineered biologic vessel can be used 

to study contractile responses due to pharmacologic agents (L'heureux et al. 2001).   

However, an area that has not been explored is the potential use of these tissue 

engineered vascular grafts as in vitro vessel models in a preclinical environment to 

evaluate intravascular devices.  Due to the native-like lining of human cells that can be 

created within vascular grafts, the proper size and geometry, and the potential for 

sustained in vitro cultivation, it is possible that vessels could be developed for the sole 

purpose of remaining in vitro as a model system.  This type of system could then 

hypothetically be used as a preclinical testing environment for intravascular technologies 

such as drug-delivery systems, intravascular imaging modalities, or intravascular devices.  

Data gathered from such systems could provide insight into cellular structures and 

responses, which would contribute to advancement of the most promising technologies 

into animal and human trials. 
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Summary and Aims of the Dissertation 

 

Given the prevalence of coronary artery disease and the subsequent need for 

intervention, in addition to changing patient health profiles and emerging knowledge of 

vascular biology, new intravascular therapies are constantly being developed.  These 

therapies must be thoroughly evaluated prior to regulatory approval and patient use.  

Thus, it is desirable to have preclinical evaluation techniques that are high-throughput 

and utilize human cells, while providing an environment that interfaces with three-

dimensional technologies and facilitates exposure to physiologic conditions such as flow.  

Based upon existing tissue engineering techniques for creating vascular bypass grafts, the 

potential exists to develop blood vessel mimics composed of human cells in bioreactor 

systems to serve as testing environments for emerging vascular therapies.  Thus, the goal 

of this dissertation research was to pursue the development of a tissue engineered 

vascular graft as an in vitro human blood vessel mimic, and to explore utilization of such 

a vessel mimic for the evaluation of intravascular devices. 

The overall hypothesis driving this dissertation research was that a human blood 

vessel mimic could be developed in vitro and utilized to evaluate the endothelial cell 

response to intravascular devices, and that endothelialization of these devices would vary 

based on device coatings and intravascular flow conditions.  In order to test this 

hypothesis, research was conducted based on four specific aims.  The first specific aim 

was to establish an in vitro tissue engineered vascular graft as a human blood vessel 

mimic.  The hypothesis in this case was that human fat-derived microvascular cells 
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sodded onto a tubular scaffold and cultivated in vitro under flow could form a vessel 

mimic with a neointima and neomedia.  Following development of the in vitro vessel, the 

next specific aim was to evaluate the cellular response to an implanted bare metal stent in 

the blood vessel mimic.  The underlying hypothesis was that the in vitro vessel tissue 

would withstand stent implantation and would exhibit measurable cellular coverage of 

the stent surface.  The third specific aim was to assess the effect of protein coatings on 

the endothelialization of stent surfaces.  The first step was to modify a bare metal stent 

through adsorption of extracellular matrix proteins, with the subsequent hypothesis that 

this protein-modification would support increased endothelialization of the device 

surface.  Finally, in an effort to consider the impact of different intravascular conditions 

on device implantation, the fourth specific aim was to evaluate the effect of shear rate on 

neointima formation in a stented blood vessel mimic.  The hypothesis was that a higher 

shear rate would lead to a reduction of neointima formation on a stent surface.  The 

findings from these experiments are presented and discussed in the following chapters. 
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2.  A TISSUE ENGINEERED IN VITRO BLOOD VESSEL MIMIC 

Portions of this chapter have been published in the journal Tissue Engineering;  

Vol 12(12); pg 3431-3438; December 2006. 

(Permission to reprint figures granted from Mary Ann Liebert, Inc.; See Appendix I) 

 

Introduction 

 It is estimated that over 15 million people are afflicted with varying degrees of 

coronary artery disease in the United States alone (Rosamond et al. 2007).  This number 

is much larger worldwide, and as this number increases, an overwhelming variety of 

vascular therapies are emerging.  From intravascular imaging modalities to drug-delivery 

systems, and alternative bypass conduits to coated coronary stents, there are many ways 

to diagnose and to potentially treat cardiovascular conditions such as coronary artery 

disease (Bhatia et al. 2003;Kandzari et al. 2002;Nugent and Edelman 2003).  In recent 

years, there has been a growing trend towards the use of minimally-invasive intravascular 

therapies, which reduce hospital stays and recovery time for patients (Butany et al. 2005).   

As new intravascular technologies undergo development, there are a variety of 

preclinical evaluation techniques that can be utilized to assess potential safety and 

efficacy.  In vitro approaches using cultured human endothelial cells provide information 

regarding aspects such as cell toxicity, cell attachment, or cell proliferation (Prasad et al. 

2005).  These techniques are cost-effective and can be performed in a high-throughput 

manner; however they are limited by the lack of physiologic conditions such as flow, and 

by the inability to evaluate three-dimensional technologies.  Once a new technology has 
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been evaluated by in vitro approaches, the next step involves evaluation in an animal 

model.  A variety of preclinical animal models exist for intravascular applications, 

including rats, rabbits, pigs, and dogs, each of which provides a different in vivo 

environment for device assessment (Schwartz et al. 2002).  The use of an animal model is 

beneficial in that it presents a living, functioning organism in which to evaluate tissue 

response, blood contact, and overall device success.  The limitations of utilizing an 

animal model are primarily associated with species differences and with cost and facility 

requirements.   

Both in vitro and in vivo preclinical assessment techniques are aimed at 

evaluating new devices during the development process in order to advance the most 

promising technologies to human trials.  Although a wide range of preclinical evaluation 

techniques exists, it would be beneficial if more intermediate testing environments were 

available for intravascular evaluation.  If advantages of in vitro approaches, such as high 

throughput capabilities and the use of human cells, could be combined with advantages of 

in vivo models, such as flow conditions and the ability to evaluate three-dimensional 

devices, then it would improve overall preclinical assessment capabilities and allow more 

informed advancement to animal studies and more successful development of therapies 

for human use. 

Over the past several decades, in response to the need for small diameter vascular 

bypass conduits, research groups around the world have developed approaches for 

creating tissue engineered vascular grafts.  These vascular grafts exist in many forms 

depending upon scaffold material, cellular components, and cultivation conditions. Grafts 
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can be created with biologic or synthetic scaffolds, including small intestine submucosa, 

collagen gels, expanded polytetrafluoroethylene, or polyglycolic acid, among many 

others (Pawlowski et al. 2004;Rashid et al. 2004c).  These scaffolds are typically seeded 

or sodded with an intimal lining of endothelial cells, which can be isolated from large 

vessels, microvessels, or progenitor cells (Tiwari et al. 2001).  Vascular grafts can be 

engineered to possess a media with smooth muscle cells or an adventitia with fibroblasts 

(L'heureux et al. 1998), and prior to implantation can be cultivated in an in vitro 

environment to allow proper alignment or cell maturation (Barron et al. 2003).  Thus, 

these grafts have the potential to serve as vessel replacements due to the fact that they 

resemble native vessels in a variety of ways.  They are the proper size and shape, they are 

at least partially composed of human cells, they typically contain a luminal lining of 

endothelial cells, and they can be developed in the presence of flow conditions.   

In addition to use for implantation, the very same properties that make tissue 

engineered vascular grafts candidates for replacement vessels also make them candidates 

to serve as in vitro vessel models.  If these vessels were developed with the purpose of 

remaining in an in vitro environment, then they could possibly be used as blood vessel 

mimics for the preclinical evaluation of vascular therapies.  This would have potential for 

high-throughput testing in a more relevant biologic environment.  Based upon current 

techniques for creating tissue engineered grafts composed of ePTFE scaffolds and 

microvascular endothelial cells (Williams et al. 1989), the aim of the work in this chapter 

was to establish a tissue engineered vascular graft as an in vitro blood vessel mimic.  The 

specific hypothesis was that fat-derived microvascular cells sodded onto a tubular 
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polymeric scaffold and cultivated in vitro under flow could form a vessel mimic with a 

neointima and neomedia. 
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Materials and Methods 

Cell Culture 

 Human microvessel endothelial cells, isolated from human liposuction fat, were 

cultured on 1% gelatin-coated T-225cm2 flasks (Kidd and Williams 2004).  Cells were 

cultured at 37°C with 5% carbon dioxide (CO2), in M199 supplemented with 10% fetal 

bovine serum (FBS), 5mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) 

buffer, 60µg/mL endothelial cell growth supplement containing heparin (Rupnick et al. 

1989), and 2mM L-glutamine.  Cells were cultured and expanded to a population 

sufficient for sodding grafts at identified densities.  Cells were used before 5 population 

doublings. 

 

Scaffold Preparation 

 Expanded polytetrafluoroethylene (ePTFE), 3mm and 4mm inner diameter (Impra 

Bard, Inc., Tempe, AZ), was used as the graft scaffold material.  Graft material was cut 

into 4.5cm lengths, mounted on barbed fittings, steam sterilized, and denucleated using a 

series of graded ethanols to remove air trapped in the interstices of the ePTFE (Boswell 

and Williams 1999).  To improve cell adhesion to the ePTFE, grafts were pre-conditioned 

with a 15% FBS solution by capping the distal end of each graft and forcing the solution 

through the interstitial pores (Kidd et al. 2005).  See Appendix B for a summary of the 

experiments that supported use of the FBS conditioning method, as compared to 

conditioning with cell-secreted protein enriched media. 
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Bioreactor System Configuration 

 Each bioreactor system was configured with 2 chambers connected in series by 

tubing.  One of the chambers contained the tissue engineered vessel, and the other served 

as a media reservoir.  The vessel chamber contained 3 ports: a luminal inlet, a luminal 

outlet, and an extra-luminal outlet.  External slide clamps were positioned such that the 

extra-luminal outlet could be clamped to force luminal flow, or the luminal outlet could 

be clamped to force transmural flow across the porous ePTFE scaffold.  Both outlets fed 

into the media reservoir for media recirculation.  Tubing was connected to a Watson-

Marlow (Cornwall, U.K.) peristaltic pump.  A three-way stopcock was located just 

proximal to the luminal inlet to serve as a cell sodding port.  The entire system, 

diagrammed in Figure 2.1, was primed with bioreactor medium consisting of M199 

supplemented with 10% FBS, 2mM L-glutamine, 5mM HEPES buffer, 0.1% Fungizone, 

and 5% penicillin and streptomycin.  Bioreactor systems and pumps were housed in an 

incubator with 5% CO2 and at 37°C. 

 

Vessel Development 

 Conditioned grafts were aseptically mounted into the vessel chambers, and 

medium was flushed through the lumen to remove trapped air bubbles.  Human 

microvessel endothelial cells were harvested from T-225cm2 flasks through the 

application of trypsin.  Following deactivation of the trypsin with medium, cells were 

pelleted and resuspended in bioreactor medium.  Cells were pressure sodded onto the 

lumen of the graft (Jarrell et al. 1991).  Sodding densities ranged from 2x105 cells/cm2 to 
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2x106 cells/cm2, as specified below.  Sodding was performed through the external port 

with the ePTFE scaffold inside the bioreactor system, and transmural pressure was 

generated by clamping the luminal flow path.  Following injection of the cell solution, 

additional medium was flushed through the port to force cells into the lumen. 

After cell sodding, each bioreactor system was placed on a Watson-Marlow pump 

in an incubator, and transmural pressure was maintained for 1 hour.  The luminal flow 

path was then unclamped, and luminal flow was slowly increased to a rate of 15mL/min.  

Flow was maintained for up to 14 days, with medium replaced every third day.  This time 

period allowed for the development of the luminal lining of cells. 

 

Vessel Evaluation 

 Vessels sodded at 2x105, 5x105, 7.5x105, 1x106, 1.5x106, and 2x106 cells/cm2 

were taken out of bioreactor systems and fixed 14 days post-sodding to evaluate the 

established cellular lining resulting from various sodding densities.  Two additional sets 

of vessels were sodded at 2x105 cells/cm2 and 1.5x106 cells/cm2 and fixed at 1 hour, 1 

day, 3 days, 7 days, and 14 days post-sodding to evaluate the progression of the 

development of the cellular lining.  Following fixation in either histochoice or 3% 

gluteraldehyde, vessels were cut in half radially.  One half was utilized for paraffin-

embedding and histology.  The other half was cut again longitudinally and utilized for en 

face evaluation by bisbenzimide fluorescent nuclear staining and scanning electron 

microscopy. 
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En Face Evaluation 

 Selected longitudinal samples were rinsed briefly in PBS and stained with 

nuclear-specific bisbenzimide (BBI).  The BBI-stained samples were viewed en face 

under ultraviolet epifluorescence to assess cell deposition and cell coverage of vessel 

luminal surfaces.  Longitudinal samples were also used for scanning electron microscopy 

(SEM), with samples processed as follows.  Samples were washed with 0.05M PIPES 

buffer, dehydrated in a graded series of acetones, and critical-point dried.  Dried samples 

were sputter-coated using a gold target and were observed using a JEOL JSM-820 

scanning electron microscope (Tokyo, Japan) to evaluate cell morphology on the luminal 

surface.  

 

Histological Evaluation 

 The other half of the vessels were used for histological and immunohistochemical 

evaluation.  Samples were dehydrated, embedded in paraffin, and sectioned at 6µm.  

Sections were stained using hematoxylin and eosin to evaluate general histological 

structure.  Specific cellular phenotypes were identified using antibodies against von 

Willebrand factor (vWF) to identify endothelial cells, alpha-smooth muscle actin to 

identify smooth muscle cells, and vimentin to identify undifferentiated cells of 

mesenchymal origin.  Methyl green staining was used to identify background nuclei after 

immunohistochemical staining had been performed.  See Appendix C for the “sensitive” 

staining protocols developed and utilized for these paraffin-embedded vessels. 
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Optical Coherence Tomography 

 Optical coherence tomography (OCT) is a high-resolution imaging modality that 

can be used to assess structural characteristics of tissue (Regar et al. 2003).  OCT can be 

performed intravascularly using a 2mm diameter probe-based system (Tumlinson et al. 

2004).  An OCT system was developed that obtains cross-sectional images by measuring 

reflected near-infrared (1300nm) light, with a resolution of 16µm.  In order to assess the 

ability of the OCT system to acquire cross-sectional images of the vessel lining, a subset 

of tissue engineered vessels was developed for evaluation by OCT.  These vessels were 

created as described and cultivated for 14 days, at which time the OCT probe was 

inserted into the lumen of each vessel through a port in the bioreactor system.  

Longitudinal images were acquired at 45° rotational increments.  Following OCT 

imaging, vessels were fixed and embedded in paraffin for histological evaluation. 
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Results 

Bioreactor Systems 

 Bioreactor systems were simple to set up, and provided the accessibility and 

configuration necessary for tubing to be arranged with multiple flow paths.  Adjustment 

of the flow paths was easily permitted by the use of external slide clamps.  Bioreactor 

systems were able to be sterilized prior to use, and it was feasible to insert graft scaffolds 

in an aseptic manner that resulted in contamination-free cultivation.  Cell sodding was 

successfully accomplished through the proximal port, and the Watson-Marlow pumps 

provided consistent flow at determined rates.  Media reservoirs permitted easy access for 

regular replacement of the bioreactor medium, and implementation of the drip system 

allowed quick visual assessments of flow as well as a reduction of air bubbles in the 

tubing.  Due to the relative simplicity of the configurations and required materials, it was 

possible to construct a large number of similar systems.  By running multiple systems per 

pump and multiple pumps per incubator, it was determined that at least 25-30 vessels 

could easily be cultivated simultaneously. 

 

Development of an In Vitro Vessel Lining 

Vessels sodded with a cell density at or below 1x106 cells/cm2 failed to exhibit a 

consistent, confluent cell lining after 14 days of in vitro cultivation.  At these lower 

sodding densities, it was typical to see areas of thin or no cellular coverage on the 

scaffold lumen, and/or areas of cell aggregates.  Figure 2.2 illustrates an example of a 

vessel that exhibited a non-confluent cell lining after 14 days, shown by a radial H&E 
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stained cross-section.  In addition, Figure 2.3(A) illustrates the progression to a non-

confluent cell lining in vessels sodded at 2x105 cells/cm2 and evaluated over the range of 

time points from 1 hour to 14 days.  This example panel illustrates a structural 

progression from a thin, confluent lining of rounded cells at 1 hour, to a non-confluent 

cell lining with inconsistent cell coverage at 14 days. 

In comparison to those vessels sodded at lower densities, the vessels sodded at a 

density of 1.5x106 cells/cm2 or greater exhibited consistent, confluent luminal cell linings 

at 14 days, as illustrated by the H&E stained cross-section in Figure 2.5(A).  The 

progression of lining development in vessels sodded at 1.5x106 cells/cm2 is illustrated by 

the panel of images in Figure 2.3(B).  Although a similar confluent lining of rounded 

cells is seen 1 hour post-sodding, the lining continues to develop in a confluent manner 

through 14 days. 

 Bisbenzimide en face staining of vessels sodded at or above 1.5x106 cells/cm2 

illustrated consistent cell deposition on the luminal surface of the vessel.  An example en 

face image acquired after BBI staining is presented in Figure 2.4(A).  Scanning electron 

microscopy evaluation of the vessel luminal surface also illustrated a confluent layer of 

cells, with morphology consistent with that of an endothelial cell lining.  An SEM image 

of the vessel lumen is presented in Figure 2.4(B). 

 

Blood Vessel Mimic Phenotypes 

 Evaluation of H&E stained sections of tissue engineered vessels provided 

information regarding the development of the cellular lining, as previously described.  In 
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addition, these cross-sectional stains provided evidence that confluent luminal linings 

were composed of multiple layers of cells.  Immunohistochemical staining identified 

phenotypes of the cells that constituted this multi-layer cellular lining.  The fluid-

contacting layer of cells expressed vWF, indicating an intimal endothelial cell layer.  The 

sub-endothelial cell layers consisted mostly of vimentin-positive mesenchymal cells, 

although some interspersed smooth muscle cells were noted immediately below the 

endothelium.  Figure 2.5 illustrates high magnification images of the cell lining with 

staining results from immunohistochemistry. 

 

Minimally-Invasive Intravascular Evaluation by OCT 

 OCT provided a minimally-invasive method for acquiring structural information 

regarding the presence and thickness of tissue lining the ePTFE scaffold.  Based on 

histology performed after OCT imaging, it appeared that the vessels withstood probe 

insertion and that the cellular lining was not negatively impacted by OCT imaging.  

Longitudinal OCT images compared to corresponding longitudinal cross-sections stained 

with H&E exhibited similarities between the morphology of the luminal tissue layer, as 

demonstrated in Figure 2.6.  OCT images were able to distinguish the ePTFE scaffold 

from the biologic tissue lining the lumen.  This not only confirmed the development of a 

cellular lining on engineered vessels, but also provided support for the use of OCT as a 

non-destructive means for visualizing blood vessel mimic cellular linings. 
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Figure 2.1- Diagram of a bioreactor system.  Vessel chamber and media reservoir are 
connected by tubing, with flow generated by a peristaltic pump.  Port for cell sodding, 

ePTFE vessel, and external clamps to control flow path are shown. 
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Figure 2.2- Hematoxylin and Eosin stained cross-section of a vessel with a non-confluent 
cell lining. 
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Figure 2.3- Progression of the development of cellular linings.  Vessels sodded at the 

lower density, (A), progress towards a non-confluent cell lining, while the higher density, 
(B) results in a consistent, confluent cell lining 
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Figure 2.4- En face BBI images, (A), illustrated consistent luminal cell coverage.  

Scanning electron microscopy (B) also revealed confluent cell linings. 
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Figure 2.5- Histology and immunohistochemistry of cell structure and phenotypes.  A 
multi-layer cell lining formed on the lumen of the vessels (A).  This lining was composed 

of luminal vWF positive cells (B), indicating endothelial cells; with sub-endothelial 
smooth muscle cells (C) interspersed with a majority of vimentin positive mesenchymal 

cells (D). 
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Figure 2.6- OCT image with corresponding histology.  Longitudinal OCT images (top) 
looked structurally similar to histology performed on corresponding sections of the vessel 

wall (bottom).  OCT images provided a cross-sectional image that distinguished the 
cellular lining from ePTFE scaffold and illustrated the structure and thickness of the cell 

lining. 
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Discussion and Conclusions 

 Using tissue engineering techniques and an entirely in vitro cultivation approach, 

it is possible to develop a vascular construct with fat-derived human endothelial cells and 

a tubular ePTFE scaffold.  It has been previously demonstrated that a similar tissue 

engineering approach, utilizing ePTFE sodded with microvessel endothelial cells, can be 

employed to create a tissue engineered vascular graft to serve as a bypass conduit.  In 

animal studies, these grafts exhibited development of endothelial and sub-endothelial cell 

layers following in vivo implantation (Williams et al. 1994a).  The present work shows 

that these same techniques can be used to create an in vitro vessel that develops a multi-

layer cell lining, consisting of a luminal lining of endothelial cells and a sub-endothelial 

lining composed of undifferentiated mesenchymal cells with interspersed smooth muscle 

cells.  This finding supports the hypothesis that fat-derived microvascular cells sodded 

onto a tubular polymeric scaffold and cultivated in vitro under flow can form a vessel 

construct with a neointima and neomedia. 

 The tissue structure and cellular phenotypes within this vessel present an area for 

future study.  It has been shown that a fat-derived cell population contains more than 75% 

of cells expressing vWF following isolation (Williams et al. 1994c).  However, in the 

current work, only a portion of the developed cellular lining stained positive for vWF, 

and a majority of the cells were identified only as vimentin-positive mesenchymal cells.  

This raises the possibility of several scenarios.  It is possible that these fat-derived 

endothelial cells are losing specific phenotypic markers during culture, and thus sodding 

is occurring with very few vWF-positive cells, which are the cells that eventually migrate 
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to the flow-contacting luminal surface inside the vessel.  If this is the case, then other 

questions exist regarding the signaling and stimuli responsible for this migration and 

organization.  Another possible scenario is that this fat-derived population of cells has the 

ability to de-differentiate in certain conditions.  If this is the case then perhaps the initial 

population of cultured endothelial cells maintains the endothelial phenotype until 

sodding, at which point sub-luminal cells, possibly through some contact-regulation, are 

no longer facing fluid on one side and cease to express an endothelial phenotype.  In 

either case, future studies focused on the population of fat-derived cells utilized for 

sodding, and subsequent evaluation of phenotypic differentiation, could elucidate 

signaling patterns and possibly a useful plasticity of fat-derived cells.  

For the current work, however, the resulting multi-layer endothelial and sub-

endothelial cell linings supported the goal of producing an in vitro vessel mimic.  In 

addition to mimicking the intimal lining of human tissue, these vessels also possess the 

proper size, shape, and geometry of a native blood vessel, and they can be maintained in 

the presence of flow.  For these reasons, this construct can be thought of as a blood vessel 

mimic (BVM).  It is important to note that no claim is being made that these constructs 

are blood vessel equivalents.  Although certain similarities exist specifically in regards to 

the vessel intima, there are many complex features of a native blood vessel that are not 

replicated by these mimics.  For example, the sub-endothelial cells do not constitute a 

true media or a true adventitia.  Due to the lack of alpha-smooth muscle actin-positive 

cells, it is unlikely that these vessels would have contractile properties. Even if the cells 

were capable of contraction, tissue contractility would be difficult on a relatively non-
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compliant polymeric scaffold such as ePTFE.  There is also a lack of blood and therefore 

of circulating cells in this system, which limits the ability to exhibit a true vascular 

response.   

In spite of these limitations, it is important to recognize the simple features of a 

native vessel that are present, including human endothelial cells and sub-endothelial 

layers, cultivated in a tubular geometry.  This type of mimic therefore has the ability to be 

utilized to evaluate three-dimensional vascular technologies, such as intravascular 

imaging modalities or devices in contact with a vessel intima.  The BVM system 

described can be created in a consistent, high-throughput manner, which makes it a 

potentially feasible environment for preclinical testing.  It was also demonstrated that 

OCT imaging can be performed to assess development of the cellular lining.  This has 

beneficial implications for minimally-invasive assessment of intimal responses over time.   

Compared to in vitro cell culture approaches, the BVM has advantages of being 

developed in a flow environment, and being able to interface properly with three-

dimensional technologies.  Compared to in vivo models, the BVM can be implemented at 

an earlier testing stage, to evaluate a larger number of new technologies in an efficient, 

cost-effective manner.  This provides the ability to make more informed decisions 

regarding devices or therapies that progress to animal or human trials. 

 In conclusion, a blood vessel mimic can be created with fat-derived cells in an in 

vitro bioreactor environment.  This type of system could provide an intermediate testing 

environment for preclinical evaluation of emerging intravascular therapies or devices.  

Potential applications of the BVM include serving as a vascular environment to evaluate 
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release properties and deposition of new drug delivery systems, as a tissue structure to 

evaluate the resolution or acquisition capabilities of a new intravascular imaging 

modality, or as a human vascular intima to evaluate endothelial cell responses to 

implanted stents. 
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3.  EVALUATION OF THE TISSUE RESPONSE TO BARE METAL STENTS IN 

A BLOOD VESSEL MIMIC 

Portions of this chapter have been published in the journal Tissue Engineering;  

Vol 12(12); pg 3431-3438; December 2006. 

(Permission to reprint figures granted from Mary Ann Liebert, Inc.; See Appendix I) 

 

Introduction 

 Stent implantation to restore blood flow through occluded arteries has become the 

treatment of choice for many patients suffering from coronary artery disease (Butany et 

al. 2005).  Although coronary artery bypass grafting has advantages for treating complex 

lesions or multi-vessel disease, stenting can be performed in a minimally-invasive 

manner to treat a variety of lesion types, with decreased hospital stays and recovery time 

for patients (Hannan et al. 2005;Lemos et al. 2003;Schofield 2003).  Following stent 

implantation, a cascade of tissue responses occurs.  In the case of a bare metal stent, 

typically this cascade involves an early thrombus and acute inflammation phase, followed 

by neointimal formation due to cell proliferation and extracellular matrix deposition, and 

finally a remodeling stage that includes re-endothelialization of the luminal surface 

(Virmani 2006). 

Although stenting is successful in many cases, including appropriate remodeling 

and long-term patency, a significant number of patients receiving bare metal stents will 

require revascularization due to restenosis within the vessel (Winslow et al. 2005).  This 

has lead to the creation of a variety of new devices in an attempt to beneficially modulate 
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the vascular tissue response post-implantation.  A wide range of stent materials, coatings, 

and configurations currently exist, with many more variations under development 

(Butany et al. 2005;Kandzari et al. 2002).  Biodegradable scaffolds, protein coatings, and 

drug elution are examples of the diversity that has been seen in emerging stent 

technology (Aoki et al. 2005;Winslow et al. 2005;Tsuji et al. 2003).   

A great need exists for the preliminary assessment of the intimal tissue response 

to these newly emerging stent designs and modifications, but in vitro evaluation 

approaches are typically insufficient for assessing three-dimensional devices in flow 

environments (Schwartz et al. 2002).  In addition, set-up time and expense often limits 

the number of animal studies that can be performed.  Therefore, an in vitro testing 

environment with proper vascular geometry, cellular components, and the presence of 

flow would allow more relevant yet efficient initial assessments to be performed on a 

large number of coating combinations and stent configurations in order to direct animal 

and clinical studies toward the most promising devices. 

In striving towards the goal of creating a tissue-engineered vascular graft for 

bypass procedures, a vascular construct composed of microvascular endothelial cells 

sodded onto an expanded polytetrafluoroethylene (ePTFE) scaffold has been created for 

in vivo implantation (Williams et al. 1991;Williams et al. 1994a).  The previous chapter 

described the cultivation of a similar tissue engineered vessel in an in vitro bioreactor 

system, leading to the development of a luminal neointima composed of endothelial cells 

and a sub-endothelial neomedia composed of mesenchymal cells.  This in vitro blood 

vessel mimic was hypothesized to have potential for use in preclinical evaluation of 
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intravascular technologies, such as intravascular imaging modalities and stents.  Although 

in a native environment there is a more complex intimal, medial, and adventitial structure 

in addition to blood components, the endothelial and sub-endothelial cellular constituents 

are key factors in the response to stents and other implants (Zilla et al. 1993;Williams et 

al. 1991).  Thus, the in vitro blood vessel mimic has the potential to be used to evaluate 

the intimal tissue response to an implanted stent. 

The goal of the experiments presented in this chapter was to determine the 

feasibility of using the blood vessel mimic as an in vitro testing environment for 

intravascular devices and intravascular imaging assessment.  Specifically, the aim was to 

evaluate the cellular response to a bare metal stent implanted in the blood vessel mimic.  

The hypothesis was that the in vitro vessel would withstand stent implantation and would 

exhibit measurable cellular regeneration over the stent surface. 
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Materials and Methods 

Cell Culture and Scaffold Preparation 

 Cells and scaffolds for blood vessel mimics (BVMs) were prepared as described 

in the previous chapter.  Human microvessel endothelial cells were cultured on 1% 

gelatin-coated T-225cm2 flasks at 37°C with 5% CO2, in M199 supplemented with 10% 

FBS, 5mM HEPES buffer, 60 µg/mL endothelial cell growth supplement containing 

heparin, and 2mM L-glutamine.  Cells were cultured and expanded to a population 

sufficient for sodding grafts at a density of 1.5x106 cells/cm2, and were used before 5 

population doublings. 

 ePTFE, 3mm and 4mm inner diameter (Impra Bard, Inc., Tempe, AZ), was used 

as the BVM scaffold.  Graft material was cut into 4.5cm lengths, mounted on barbed 

fittings, steam sterilized, and denucleated using a series of graded ethanols to remove air 

from the scaffold interstices.  To improve cell adhesion to the ePTFE, grafts were pre-

conditioned with a 15% FBS solution by capping the distal end of each graft and forcing 

the solution through the pores (Kidd et al. 2005). 

 

Bioreactor Configuration and Development of BVMs 

 Bioreactor systems were configured as shown in Figure 2.1.  Briefly, each system 

contained 2 chambers connected in series by tubing.  A three-port chamber contained the 

ePTFE vessel, and a two-port chamber served as a media reservoir.  In the vessel 

chamber, the three ports served as a luminal inlet, a luminal outlet, and an extra-luminal 

outlet.  External slide clamps allowed for control over luminal or transmural flow.  Both 
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flow paths joined distal to the vessel and flowed into the media reservoir for 

recirculation.  Tubing was connected to a Watson-Marlow peristaltic pump and the entire 

system was primed with bioreactor medium, containing M199, 10% FBS, 2mM L-

glutamine, 5mM HEPES buffer, 0.1% Fungizone, and 5% penicillin and streptomycin. 

 For BVM development, conditioned grafts were aseptically mounted into the 

vessel chamber, and medium was flushed through the lumen to remove air bubbles.  

HMVECs were harvested from flasks through the application of trypsin, followed by 

deactivation with medium.  Cells were pressure-sodded onto the lumen of the graft by 

clamping the luminal flow path and injecting cells through the proximal port.  After cell 

sodding, each bioreactor system was placed on a Watson-Marlow pump in an incubator at 

37°C and 5% CO2 and transmural pressure was maintained for 1 hour.  The luminal flow 

path was then unclamped and luminal flow was slowly increased to a rate of 15mL/min.  

Flow was maintained for 14 days, with medium replaced every 3 days, to allow for the 

establishment of the BVM cellular lining.  The detailed protocol utilized for BVM 

development can be found in Appendix D. 

 

Stent Implantation 

 Bare metal stents composed of a cobalt-chromium alloy (Guidant Corporation, 

Santa Clara, CA) were deployed into BVMs after 14 days of BVM development.  Stent 

deployment was performed by inserting a sterile stent-loaded balloon catheter into the 

bioreactor system through the port proximal to the vessel chamber inlet.  Flow was 

temporarily stopped during the deployment procedure.  Insertion and advancement of the 
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catheter was visible through the bioreactor tubing and through the BVM chamber, and 

thus it was possible to align the loaded stent in the center of the BVM.  Upon proper 

positioning of the catheter and stent, the balloon was inflated to 15 atm and pressure was 

maintained for 30 seconds to deploy the stent.  The balloon was then deflated by 

releasing pressure, and the catheter was removed, leaving the stent in place.  Flow was 

resumed and maintained for an additional 7 to 14 days to allow for a cellular response to 

the device.  One stented BVM was taken down immediately for radiographic evaluation 

in a Faxitron (Faxitron X-ray, Inc., Wheeling, IL) to illustrate deployment and 

positioning of the stent inside the vessel.  

 

Evaluation and Quantification of Stent Cell Coverage with Fluorescent Nuclear Staining 

 After stent deployment and 7 days of flow, stented vessels were evaluated for cell 

coverage.  Fixed vessel samples were cut radially and longitudinally to obtain cross-

sectional and en face images.  Samples were stained with a nuclear specific bisbenzimide 

(BBI) stain and viewed under ultraviolet epifluorescence to assess cell coverage of the 

vessel and device surfaces. 

 In stented vessels, cell coverage of the strut luminal surface was quantified using 

morphometric analysis of fluorescent images, as follows.  En face images from stented 

BVMs were captured during epifluorescent evaluation and were imported into a 

computer software program for determination of cell density.  For each image, strut 

surface area was traced and quantified based on calibrated measurements, and the number 

of cell nuclei covering that strut surface was manually counted.  Multiple fields of view 
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(n = 5-7) were imaged for each BVM, and the number of cells/mm2 of strut surface area 

was calculated. 

 

Scanning Electron Microscopy 

 Scanning electron microscopy was performed to assess the morphology of the cell 

coverage on the stent surfaces.  Longitudinal sections were washed with 0.05M PIPES 

buffer and dehydrated in a graded series of acetone.  Samples were critical-point dried, 

then sputter-coated using a gold target.  Finally, coated samples were observed with a 

JEOL JSM-820 scanning electron microscope (Tokyo, Japan) and digital images were 

obtained.  

 

Optical Coherence Tomography 

 Optical coherence tomography (OCT) is an imaging modality that can be utilized 

for intravascular applications to obtain high-resolution, structural images.  As described 

in the previous chapter, OCT can obtain longitudinal, cross-sectional images of the 

cellular lining within the BVM.  It is possible to include the use of a sterile sheath around 

the endoscope to allow repeated imaging within the same vessel without introducing 

contamination.  A subset of stented BVMs were evaluated by OCT imaging immediately 

after stent deployment and again at 14 days post-deployment to assess the ability of OCT 

to visualize the strut-associated tissue response to a bare metal stent.  To perform this 

intravascular imaging, the 2mm diameter OCT probe was inserted into the lumen of each 

BVM and longitudinal images were acquired at 45° rotational increments. 
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Plastic Embedding and Histology 

 In order to obtain histological information regarding the neointimal response to 

implanted bare metal stents, a set of BVMs was developed and stented for the purpose of 

plastic-embedding and subsequent histology.  Stented BVMs were maintained for 7 days 

post-implantation, and then fixed in Poly/LEM fixative (Polysciences, Inc., Warrington, 

PA), which is a 10% neutral buffered formalin solution.  Methods published by Rippstein 

et al were utilized for sample processing and plastic-embedding (Rippstein et al. 2006).  

Samples were transferred to 70% ethanol, then processed and embedded in methyl 

methacrylate resins.  See Appendix E for a detailed schedule of plastic processing and 

embedding.  Infiltrated samples were placed in individual glass vials on a pre-formed 

base, and vials were filled with polymerization mixture and allowed to polymerize at       

-20°C for a minimum of 3 days.  Following polymerization, glass vials were broken with 

a mallet and plastic blocks were shaped and trimmed with a band saw and grinder prior to 

sectioning. 

 Sectioning was performed on an automated rotary microtome with a tungsten 

carbide blade.  Sectioning was facilitated by moistening the blade and block with 30% 

methanol and sections were cut at 6µm.  Cut sections were floated on a 42°C water bath, 

followed by a 30% methanol bath, and finally on a 0.1% aqueous Elmer’s glue solution.  

Sections were picked up on slides, warmed on a 42°C slide warmer, and transferred to a 

chloroform chamber overnight.  Slides were removed and wrapped in plastic wrap, 

flattened with a rubber roller, and clamped together in a 42°C oven for 2 days.  Slides 
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were deplasticized with 2-methoxyethylacetate, followed by hematoxylin and eosin 

(H&E) staining.  See Appendix F for a detailed protocol of H&E staining on plastic-

embedded BVMs. 
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Results 

Feasibility of Stent Implantation in the BVM 

 Stents were successfully deployed in the BVMs because of the access, 

maneuverability, and visibility within the bioreactor systems.  Stenting in each BVM was 

performed in less than 5 minutes, allowing minimal disturbance to each system.  The 

radiogram of stent deployment in the BVM illustrates that the stent is centered between 

the barbed fittings that the vessel is mounted on, and the stent is properly deployed in full 

apposition with the vessel wall.  This radiographic image is illustrated in Figure 3.1. 

 

BBI Evaluation of Stented BVMs 

 BBI-stained cross-sectional and en face images of stented BVMs 7 days post-

deployment are compared with unstented controls in Figure 3.2.  This type of analysis 

allowed visualization of the cell nuclei on and around the stent surface.  Cross-sectional 

images of unstented BVMs, (Figure 3.2(A)), illustrated the luminal cell lining, and 

images of stented BVMs illustrated cellular growth over the stent struts, (Figure 3.2(B)).  

The en face epifluorescent images of unstented controls, (Figure 3.2(C)), again confirmed 

the presence of a luminal lining of cells, with confluent cell coverage of the ePTFE 

vessel.  The en face images of stented BVMs illustrated cell coverage of the vessel 

surface, as well as cell coverage on the stent-strut surface, (Figure 3.2(D)).  En face 

images of stented BVMs were used to quantify cell density on the stent-strut surfaces. 

 The frequency distribution of cell densities on stented BVMs is illustrated in 

Figure 3.3.  Nineteen images of bare metal stent segments were acquired.  The cell 
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density was calculated for each stent segment as described in the Methods section.  The 

total number of segments with each cell density is represented on the bar graph.  A 

majority of stent segments had a density of 50 to 250 cells/mm2.  As shown, no segments 

of the bare metal stents contained fewer than 50 cells/mm2 after 7 days of stent 

implantation. 

 

Evaluation by Scanning Electron Microscopy 

 SEM images provided visualization of cell morphology and coverage of the stent 

strut surfaces.  These images provided qualitative information that was consistent with 

that which was quantified by BBI.  After 7 days of implantation in the blood vessel 

mimic, cells had responded to implanted bare metal stents, with observable cell coverage 

over a majority of the strut surfaces.  As illustrated in Figure 3.4, the morphology 

suggested a thin layer of cell coverage over most areas of the strut surfaces.  Cells did not 

appear to have oriented consistently with respect to the direction of flow. 

 

OCT Imaging 

 OCT provided a minimally-invasive technique for acquiring information 

regarding the presence and thickness of tissue lining the BVM lumen and stent struts.  

Longitudinal images of a stented BVM immediately post-stenting and the same BVM 14 

days post-stenting, presented in Figure 3.5, illustrate the capability of OCT to 

differentiate between ePTFE scaffold, the luminal lining of cells, stent struts, and cellular 

growth over the stent struts.  After 14 days, the cellular lining had thickened, and cellular 
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growth was noted on and around the stent struts.  OCT provided a depth of imaging 

sufficient to visualize the entire thickness of the BVM and resolution sufficient to 

visualize these cellular structures of interest. 

 

Cross-Sectional Histology 

 Histological sectioning and staining of stented BVMs was made possible through 

plastic-embedding techniques.  H&E stained cross-sections confirmed that the BVM 

cellular lining withstood stent implantation and that a subsequent cellular lining had 

begun to develop over the stent.  Similar to that seen in BBI and SEM results, a thin 

cellular lining covered the stent struts after 7 days of implantation in the blood vessel 

mimic, as illustrated in Figure 3.6.  Plastic-embedding and histological evaluation 

provided a means for visualizing the cross-sectional strut-associated tissue similar to 

OCT images, but with greater detail regarding individual cell morphology and nuclei. 

 

 

 

 

 

 

 

 

 



 

111

 

 

 

 

Figure 3.1- Radiographic image of a stent fully deployed within a blood vessel mimic. 
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Figure 3.2- Cross sectional and en face BBI images of control and stented blood vessel 
mimics.  Images of unstented vessels (A, C) illustrated the luminal lining of cells, while 

images of stented vessels illustrated cell growth onto the implanted device (B, D).  
Images acquired as shown in panel D were utilized for cell density calculations. 
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Figure 3.3- Frequency distribution of cell density on bare metal stent struts after 7 days of 
implantation. 
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Figure 3.4- SEM image of a stented blood vessel mimic.  Scanning electron microscopy 
allowed visualization of the cell morphology and coverage on stent surfaces. 
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Figure 3.5- OCT images of a stented BVM immediately after stent deployment (A) and 
14 days post-deployment (B).  Images show longitudinal cross-section of ePTFE vessel 
wall (W), cellular lining on BVM lumen (thin arrows), stent struts (brightly reflecting 

sites causing vertical shadows), and cellular growth onto the stent struts after 14 days of 
stent implantation (fat arrows). 
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Figure 3.6- H&E stained cross-section of a stented blood vessel mimic.  Plastic 
embedding, sectioning, and staining permitted evaluation of the strut-associated tissue. 
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Discussion and Conclusions 

 Using tissue engineering techniques, an in vitro blood vessel mimic can be 

created that permits evaluation of the response of an intimal vascular lining to device 

implantation.  The work described in this chapter supports the use of in vitro BVMs to 

evaluate the intimal response to implanted stents.  This work has shown that it is feasible 

to introduce and properly deploy a stent into the BVM in the bioreactor system; the BVM 

cellular lining will withstand stent implantation sufficient to exhibit subsequent cellular 

coverage of the device surface; and it is possible to visualize and quantify the cellular 

coverage on bare metal stent struts after 7 or 14 days of stent implantation.  Because of 

the desire to track the cell response over time, it would be ideal to use a non-destructive 

approach to visualize this cellular response, and the work presented here has shown that 

OCT can be used with the BVM system to monitor the cellular response to stents in a 

minimally invasive manner.  In addition, the density of cell coverage on stent struts can 

be determined with fluorescent staining techniques, and cell morphology can be assessed 

with scanning electron microscopy.  Histological evaluation can be used to visualize 

cross-sectional strut-associated tissue in a relatively more detailed manner than OCT. 

   To determine the initial feasibility of using the BVM system for stent evaluation, 

it was necessary to establish whether the stent would simply destroy the BVM lining and 

whether the tissue would be capable of responding to the device.  After 7 and 14 days of 

stent implantation, each evaluation technique revealed that the cells were beginning to 

regenerate over the surface of the bare metal stent struts.  This type of response is 

consistent with animal studies that show endothelialization of implanted bare metal stents 
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(Cheneau et al. 2003), although the time course is not as rapid (Kipshidze et al. 2004).  

This difference is likely due to the lack of circulating cells and the absence of true tissue 

complexity in the BVM model, but may also be attributed to species differences.   

Although the BVM model has some key advantages that will be discussed, it is 

crucial to first recognize the limitations.  The lack of blood in the BVM system makes it 

difficult to fully mimic a native vessel response.  In addition to the role in re-

endothelialization, it has been shown that in-stent restenosis is partly triggered by 

components that circulate in the blood (Bayes-Genis et al. 2002), and this level of 

complexity does not currently exist in the model.  Also, the vessel is based upon a 

synthetic polymer scaffold that limits the compliance of the vessel wall.  This, along with 

the lack of a true media and adventitia, would make it difficult to truly replicate an in 

vivo response to specific types of implanted devices.  Additionally, the system is under 

low flow and low pressure as compared to typical in vivo conditions.   

Despite these limitations, the evaluation of devices such as stents within the BVM 

has several key advantages.  Although the studies described in this chapter focused on 

implantation of bare metal stents, the intimal response that was observed would likely 

differ based on the specific stent being used.  For example, a stent coated with a protein 

or polymer that promotes endothelial cell adhesion or migration might lead to more rapid 

cell coverage of the device.  In the field of stent development, this possibility makes the 

BVM system ideally suited for preliminary preclinical evaluation of the intimal cellular 

response to stent coatings or various stent configurations.   
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An additional advantage is that numerous BVMs can be developed 

simultaneously in an efficient manner that requires less set-up time, fewer personnel, and 

no animal facilities, unlike traditional preclinical rabbit or pig models.  Unlike traditional 

cell culture approaches, the BVM also provides an in vitro testing environment with a 

structure that is conducive to evaluating three-dimensional technologies and that can be 

cultivated under flow conditions.  Compared with in vitro testing in isolated native 

vessels (Swanson et al. 2002), the advantage of BVMs is that they can be developed in a 

consistent, large-scale manner, which allows more direct comparisons between devices.  

Use of the BVM permits assessment of a large number of coatings or configurations in 

order to select the best devices to progress to traditional animal and clinical studies. 

The geometry and orientation of the BVM model in particular can be especially 

useful in evaluating specific intravascular technologies.  For the OCT imaging that was 

described in this chapter, it was possible to use the OCT probe intravascularly, just as it 

would be used in vivo.  Also, devices can be tested exactly as they are manufactured and 

coated.  Evaluating a new drug in a cell culture environment may not yield as accurate or 

predictive results as evaluating that drug exactly as it is coated onto a stent platform.  

BVMs can also be created with human cells, which results in great potential for these in 

vitro testing systems to elucidate human-specific responses in a preclinical setting.  

Therefore, although stents and intravascular imaging have been the focus of the current 

chapter, it would also be possible to use the in vitro BVM model for evaluation of drug-

delivery systems, pharmaceuticals, or other intravascular technologies.  The primary 

endpoint in this work was cellular regeneration and strut-associated tissue, but evaluation 
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in the BVM could potentially provide information regarding toxicity, gene expression 

profiles, cellular migration, and other response mechanisms. 

 Finally, in light of the advantages that an in vitro BVM testing system provides, it 

is important to consider that many different potential versions of tissue engineered blood 

vessel mimics exist.  A variety of approaches have been taken over the past several 

decades to create tissue engineered vascular grafts, and these provide a range of 

directions for different types of BVM systems.  The BVM model discussed in this 

dissertation is simple and therefore is ideal for initial high-throughput evaluation of 

vascular tissue response.  However, other BVMs could serve as ideal mimics for other 

types of evaluation.  For example, a BVM model that consisted of a more compliant 

biologic scaffold might be able to provide insight into the effects of implanted stents on 

vessel wall mechanics.  L’Heureux et al have developed a completely biologic tissue 

engineered blood vessel, which could provide a useful model for preclinical stent 

evaluation.  They have explored the use of their vessel to assess pharmacological effects 

on contractility (L'heureux et al. 2001), but thus far they have not published on the use of 

their model for device evaluation.  This type of vessel may provide even more 

physiologically relevant information, but it would be more difficult to perform high-

throughput studies, as each vessel takes months to develop. 

In conclusion, this chapter has focused on the use of an in vitro vessel, composed 

of an ePTFE scaffold lined with human microvascular cells, to evaluate the cellular 

response to implanted bare metal stents.  This work has shown that the BVM model can 

easily permit stent implantation, the cellular lining responds to the implanted stent, and 
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the response can be visualized and measured.  These results provide the foundation for 

further use of the BVM as an in vitro testing environment for stent evaluation. 
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4.  EVALUATION OF A PROTEIN-COATED STENT IN THE BLOOD VESSEL 

MIMIC 

 

Introduction 

 Coronary artery stents have been used for the past two decades to restore blood 

flow through occluded vessels in patients suffering from coronary artery disease (Butany 

et al. 2005).  Stents were originally introduced for the purposes of preventing the 

negative remodeling and elastic recoil commonly encountered after balloon angioplasty 

procedures (Nawarskas and Osborn 2005), and they have since become a standard 

component of minimally-invasive coronary intervention.  Coronary stents can vary based 

on material composition and overall physical design (Colombo et al. 2002), but one 

commonality of many metallic stents on the market is an unacceptably high prevalence of 

vessel restenosis, which often necessitates repeat revascularization procedures.  It is 

estimated that up to 25% of patients receiving a bare metal stent will suffer from 

restenosis (Circulatory System Devices Panel 2006).  This restenosis is due to 

uncontrolled cell proliferation within the vessel intima along with extracellular matrix 

deposition, which leads to re-occlusion of the stented vessel (Indolfi et al. 2003a). 

 In the past several years, based upon an understanding of the proliferative 

mechanism responsible for restenosis and in an effort to address the problem, drug-

eluting stents have emerged (Hong et al. 2003;Serruys et al. 2002).  These stents are 

coated with anti-proliferative agents such that stent implantation results in localized drug 

delivery to the vessel lesion, resulting in inhibition of neointimal proliferation.  Use of 
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drug-eluting stents has increased very quickly since they were first approved in the 

United States in 2003, and it was estimated in 2006 that over 80% of PCI procedures 

included the use of a drug-eluting stent (Circulatory System Devices Panel 2006).  The 

use of these stents has significantly decreased rates of restenosis and thus the need for 

revascularization procedures; however the long-term success of these devices has 

recently been called into question.  Due to the anti-proliferative effects, it has been shown 

that re-endothelialization of these devices can be delayed or impaired, which has been 

linked to a small but significant increase in late stent thrombosis in patients treated with 

drug-eluting stents (Joner et al. 2006). 

 In addition to coating stents with anti-proliferative agents, there are a variety of 

other surface modifications that have been used in an attempt to improve the vascular 

response following stent implantation.  Materials including gold, carbon, and silicone 

carbide have been investigated as stents coatings (Antoniucci et al. 2001;Danzi et al. 

2002;Monnink et al. 1999), and agents such as heparin or estradiol have been explored in 

an effort to beneficially modulate thrombosis or stent healing (Babapulle and Eisenberg 

2002b;Babapulle and Eisenberg 2002a;Kipshidze et al. 2004).  Biologic coatings have 

also been considered, with recent examples including different types of protein coatings.  

Aoki et al have performed studies with antibody modifications, specifically looking at 

coating stent surfaces with anti-CD34 antibodies to capture circulating endothelial 

progenitor cells (Aoki et al. 2005).  Similarly, Blindt et al have investigated the use of 

cyclic-RGD peptide sequences for stent coatings in an attempt to capture circulating cells 

through integrin binding (Blindt et al. 2006).   The goal behind both of these types of 



 

124

protein coatings is to enhance stent healing by promoting re-endothelialization of the 

device surface.  A regenerated endothelium would potentially have the ability to 

modulate restenosis, while also providing an anti-thrombogenic lining between the device 

and the circulating blood (Kipshidze et al. 2004).  

 Antibodies and peptide sequences are two options for protein coatings, but the 

potential also exists to utilize extracellular matrix proteins.  Previous work with vascular 

grafts has shown that extracellular matrix (ECM) protein coatings can increase the 

strength of endothelial cell attachment to graft prostheses following exposure to shear 

(Schneider et al. 1997).  It has also been shown that secreted matrix proteins such as 

laminin-5 can be used to coat polymer grafts, resulting in increased endothelial cell 

adhesion and enhanced endothelial cell spreading (Kidd et al. 2005). These effects on 

endothelial cell attachment and spreading would also be beneficial for promoting stent 

healing, and thus ECM proteins provide a promising option for protein-coated stents.  

Based upon published work involving protein-enriched medium modification of 

ePTFE grafts (Kidd et al. 2005), it was hypothesized that a metallic stent surface could be 

modified through adsorption by secreted ECM proteins, and that these modified devices 

would support enhanced endothelial cell regeneration on the luminal surface of the 

device.  To test this hypothesis, initial work was necessary to modify stents, followed by 

evaluation of the endothelial cell response to these modified stents.  In order to evaluate 

the cellular response to modified stents, it was possible to utilize an in vitro blood vessel 

mimic testing environment.  The blood vessel mimic is created and maintained under 

flow in an in vitro bioreactor system, and has been previously shown to develop a cellular 
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lining with endothelial and sub-endothelial layers on the lumen of the polymeric scaffold.  

As described in the previous chapter, it is possible to deploy stents within these vessels, 

with the cellular lining exhibiting subsequent cellular regeneration over device surfaces.  

Thus, experiments to evaluate the cellular response to protein-modified stents were 

performed within sets of in vitro blood vessel mimics. 
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Materials and Methods 

Preparation of Protein-Enriched Medium 

 A human squamous epithelial cell line, known as the HaCaT cell line, was 

cultured in flasks at 37°C at 5% CO2 with medium containing high-glucose Dulbecco’s 

modified Eagle’s medium, 10% FBS, 2mM L-glutamine, and 5mM HEPES buffer.  The 

HaCaT cell line was used because it is known to secrete laminin-5 as well as other 

proteins into its medium (Kidd et al. 2005).  Cells at 70% confluence were placed in 

serum-free medium for 48 hours, at which time their conditioned medium was harvested.  

Flasks with cells were discarded and the conditioned medium was centrifuged to remove 

debris prior to use for stent modification.  All work was performed aseptically in a 

laminar flow hood. 

 

Stent Modification 

 Conditioned medium was placed into individual 15mL tubes, and one bare metal 

stent was submerged in each tube.  Stents composed of a cobalt-chromium alloy (Guidant 

Corporation, Santa Clara, CA) were utilized in a partially crimped form.  Stents remained 

submerged in medium at 37°C for 3 weeks to allow for protein adsorption to the stent 

surface.  A subset of modified stents was utilized to evaluate protein adsorption.  Raman 

spectroscopy was performed to determine if proteins were present on stent surfaces after 

3 weeks in conditioned medium, and mass spectrometry was performed to identify the 

proteins that were present on stent surfaces. 
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Blood Vessel Mimic Development 

 Blood vessel mimics (BVMs) were created as described in previous chapters.  

Human microvessel endothelial cells were cultured on 1% gelatin-coated T-225cm2 

flasks at 37°C with 5% CO2, in M199 supplemented with 10% FBS, 5mM HEPES buffer, 

60 µg/mL endothelial cell growth supplement containing heparin, and 2mM L-glutamine.  

Cells were cultured and expanded to a population sufficient for sodding grafts at a density 

of 1.5x106 cells/cm2, and were used before 5 population doublings. 

BVM scaffolds were 4mm ID ePTFE grafts (Impra Bard, Inc., Tempe, AZ).  

Grafts were cut into 4cm lengths, mounted on barbed fittings, steam sterilized, and 

denucleated using a series of graded ethanols to remove air from the scaffold interstices.  

Grafts were aseptically mounted into bioreactor chambers and conditioned with a 15% 

FBS solution by clamping the luminal flow path and forcing the solution through the 

pores of the ePTFE material.   

Bioreactor systems utilized for BVM development were slightly different that 

those used in previous studies.  A horizontal rectangular chamber was implemented in 

place of the previous vessel chamber, which allowed greater visibility and easier access 

to the housed vessel.  These vessel chambers contained a luminal inlet, luminal outlet, 

and extra-luminal outlet.  External slide clamps were utilized to control the path of flow, 

and both paths led to the media reservoir.  An individual system is diagrammed in Figure 

4.1.  Media was circulated by a Watson-Marlow peristaltic pump, with up to 12 

individual bioreactor systems supported per pump.  Following graft conditioning, the 
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bioreactor systems were primed with medium containing M199, 10% FBS, 2mM L-

glutamine, 5mM HEPES buffer, 0.1% Fungizone, and 5% penicillin and streptomycin. 

 

Blood Vessel Mimic Sodding and Cultivation 

Human microvessel endothelial cells were harvested from culture flasks through 

the application of trypsin, which was deactivated with medium, and cells were re-

suspended for use.  Cell sodding was performed by clamping the bioreactor luminal flow 

path and injecting cells through the port proximal to the vessel chamber.  Following 

sodding, bioreactor systems were placed on a pump in an incubator, and transmural flow 

was maintained for 1 hour.  The luminal flow path was then unclamped, and luminal flow 

was slowly increased to 15mL/min.  Vessels were cultivated under these conditions for 7 

days, with medium replaced every 3 days, to allow for establishment of the cellular 

lining. 

 

Stent Implantation 

 After 7 days of BVM cultivation, a stent was implanted into each vessel for 

evaluation of the cellular response.  Bare metal stents and protein-modified stents were 

used in these studies.  Stent deployment was performed by crimping each stent onto a 

balloon catheter and inserting the catheter into the bioreactor system through the 

proximal port.  Insertion and advancement of the catheter was visible through the 

bioreactor tubing and chamber.  Upon proper positioning of the catheter and stent, the 

balloon was inflated to 15 atm and pressure was maintained for 15 seconds to deploy the 
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stent.  The balloon was then deflated and the catheter was removed, leaving the stent in 

place.  BVM cultivation was resumed for an additional 7 or 14 days to allow for a cellular 

response to the implanted stents.  

 

Fluorescent Nuclear Staining and Evaluation 

 Stented vessels were removed from bioreactor systems, fixed, and cut in half 

longitudinally.  Samples were stained with the nuclear specific bisbenzimide (BBI) stain 

and viewed under ultraviolet epifluorescence to visualize cell coverage of the stent strut 

surface area.  A series of en face images were acquired at a 10x magnification along the 

length of each vessel.  In order to assess the cell coverage of stent strut surfaces, a scoring 

system was utilized and each image was scored on a scale from 1 to 5.  A 1 represented 

little to no cell coverage on the device surface; a 2 represented a few cells interspersed on 

the device surface; a 3 represented subconfluent coverage with localized areas of cell 

density; a 4 represented confluent cell coverage of the device surface such that the device 

was visible beneath a monolayer of cells; and a 5 represented the highest density of cell 

coverage on the stent surface such that the cellular lining masked the stent beneath.  The 

scoring system is illustrated in Figure 4.2 with representative images shown for each 

score.  This type of scoring system allowed for more representative comparisons of cell 

coverage to be made between different stent types, as compared with density calculations 

that have the potential to be misleading in cases of densely packed nuclei in localized 

regions.  In order to compare mean scores, the student’s unpaired t-test was utilized with 

significance at p<0.05. 
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Scanning Electron Microscopy 

 In order to evaluate morphology and appearance of the regenerated cellular lining 

on the stented lumen, longitudinal sections were prepared for evaluation by scanning 

electron microscopy.  This process involved rinses in 0.05M PIPES buffer and 

dehydration through a series of acetones, followed by critical point drying, and sputter-

coating with a gold target.  Samples were evaluated with a JEOL JSM-820 scanning 

electron microscope (Tokyo, Japan) and images were acquired. 

 

Plastic Embedding of Stented BVMs 

 For histological and immunohistochemical analysis, an additional set of BVMs 

was developed and stented with bare metal and protein-modified stents.  Seven days post-

deployment, stented vessels were fixed in Poly/LEM fixative (Polysciences, Inc., 

Warrington, PA) and the entire vessel was used for plastic embedding.  Plastic 

embedding was performed based on the methods of Rippstein et al (Rippstein et al. 

2006).  Following fixation, samples were transferred to 70% ethanol, and processed 

through a series of methyl methacrylate resins as detailed in Appendix E.  Infiltrated 

samples were placed in individual glass vials and were filled with polymerization mixture 

and allowed to polymerize at -20°C for a minimum of 3 days.  Following polymerization, 

glass vials were broken and plastic blocks were shaped and trimmed with a band saw and 

grinder prior to sectioning.  
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Sectioning was performed on an automated rotary microtome with a tungsten 

carbide blade.  The blade and block were moistened with 30% methanol and sections 

were cut at 6µm.  Cut sections were floated on a 42°C water bath, followed by a 30% 

methanol bath, and finally on a 0.1% aqueous Elmer’s glue solution.  Sections were 

picked up on slides, warmed on a 42°C slide warmer, and transferred to a chloroform 

chamber overnight.  Slides were removed and wrapped in plastic wrap, flattened with a 

rubber roller, and clamped together in a 42°C oven for 2 days prior to staining.   

 

Histology and Immunohistochemistry 

Upon removal from the oven, slides were deplasticized with 2-

methoxyethylacetate for a minimum of 2 x 35 minutes.   Hematoxylin and eosin (H&E) 

staining was performed to evaluate basic histologic structure of strut-associated tissue.  A 

detailed protocol for H&E staining on plastic-embedded BVMs is listed in Appendix F.  

H&E stained samples were used to make measurements of the tissue thickness on top of 

stent struts and on the surrounding vessel lumen for all samples.  These measurements 

were performed by capturing images of stained samples and using calibrated 

measurements with the MetaMorph image software (Universal Imaging Corporation).  

Comparisons between mean thickness values were made using the student’s unpaired t-

test with a level of significance at p<0.05. 

 Immunohistochemistry was also performed with antibodies against von 

Willebrand factor (vWF) as a marker of endothelial cell phenotype in the stented vessels.  
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A plastic-embedded human femoral artery was used as a positive control.  See Appendix 

G for a detailed protocol of vWF staining on plastic-embedded samples.  
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Results 

Stent Modification with Protein-Enriched Medium 

 Following 3 weeks of stent submersion in conditioned medium, Raman 

spectroscopy confirmed that proteins had adsorbed to the stent surface.  Mass 

spectrometry identified a complex combination of secreted proteins present on the stents, 

with six being identified with the relatively highest confidence.  These proteins included 

laminin-5, albumin, keratin, HSP90/83, TGFβ-1, and thrombospondin-1.  Mass 

spectrometry does not provide information regarding relative concentrations or 

uniformity of protein adsorption on the stent surfaces, but it did provide the identity of 

these specific proteins. 

 

SEM Images 

Images acquired by scanning electron microscopy provided visualization of the 

luminal surface and revealed notable differences in the cell linings that regenerated over 

protein-modified stents as compared with bare metal stents at 14 days post-deployment.  

In Figure 4.3, four example SEM images are shown.  Figure 4.3(A) and (B) are example 

images from bare metal stented vessels.  Cellular regeneration had begun over the device 

surface, but there were still many areas where the device was visible.  The higher 

magnification image, (A), illustrates a very thin monolayer of cells that formed over most 

regions of the bare metal stent.  Figure 4.3(C) and (D) provide example images from 

protein-modified stented vessels.  The cellular lining appears much thicker and more 

robust over the entire length of stented vessel.  The higher magnification image, (D), 
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illustrates this more robust and mature-looking cellular lining that has completely 

regenerated over the protein-modified stent beneath.  Based on these images, a definitive 

qualitative difference was noted. 

 

Evaluation of Cell Coverage with BBI Imaging and Scoring 

 Fluorescent BBI images were consistent with responses seen by scanning electron 

microscopy.  As illustrated in the panel of representative images on the left in Figure 4.4, 

bare metal stents appeared to be covered by a near-confluent lining of cells, as indicated 

by positive-staining nuclei.  However, stents were still clearly visible and there were 

areas of struts that lacked coverage.  Images in the panel on the right represent those 

taken of protein-modified stents.  The difference in cell response is evident, with an 

increased population of cells on protein-modified devices resulting in an inability to 

distinguish the stent beneath.  Nearly the entire vessel was covered with a cell lining that 

masked the device. 

 A series of BBI images was acquired for each vessel, each image was scored 

based on the system illustrated in Figure 4.2, and data was used to calculate the mean 

scores for each of the stent types.  The results of these calculations are summarized in the 

graph that accompanies Figure 4.4.  It was found that images of protein-modified stents 

had a significantly higher score on average than those of bare metal stents, indicating that 

protein-modified stents had significantly increased cellular coverage of the device 

surface.  
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Histology and Tissue Thickness Calculations 

 In order to further evaluate the increased cellular regeneration that was revealed 

through en face and surface evaluation of protein-modified stents, a set of stented vessels 

was embedded in plastics for cross-sectional histology.  Sections were obtained as 

described and stained with H&E to provide information regarding strut-associated tissue 

and thickness.  As illustrated in Figure 4.5, there was a noticeable increase in the 

thickness of the tissue that covered protein-modified stent struts.  This was consistent 

with the increased nuclei coverage seen in BBI images and with the more robust cell 

lining illustrated by scanning electron micrographs.  H&E stained sections illustrated that 

on bare metal stents, the regenerated cell lining oftentimes consisted of a thin monolayer, 

where as the cell lining on protein stents typically had multiple layers between the strut 

and luminal surface. 

 It was possible to quantify the thickness of this regenerated tissue by using 

calibrated measurements with acquired histological images.  The distance between the 

top of the stent strut and the luminal layer of cells was measured as shown by the blue 

arrow in the image panel of Figure 4.6.  These measurements were made for each stent 

strut in each vessel from the sets of bare metal and protein-modified stents.  The average 

tissue thickness measured on top of bare metal stent struts was 24.1µm, while the average 

tissue thickness measure on top of protein-modified stent struts was 108.3µm, as shown 

by the graph in Figure 4.6.  This mean tissue thickness on protein-modified stent struts 

was significantly greater than that on bare metal stent struts (p=0.02). 
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 Measurements of luminal tissue thicknesses, in areas around the stent struts, were 

also made, as shown in the image panel of Figure 4.7.  These measurements were 

performed in order to determine if effects were localized only to the stent struts.  Luminal 

tissue thickness in vessels that had received bare metal stents had a mean value of 

60.2µm, compared to 154.1µm in vessels that had received protein-modified stents.  

These results are graphed in Figure 4.7.  This luminal tissue thickness in protein-modified 

stented vessels was significantly greater than that in bare metal stented vessels (p=.036). 

 

Immunohistochemistry 

 Expression of the endothelial cell marker vWF was evaluated by 

immunohistochemistry.  Plastic-embedded stented vessels were sectioned and stained as 

described, and a plastic-embedded human femoral artery was used as a positive control.  

Positive staining was seen along the luminal surface of the positive control; however 

there was no positive vWF staining in cells lining bare metal stents or protein-modified 

stents, as illustrated in Figure 4.8. 
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Figure 4.1- Bioreactor system configuration with horizontal vessel chamber.  System 
includes dual flow paths, media reservoir, peristaltic pump, and sodding port. 
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Figure 4.2- Scoring system for BBI en face images.  A scale from 1 to 5 was utilized, 
with representative images as shown. 
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Figure 4.3- SEM images of bare metal and protein-modified stents 14 days post-
implantation.  Bare metal stents (A, B) exhibited thin cellular linings, while protein-

modified stents (C, D) exhibited thicker and more robust cellular regeneration. 
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Figure 4.4- BBI images and scores for bare metal versus protein-modified stents. 
Example images acquired from bare metal (left panel) and protein-modified stents (right 
panel) are provided.  Calculation of the mean scores for all images and vessels revealed a 
significantly higher score for protein-modified stents, indicating increased cell coverage. 
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Figure 4.5- Plastic-embedded stented BVMs stained with H&E illustrated increased 
tissue thicknesses on protein-modified stent struts. 

 
 

 

 

 

 

 

 

 

 

 

 

 

BMSBMS

Protein
Stent

Protein
Stent



 

142

 

 

 

 

 

 

 

 

 

Figure 4.6- Calibrated measurements of the tissue thickness on stent struts indicated that 
protein-modified stents had significantly thicker linings as compared with bare metal 

stents. 
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Figure 4.7- Calibrated thickness measurements of luminal tissue around stent struts 
indicated that vessels with protein-modified stents had significantly thicker tissue linings 

in non-stented areas than vessels containing bare metal stents. 
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Figure 4.8- Immunohistochemistry illustrated no positive vWF staining in bare metal or 
protein-modified stented vessels. 
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Discussion and Conclusions 

 Surface coatings play a large role in the cellular response to an implanted stent 

(Babapulle and Eisenberg 2002b;Babapulle and Eisenberg 2002a).  Outcomes have the 

potential to range from the prevention of a cell lining on the device surface, with anti-

proliferative agents on drug-eluting stents, to increased cellular regeneration on the 

surface of biologic or protein-coated stents.  The studies presented in this chapter were 

aimed at assessing the ability of an extracellular matrix protein-coated stent to support 

increased endothelial cell regeneration following implantation.  Initial experiments 

demonstrated the ability to modify a bare metal stent surface through submersion in a 

protein-enriched medium.  This type of modification resulted in the adsorption of a 

combination of secreted proteins.  Although this type of coating may not have direct 

clinical applicability, due to the length of preparation time and the potential variability 

from one batch to the next, it provided a method of modification that could be evaluated 

in the laboratory.  In addition, the specific type of protein-enriched media that was used 

had been previously shown to beneficially modulate endothelial cell adhesion and 

spreading for vascular graft applications.  Based upon the results from these previous 

studies, it is likely that the secreted matrix protein laminin-5 played a significant role in 

the cellular response that was observed on modified stents (Kidd et al. 2005). 

Studies addressing the cellular response to protein-modified stents were 

performed in an in vitro blood vessel mimic (BVM) in the absence of blood and 

circulating cells.  The in vitro blood vessel mimic provided a testing environment that 

allowed deployment of coated and bare metal stents inside a tubular construct lined with 
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human vascular cells and cultivated under flow conditions.  In regards to the BVM 

system, the results from these studies illustrate the ability of the vessels to exhibit 

different intimal responses to different stent surfaces.  This provides great support for the 

utilization of these systems for preclinical evaluation of the intimal response to new stent 

designs. 

  In the protein-modified stent studies presented in this chapter, results from 

scanning electron microscopy and fluorescent nuclear staining illustrated that protein-

modified stents had more robust cellular linings and increased cell regeneration on the 

strut surfaces as compared with bare metal stents.  These results supported the initial 

hypothesis that protein-modified stents would support enhanced cellular regeneration.  

This could potentially indicate a beneficial healing response, with the re-establishment of 

a tissue lining over the device surface. 

It was also important to consider tissue thickness and cellular phenotype in the 

regenerated linings.  Histological evaluation revealed a significantly thicker cellular 

lining on protein-modified stent struts.  Because these results were from 7 days of stent 

implantation, it is unclear whether this thickening of the cell lining would be detrimental 

in any way.  Experiments evaluating a later time point would need to be carried out to 

determine if thickening would continue to a point of impaired vascular flow, or it was a 

stable, re-established cell lining that could ultimately be beneficial in regards to 

thrombogenicity and hyperplasia (Kipshidze et al. 2004).  It is also important to note that 

this increased tissue thickness was not only localized on top of stent struts.  After 

obtaining measurements of luminal tissue thickness around the struts, it was determined 
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that vessels with protein-coated stents also had significantly thicker luminal tissue.  

Again, the time points utilized in this study make it difficult to predict long-term 

implications of this thickening. 

It is interesting, however, to consider the implications of the increased luminal 

thickness in stents with protein-modified stents.  One possibility is that BVMs with 

thicker pre-established linings were coincidentally the ones stented with modified stents.  

This is unlikely based upon statistical analysis that was performed.  Another possibility is 

that the proteins and growth factors from the surface of the stent diffused throughout the 

vessel lumen and triggered a response directly from all cells on and around stented areas.  

A third possibility is that cells directly in contact with the protein-modified stent surface 

were triggered by the device coating, and subsequently released signaling factors that 

resulted in the overall vascular response that was observed.  With either of the latter two 

possibilities, it may be feasible to take advantage of growth factor diffusion or cell 

signaling to create a combination device with proteins and drugs to elicit an ideal vessel 

response- that heals but does not exhibit restenosis.  It would be necessary to evaluate the 

diffusion of adsorbed proteins from the stent surface and the expression of cell junctions 

in the tissue lining to address these possibilities.   

 Although protein-modified stents did exhibit an accelerated regeneration of tissue 

over the surface of implanted devices, immunohistochemistry revealed that coated stents 

did not impact cellular expression of vWF.  After 7 days of implantation, neither protein-

modified nor bare metal stents supported a cell lining that stained positive for vWF.  One 

possibility is that evaluation at a later time point or in the presence of blood would be 
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necessary to observe vWF expression by these cells.  It is also possible that the cells 

would have demonstrated other characteristics of a functional endothelium if evaluated in 

other manners, although the lack of vWF suggests that luminal cells were not expressing 

a mature endothelial cell phenotype.  This finding is not surprising based on previous 

literature of cellular regeneration over stent struts.  Evaluation of endothelial cells on a 

variety of stent materials, as well as in vivo experiments of stent healing, have illustrated 

that various forms of endothelial dysfunction are not uncommon following stent 

implantation (Kipshidze et al. 2004).  Previous findings have shown that endothelial 

permeability and proliferative state are dysfunctional up to 3 months post-implantation in 

vivo (van Beusekom et al. 1998b), and that specific stent materials can lead to 

dysfunctional expression levels of endothelial proteins such as eNOS and vWF in vitro 

(Yeh et al. 2006).  Although it would be beneficial to develop a coating that could 

promote accelerated regeneration of a functional endothelium, results from this study are 

insufficient to determine if ECM proteins can accomplish this. 

One final concern that often arises with biologic coatings, and with an 

extracellular matrix coating in particular, is the risk of stent thrombogenicity.  Although 

the intent of the protein coating is to facilitate endothelial cell regeneration, which was 

the primary aim of the studies described in this chapter, it is important to consider 

whether the matrix proteins on the stent surface might trigger the initiation of thrombus 

formation in vivo before cellular regeneration had even occurred.  Preliminary data was 

gathered to address this concern by placing protein-modified stents in an ex vivo pig 

shunt model and exposing the device to 30 minutes of blood flow.  Stents did not exhibit 
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notable thrombus formation after 30 minutes, as assessed by gross images and scanning 

electron microscopy.  Further evaluation of thrombogenicity would be required to fully 

address these concerns.  Preliminary data from the pig shunt model is summarized in 

Appendix H. 

In conclusion, it is possible to modify stent surfaces with adsorbed extracellular 

matrix proteins, and the cellular response to these modified stents can be evaluated in an 

in vitro blood vessel mimic.  Protein-coated stents supported increased cellular 

regeneration over the device surface, and also increased thickness of tissue linings.  

However, after 7 days neither protein-modified stents nor bare metal stents exhibited a 

cell lining that stained positive for the endothelial cell marker vWF.  Although it remains 

unclear what long-term impact this regenerated cell lining would have in vivo, the results 

of these studies support the potential utility of ECM proteins for accelerated healing of 

implanted stents, perhaps in combination with pharmacologic agents. 
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5.  EFFECT OF SHEAR RATE ON THE INTIMAL RESPONSE TO 

IMPLANTED STENTS 

 

Introduction 

The vascular response following stent implantation is determined based on a 

variety of factors.  Stent characteristics, such as configuration or coating, can determine 

healing or thrombogenicity (Kandzari et al. 2002;Virmani 2006), while patient-specific 

factors, including lesion pathology or co-morbidities, can also impact the vascular cell 

response (Kornowski et al. 1997;Sheetz and King 2002b;Libby and Theroux 2005).  In 

addition, variations in specific intravascular conditions such as flow or pressure can 

potentially influence the healing or vascular response that occurs.  These variations are 

important to consider as stents and other intravascular devices are implanted in vessels 

under a range of conditions.  Flow conditions in particular have been shown to play a key 

role in normal function, pathologies, and cellular responses within a blood vessel.  The 

shear rate, which is based upon flow velocity and vessel diameter, varies from one vessel 

to the next.  This results in differential shear stresses exerted on the vessel wall, which 

can impact cellular function and vascular response (Cunningham and Gotlieb 2005).   

Recent in vivo studies involving animals and humans have shown that shear rate 

and shear stress correlate with the extent of neointimal hyperplasia in stented arteries, 

with low shear conditions correlating to increased neointimal proliferation (LaDisa, Jr. et 

al. 2005;Wentzel et al. 2001).  These results are consistent with previous studies 

involving native blood vessels and vascular grafts showing that flow and shear play a 
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major role in vascular endothelial cell function and intimal thickening.  Clinical studies 

have found that native vessels with disturbed or low levels of shear rate or shear stress 

tend to exhibit atherogenic characteristics and increased cellular proliferation (Reneman 

et al. 2006).  Studies of implanted vascular bypass grafts have demonstrated that 

increased flow results in decreased neointimal thickness due to decreased cell 

proliferation (Kohler et al. 1991).  Thus, the increased neointimal hyperplasia observed in 

stented vessels exposed to low shear conditions are not surprising (Mongrain and Rodes-

Cabau 2006). 

These in vivo outcomes are supported by a large amount of in vitro experimental 

data on the effects of shear stress on cultured vascular cells.  Cultured endothelial cell 

monolayers, commonly exposed to flow in rotating disk environments or parallel plate 

chambers, are known to exhibit differential responses to different shear stress magnitudes 

and patterns (Resnick et al. 2003).  Although the presence of shear has been shown to 

stimulate endothelial cell migration onto certain scaffolds or in scenarios of wound 

healing (Ando et al. 1987;Sprague et al. 2000), it has also frequently been demonstrated 

that increased shear stress results in decreased endothelial cell proliferation (Imberti et al. 

2002).  This proliferative effect has been shown on a variety of scaffolds and substrates, 

with the extent of endothelial cell proliferation dependent on the shear conditions as well 

as the substrate itself (Levesque et al. 1990).  It has been noted that although overall 

endothelial cell proliferation is decreased or inhibited by higher levels of shear stress, 

which is consistent with the clinical outcomes described above, there are species-specific 
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patterns of endothelialization and cellular response that impact how these in vitro results 

correspond to clinical outcomes (Akimoto et al. 2000;Rezvan et al. 2004). 

In vivo data regarding vascular responses under different shear rates and different 

magnitudes of shear stress is typically limited by the ability to control flow conditions in 

a living organism.  It is possible to determine velocity profiles and viscosity in order to 

calculate shear rate or shear stress and to make correlative conclusions, but control over 

these conditions is limited.  It is also possible to compare between relatively high and 

relatively low shear conditions that can be controlled in animal models, but data is 

limited to fairly broad ranges.  In vitro models are thus advantageous for evaluating 

cellular responses in a more tightly controlled flow environment, however there is 

relatively limited in vitro data regarding the cellular response to stents exposed to 

different shear conditions.  Thus, although clinical data indicates that stented vessels 

under low shear exhibit increased neointimal thickening as compared with high shear, 

there is limited data on whether neointimal responses in stented vessels are sensitive to 

fluctuations within low shear conditions.  

 The goal of the current work was to determine if differences in shear rate within a 

low-shear range would elicit differential neointimal responses to implanted stents.  The 

hypothesis was that even within a relatively narrow range of shear rate values, a higher 

shear rate would lead to a measurable reduction in neointimal formation on the surface of 

an implanted stent.  In order to address this hypothesis, it was necessary to establish 

different shear conditions.  Although, as mentioned, it is possible to develop animal 

models of high or low shear stress (Carlier et al. 2003), it would be difficult to finely 
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control low shear conditions.  It was also desirable to utilize human tissue, due to the 

species-specific thresholds to low shear described in previous literature (Akimoto et al. 

2000).  Therefore, the in vitro blood vessel mimic described in this dissertation presented 

a potentially ideal testing environment for these studies.  BVMs permit direct control of 

flow, which therefore allows the establishment of different shear rates within a low-shear 

range, while also providing a tubular vessel composed of human tissue for stent 

implantation.  Thus, stents were deployed into blood vessel mimics, flow was established 

via an external pump to control shear rate, and neointimal responses were assessed.  

 

 



 

154

Materials and Methods 

Blood Vessel Mimic Development 

Blood vessel mimics (BVMs) were created as described in the previous chapter.  

Human microvessel endothelial cells (HMVECs), isolated from human liposuction fat, 

were cultured on 1% gelatin-coated flasks.  Cells were maintained at 5% CO2 and 37°C, 

and were expanded to a population sufficient for sodding vessels at 2x106 cells/cm2.  

Cells were utilized prior to passage 6. 

4mm diameter ePTFE (Impra Bard, Inc., Tempe, AZ) was used as the BVM 

scaffold material.  ePTFE was cut into 4cm lengths, mounted on bioreactor fittings, steam 

sterilized, and denucleated through 70% and 100% ethanol to remove air from the 

interstices.  Scaffolds were inserted into individual bioreactor vessel chambers and were 

pre-conditioned with a 15% fetal bovine serum (FBS) solution.   

Bioreactor systems were similar to those described previously with two chambers, 

a vessel chamber and a media reservoir, connected in series by tubing.  The vessel 

chamber was a horizontal rectangular chamber as diagrammed in Figure 4.1.  A luminal 

inlet, luminal outlet, and extra-luminal outlet provided for control between the luminal 

flow path and transmural flow path.  Flow was generated by a Watson-Marlow peristaltic 

pump (for flows up to 15mL/min) or a MasterFlex peristaltic pump (for flows up to 

60mL/min).  Bioreactor medium consisted of M199 supplemented with 10% FBS, 2mM 

L-glutamine, 5mM HEPES buffer, 0.1% fungizone, and 5% penicillin and streptomycin.  

A photograph of an individual bioreactor system is shown in Figure 5.1, with a close-up 

of the ePTFE vessel residing in the vessel chamber. 
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Blood Vessel Mimic Sodding and Cultivation 

Following scaffold insertion into the bioreactor chamber and subsequent 

conditioning, each system was flushed with bioreactor medium.  HMVECs were 

harvested from flasks through the application of trypsin; trypsin was deactivated with 

medium; and cells were pelleted and resuspended in bioreactor medium.  Cells were then 

pressure-sodded onto the lumen of the vessel by injecting the cell solution through the 

luminal inlet and clamping the luminal outlet.  Immediately following this sodding 

procedure, each bioreactor system was placed on a Watson-Marlow pump in an incubator 

at 37°C and 5% CO2 and transmural flow was maintained for 1 hour.  The luminal flow 

path was then unclamped, and luminal flow was slowly increased to a rate of 15mL/min.  

Flow was maintained for 7 days to allow for vessel development.  

 

Stent Implantation 

 After 7 days of BVM development, a bare metal stent composed of a cobalt-

chromium alloy (Guidant Corporation, Santa Clara, CA) was deployed in each of the 

vessels.  Deployment was performed by crimping each stent onto a 4x12mm balloon 

catheter, inserting the stent-loaded balloon into the bioreactor system, visually aligning 

the balloon catheter within the vessel, and inflating the balloon to 15 atm to deploy the 

stent.  The balloon was then deflated and the catheter removed, leaving the stent in place.  

After temporarily stopping flow for the deployment procedure, flow was slowly increased 

to reach one of two shear rates, described below, and maintained for 14 days. 
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Calculated Shear Rate and Shear Stress 

Stented vessels were cultivated at one of two flow rates in order to compare the 

effects of differences in shear rate.  One set of stented vessels was maintained at 15 

mL/min, which corresponded to a calculated shear rate of 40 s-1 (referred to as “lower 

shear”) and one set of stented vessels was maintained at 60 mL/min, which corresponded 

to a calculated shear rate of 160 s-1 (referred to as “higher shear”).  Shear rate was 

calculated as follows (Reneman et al. 2006):  

γ = (8 · vm) / (d) 

where γ is the shear rate in s-1, vm is the mean flow velocity, and d is the diameter of the 

vessel.  The estimated shear stress within these two different flow environments was 

calculated by taking into account the viscosity of the medium, assumed to be .01 poise, 

and was determined to be 0.4 dyne/cm2 at the lower shear condition and 1.6 dyne/cm2 at 

the higher shear condition.  Shear stress was calculated as follows (Helmke 

2005;Inoguchi et al. 2007):    

τ = (4 · η · q) / (π · r3) 

where τ is the shear stress in dyne/cm2, η is the viscosity of the medium, q is the flow 

rate, and r is the radius of the vessel.  Both of these calculated values of shear stress are in 

what is typically considered the range of low-shear.  As mentioned, it was hypothesized 

that a difference in cellular response would occur between these two low-shear values.  

Stented BVMs were maintained under these specific shear conditions for 14 days, with 

medium replaced every third day. 
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Assessment of Tissue Response by En Face Evaluation 

 Six stented vessels (n=3 lower shear, n=3 higher shear) were assessed by surface 

evaluation techniques.  Vessels were taken out of bioreactor systems, fixed in 3% 

gluteraldehyde, and cut in half longitudinally to expose the stented luminal surface.  

Vessels were then stained with the fluorescent nuclear stain bisbenzimide (BBI) and 

viewed under ultraviolet epifluorescence.  En face BBI images from eight different fields 

of view were acquired from every vessel, and each image was then scored on a scale 

from 1 to 5.  The scoring system represented cell coverage of the device surface as 

follows:  

1= little to no cell coverage on the device surface 

2= some cells interspersed on surface of device 

3= subconfluent cell coverage with localized areas of cell density 

4= confluent cell coverage of device surface 

5= highest density of cell coverage on the device surface (masks stent) 

Example BBI images representing this scoring scale were provided in Figure 4.2.  After 

scoring all images, mean scores were calculated for each vessel, and these means were 

used to compare between treatment groups.  The student’s unpaired t-test was utilized to 

compare the lower versus higher shear groups, with p<0.05 considered to be statistically 

significant. 

Following BBI staining and imaging, vessels were washed in 0.05M PIPES 

buffer, dehydrated in graded acetones, critical-point dried, and sputter-coated using a 
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gold target.  Vessels were then viewed with a JEOL JSM-820 scanning electron 

microscope (Tokyo, Japan) to qualitatively evaluate the morphology of cells covering the 

stent struts. 

 

Assessment of Tissue Response with Optical Coherence Tomography 

 An additional set of stented vessels was assessed by optical coherence 

tomography (OCT) to compare the cross-sectional neointimal response under lower 

versus higher shear conditions.  OCT is a high-resolution, minimally invasive imaging 

modality that can be utilized to evaluate the tissue response to stents within the blood 

vessel mimic, as described in previous chapters.  The OCT system measures reflected 

near-infrared (1300nm) light in order to acquire longitudinal cross-sectional images.  

Assessment of the strut-associated neointimal tissue response was performed by inserting 

the 2mm diameter endoscope into each BVM lumen and acquiring OCT images at 45° 

rotational increments immediately post-stenting, and at 3, 7, and 14 days post-stenting.   

 In addition, following completion of the 14 day cultivation, OCT was used to 

acquire 360° intravascular volumetric scans of each stented vessel.  Volumetric scans 

provided a complete depth-resolved visualization of the stented vessel lumen, and these 

images were used to quantify the percent of stent struts that exhibited measurable 

neointimal tissue formation.  The percent strut coverage was determined by identifying 

tissue-covered stent struts and total stent struts and calculating as follows: 

% Strut Coverage = (Number of tissue-covered struts / Total struts) x 100 

The calculated values were then compared for lower shear versus higher shear conditions. 
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Effect of Shear Rate on the Tissue Response to Modified Stents 

 In an effort to evaluate if the observed neointimal responses to different shear 

rates were specific to bare metal stents, the experiments described were repeated with a 

set of protein-modified stents.  Stents were modified as outlined in the previous chapter, 

through adsorption of secreted extracellular matrix proteins.  These stents were deployed 

within blood vessel mimics for 14 days and exposed to either the lower (40 s-1) or higher 

(160 s-1) shear rate, and then assessed by BBI and SEM techniques, or visualized by OCT 

imaging as described.
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Results 

SEM Images of Cell Morphology on Stented Vessels  

 Images acquired by scanning electron microscopy permitted a qualitative 

evaluation of morphology and orientation of the regenerated cellular lining on stent 

struts.  As illustrated in Figure 5.2, a neointimal lining had begun to form over implanted 

stent struts; however the cells did not exhibit any notable consistency in terms of 

alignment or in terms of orientation with flow.  This observation was made for stented 

vessels exposed to the lower shear rate and higher shear rate conditions, illustrated in the 

top and bottom panels respectively. 

 

BBI Images and Comparison of Cell Coverage 

 En face images of BBI-stained stented BVMs illustrated cell coverage of the strut 

surfaces.  Figure 5.3 provides representative images from the lower shear and higher 

shear conditions after 14 days.  Stent surfaces exposed to the lower shear condition 

tended to have near-confluent cell coverage over the device surface, although devices 

were still visible beneath the cellular linings.  These images are presented in the top panel 

of Figure 5.3.  The higher shear condition tended to exhibit less overall cellular coverage, 

with more areas of exposed strut surfaces.  These images are presented in the lower panel 

of Figure 5.3. 

Images were acquired along the lumen of each vessel and scored from 1 to 5 as 

described.  The comparison of mean scores for vessels from each of the two treatment 

groups is shown in Figure 5.4, with error bars representing standard error of the mean.  
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The lower shear condition resulted in a statistically significant increase in mean score as 

compared to the higher shear condition.  This implied that devices implanted under the 

lower shear condition had significantly increased neointimal formation on stent strut 

surfaces after 14 days. 

 

OCT Assessments of Neointimal Tissue Response 

 Minimally-invasive OCT imaging was performed immediately post-stenting, and 

at 3, 7, and 14 days after implantation.  OCT images provided longitudinal cross-sections 

of the stented vessels, with the luminal cellular lining appearing as a hyper intense layer, 

atop the ePTFE vessel scaffold that appeared as a hypo intense region.  Stent struts 

appeared in the image as brightly reflecting sites with vertical shadows beneath.  Figure 

5.5 illustrates example images acquired from the same lower-shear stented vessel and the 

same higher-shear stented vessel immediately post-stenting and 14 days post-stenting.  

Images acquired immediately post-stenting appeared similar between the two treatment 

groups, which would be expected as shear rate differences had not yet been implemented.  

However, after 14 days, there was an observable difference between the strut-associated 

neointimal tissue at lower versus higher shear rates.  Stents implanted under the lower 

shear condition had areas of noticeably increased neointimal tissue, as indicated in the 

bottom left panel image.  Stents implanted under the higher shear condition did not 

demonstrate this same extent of tissue response.  Images acquired at 3 and 7 days did not 

exhibit notable differences between the two treatment groups. 
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 After fixation of vessels, OCT was used to acquire intravascular volumetric scans.  

These volumetric scans provided complete visualization within each stented vessel, and 

volumetric scan images were used to quantify the percent of stent struts that exhibited 

measurable neointimal tissue formation, as described in the methods section.  As graphed 

in Figure 5.6, it was determined that approximately 55% of stent struts were covered 

with tissue under lower shear conditions, as compared to approximately 14% of struts 

covered with tissue under higher shear conditions.  Due to the resolution of OCT, and the 

inability to distinguish strut tissue coverage if the tissue is less than 20µm thick, these 

results indicate that 55% of stent struts at the lower flow condition were covered by at 

least 20µm neointimal thickness, while only 14% of stent struts at the higher flow 

condition were covered by at least 20µm neointimal thickness.  This increased neointimal 

thickness in stented vessels at the lower shear condition was consistent with results 

obtained from BBI imaging and scoring. 

 

Neointimal Tissue Response to Protein-Modified Stents 

 In order to determine if shear effects on neointimal responses with bare metal 

stents were stent-specific, the experiments described were repeated with sets of protein-

modified stents.  BBI image scores revealed that the lower shear condition again resulted 

in significantly increased cell coverage of the modified stent strut surfaces.  OCT 

volumetric scanning also revealed that implanted modified stents exposed to lower shear 

rates exhibited an increase in the percentage of struts covered by at least 20µm thick of 

neointimal tissue.  The results from BBI evaluations and OCT calculations are 
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summarized in the graphs presented in Figure 5.7.  These outcomes indicated that 

modified stents also exhibit increased neointimal tissue formation in stented vessels 

under lower shear conditions, suggesting that the effect is not stent-specific. 
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Figure 5.1- Photograph of individual bioreactor system with media reservoir, vessel 
chamber, and pump.  Inset illustrates ePTFE vessel housed within bioreactor chamber. 
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Figure 5.2- SEM images of stented vessels maintained at two different shear rates.  Cells 
did not exhibit notable alignment with flow under either condition. 
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Figure 5.3- En face BBI images of stented vessels at lower and higher shear rates.  The 
top three images provide examples of the increased cell coverage observed at the lower 
shear rate as compared with the higher shear rate illustrated in the bottom three example 

images. 
 

 

 

 

 

 

 

 

 

 

 

Lower Shear

Higher Shear

Lower Shear

Higher Shear

Lower Shear

Higher Shear



 

167

 

 

 

 

 

 

 

 

 

 

Figure 5.4- Comparison of mean scores of stented vessels at the two different shear rates.  
Images of vessels from the lower shear condition had a significantly higher mean score, 

indicating increased cell coverage as compared with the higher shear condition. 
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Figure 5.5- OCT images acquired immediately post-stenting (top images) and 14 days 
post-stenting (bottom images) for both conditions.  After 14 days at the lower shear rate, 
increased neointimal tissue was observed (bottom left).  Similar increases were not noted 

after 14 days at the higher shear rate (bottom right). 
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Figure 5.6- Comparison of neointimal tissue on bare metal stent struts by OCT 
volumetric scans and calculation of the percent strut coverage.  Approximately 55% of 
stent struts were covered with at least 20um thick tissue at the lower shear condition, as 

compared to 14% at the higher shear condition. 
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Figure 5.7- Protein-modified stents were implanted and exposed to lower or higher shear 

rates.  BBI and OCT results are summarized in the graphs above, demonstrating that 
modified stents exhibited increased neointimal coverage of strut surfaces under the lower 

shear condition. 
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Discussion and Conclusions 

 The experiments described in this chapter were aimed at determining if 

neointimal responses in stented vessels would vary under two different shear rates.  Both 

shear rates corresponded to calculated shear stress values that would be considered in a 

relatively low range.  Previous literature from in vitro studies have demonstrated that 

shear stress impacts the cellular response in two-dimensional culture systems and in 

vascular graft scaffold studies (Imberti et al. 2002;Inoguchi et al. 2007), however there 

have been limited results published on the effects of controlled shear conditions on the 

cellular responses to implanted stents.  Correlations of increased neointimal thickening in 

stented vessels under low shear conditions have primarily been determined through 

broader assessments of high versus low shear in animal or human studies (Wentzel et al. 

2001), without the ability to assess how sensitive these responses are to forces in the low-

shear range or to small differences in shear stress.  The results of the present experiments 

suggest that even small differences in calculated shear stress can elicit differential cell 

responses.  Specifically, in the studies presented in this chapter, higher shear rates lead to 

decreased tissue regeneration on the surface of implanted stents, indicating reduced 

neointimal formation in the presence of higher shear stress. 

 The studies described in this chapter were performed in sets of in vitro blood 

vessel mimics (BVMs).  These BVM systems provided vessel constructs composed of 

human tissue that stents could be deployed within, and also provided the capability to 

manipulate and evaluate the intimal response under different shear conditions.  Results 

indicated that differential responses occurred under exposure to two different shear rates, 
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which has important implications for two reasons.  First, this demonstrates that the BVM 

system is capable of responding to differences in intravascular conditions, which is 

advantageous for future use of this system as a preclinical testing environment to assess 

intimal responses and healing associated with stent implantation.  Second, these results 

support the notion that the human vascular intima is relatively sensitive to changes in 

shear conditions. 

In addition to the advantageous aspects of such a system, it is important to address 

certain limitations that were present.  Blood vessel mimics possess a multi-layer cell 

lining, but do not exhibit the full complexity of a true tri-layered vascular structure.  This 

may impact the ability of the BVM vessel wall to exactly replicate a true vascular 

response.  The BVM system also lacks blood, and thus the observed neointimal responses 

are entirely due to cells from the vessel itself.  Finally, although the shear rate was 

determined by controlling flow through a peristaltic pump, it is important to note that 

physiologic pulsatile flow was not present.  It has been shown in the literature that 

pulsatility can lead to exaggerated effects of shear stress (Levesque et al. 1990), and thus 

it is possible that the cellular responses presented here would become even more distinct 

under pulsatile flow. 

 The two shear rates compared in the current work both correspond to calculated 

shear stresses that are in the range of relatively low shear stress.  Physiologic levels of 

shear stress in human arteries are typically considered to be between 10-15 dyne/cm2, 

although in reality the range is quite broad (Reneman et al. 2006).  Levels of lower shear 

stress are clinically encountered in veins or near arterial branches.  Regions of low shear 
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stress are also relevant as they are generally considered to be pro-atherogenic.  For the 

present studies, it was decided that initial work would focus on differences in the lower 

range of shear for two reasons.  First, it was important to start low due to the metallic 

stent substrate and the uncertainty of how adherent and responsive cells would be 

(Levesque et al. 1990).  Second, there are studies in the literature evaluating vascular cell 

responses and mechanisms that present conflicting results of the effect of low levels of 

shear stress.  Some reports indicate that shear stress <3-5 dyne/cm2 does not have a 

measurable impact on cell response, while others report significant changes within this 

range (Akimoto et al. 2000;Dewey et al. 1981). 

The decrease in neointimal tissue regeneration seen at the higher shear rate, 

calculated as a shear stress of 1.6 dyne/cm2, is likely due to a shear-induced decrease in 

proliferation. Although this seems like a relatively low value of shear stress to induce 

such a response, Akimoto et al have demonstrated a significant decrease in human 

endothelial cell proliferation at shear stress levels as low as 1 dyne/cm2 (Akimoto et al. 

2000).  This is in contrast to bovine endothelial cells, which appear to have a threshold at 

or above 3 dyne/cm2 (Lin et al. 2000).  The species-specificity may explain previously 

conflicting reports on the effect of low shear stress.  Based upon these previous studies, it 

is also likely that the mechanism of decreased cell proliferation in the present studies was 

due to shear-induced activation and increased expression of transcription factors such as 

p53 and p21 (Akimoto et al. 2000;Lin et al. 2000).   

Although the effects on neointimal tissue formation were present at these low 

levels of shear stress, it is important to note that sufficient shear stress was not present to 



 

174

elicit consistent cell orientation or flow alignment, as illustrated by SEM images in this 

study.  This is consistent with literature demonstrating that cell alignment and 

cytoskeletal effects require exposure to shear stress of at least 8 dyne/cm2, which was not 

reached in these studies. 

Such small differences in low shear rates may not have direct correlations to in 

vivo applications, however the results presented in this chapter suggest that the intimal 

response in a stented vessel may be even more sensitive to intravascular flow conditions 

than previously realized.  Although it has been recognized that understanding the cellular 

and tissue responses to shear forces are important for applications such as engineered 

blood vessels (Resnick et al. 2003), the results from the present work support the 

necessity to fully understand the role of shear in responses to implanted stents at a range 

of shear rates and shear stress values.  This type of understanding, and the findings 

presented in this chapter, would thus have clinical implications for stent design and stent 

placement in various locations in the vasculature.  Although the same bare metal and 

drug-eluting stents are currently used for treating a variety of vessel locations, it is 

possible that further studies will provide evidence in support of location-specific stenting.  

Perhaps certain drug-eluting stents will be determined to be ideal for vessels with lower-

shear flow conditions, while bare metal stents or other coated stents may be more 

appropriate for stenting areas exposed to higher-shear conditions.  In addition, 

characteristics such as drug specificity and stent strut configuration may also be chosen 

based on specific vessel locations that are exposed to different shear conditions. 
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 In conclusion, the present studies have demonstrated that decreased neointimal 

tissue formation occurs on implanted stents under conditions of higher shear rates, even 

within a range of relatively low-shear values.  These studies have been performed in an in 

vitro blood vessel mimic that provides a construct to evaluate the human intimal response 

to implanted stents.  Further studies are necessary to elucidate neointimal responses under 

higher or more physiologic shear rates. 
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6.  DISCUSSION AND CONCLUSIONS 

 

 To summarize, the work in this dissertation describes the development of an in 

vitro tissue engineered blood vessel mimic and subsequent utilization of this vessel 

mimic as a preclinical testing environment to assess the intimal responses to intravascular 

devices.  The first aim of this work was to establish an in vitro blood vessel mimic based 

upon existing techniques for tissue engineered vascular grafts.  It was hypothesized that 

human fat-derived microvascular cells sodded onto a tubular ePTFE scaffold and 

cultivated in a bioreactor system under flow would form an in vitro vessel with a 

neointima and neomedia.  Bioreactor systems were designed to house individual vessel 

constructs and to provide external control over multiple flow paths, while permitting 

development and utilization in a high-throughput manner.  Experiments were performed 

to establish appropriate cultivation times and cell sodding densities for the consistent 

development of a confluent vascular lining, and immunohistochemistry was used to 

identify cellular phenotypes.  Results supported the initial hypothesis and demonstrated 

that a neointima composed of endothelial cells and a neomedia composed of 

mesenchymal cells with interspersed smooth muscle cells could be created in vitro. 

 The second aim of this dissertation was to determine the feasibility of utilizing the 

blood vessel mimic for device evaluation by assessing the cellular response to implanted 

bare metal stents.  The hypothesis was that the blood vessel mimic would withstand stent 

implantation and would exhibit measurable regeneration of the cellular lining over the 

luminal device surface.  Stent deployment within the blood vessel mimic was simple and 
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efficient to perform, and the vessel tissue withstood implantation sufficient to exhibit a 

cellular response.  It was possible to assess this response in a variety of ways.  Cell 

morphology on stented vessels was imaged with scanning electron microscopy, and cell 

coverage of the stent strut surfaces was quantified through en face fluorescent nuclear 

staining.  Cross-sectional strut-associated tissue was evaluated with minimally-invasive 

optical coherence tomography imaging and by embedding samples in plastic for 

sectioning and staining.  Each approach allowed visualization and assessment of the 

tissue response following stent implantation and in regards to bare metal stents 

specifically, results indicated that after 7 or 14 days a thin lining of tissue had regenerated 

over a majority of device surfaces. 

 Based upon the first two aims, which established the blood vessel mimic system 

and demonstrated the potential utility for evaluating the intimal response to implanted 

devices, the final two aims explored applications with the system to gain new knowledge 

regarding tissue responses to intravascular stents.  The main objective of the third aim 

was to compare the intimal tissue response on a bare metal stent to a protein-modified 

stent.  This aim involved modification of stent surfaces, followed by evaluation of the 

response to modified stents following implantation.  Based upon previous work with 

tissue engineered vascular grafts, the hypothesis was that a stent surface could be 

modified through extracellular matrix protein adsorption, and that these stents would 

support increased endothelialization after implantation in the blood vessel mimic.  

Results demonstrated that proteins adsorb to the metallic stent surface, and that matrix 

modified stents accelerate cellular regeneration on stent struts and result in an increased 
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thickness of the regenerated tissue lining.  Results from immunohistochemical analysis 

suggested that protein-modified stents do not support the expression of an endothelial cell 

phenotype in the regenerated tissue lining.  These results were limited to a 7 day time 

point and to an endothelial cell phenotype identified by von Willebrand factor. 

 Finally, the fourth aim of this dissertation was to utilize the blood vessel mimic 

environment to evaluate the effect of shear rate on the intimal tissue response following 

implantation of both bare metal and modified stents.  Based on clinical studies and 

vascular graft experience from the literature, it was hypothesized that exposure to a 

higher shear rate would result in decreased neointimal formation within a stented vessel.  

Results illustrated that stented vessels exposed to higher shear conditions exhibited 

decreased cellular coverage of stent surfaces, and decreased thickness of the tissue that 

regenerated over those stent surfaces.  These results indicated that the BVM system 

permits manipulation and evaluation under controlled flow conditions, making it a 

feasible preclinical testing environment to evaluate different stent types.  In addition, 

results suggested that the human intima is relatively sensitive to differences in shear rate.  

This final set of studies indicated that the tissue response to implanted stents is not only 

determined by characteristics of the device itself, but is also dependent on differences in 

intravascular conditions.  Overall, the results from all four aims support the hypothesis 

that an in vitro blood vessel mimic can be developed for intravascular device evaluation, 

and that intimal responses to implanted devices will vary based on device coatings and 

intravascular flow conditions. 
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Preclinical Evaluation of Intravascular Technologies 

 In order to obtain approval to bring new devices to the market for human clinical 

use, research and development phases must incorporate a range of preclinical assessments 

to determine device safety and efficacy.  These assessments involve both in vitro and in 

vivo models, which were reviewed in the introduction to this dissertation.  For stent 

evaluation specifically, a crucial component of the vascular response that can be 

evaluated in several types of preclinical models is the endothelial cell response.  

Endothelial regeneration over the surface of an implanted stent can potentially contribute 

to an anti-thrombogenic and anti-proliferative blood-contacting surface.  In vitro 

techniques involving human endothelial cell culture and in vivo animal models such as 

the rabbit iliac or porcine coronary artery permit assessment of the cellular regeneration 

over device surfaces.  In vitro studies are cost-effective, easily controlled, and utilize 

human cells, but are not as conducive to interfacing with three-dimensional technologies 

or evaluating responses in the presence of flow.  In vivo animal models provide a proper 

vessel structure and physiologic conditions that are more relevant to human use, but are 

costly and time consuming and typically exhibit responses that are species-specific. 

  It would be advantageous for the development process if an intermediate testing 

environment existed for assessing human cellular responses to intravascular stents in a 

manner that combined advantages from traditional in vitro and in vivo approaches.  Such 

an environment would be high-throughput and utilize human tissue, and would provide a 

vascular structure that could be cultivated under more physiologic conditions.  The blood 

vessel mimic described and utilized in this dissertation was developed with that need in 
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mind.  As illustrated in Figure 6.1, the blood vessel mimic has attempted to fill a gap 

between current in vitro and in vivo approaches, with the end goal being to progress the 

most promising new technologies and devices into clinical trials and towards FDA 

approval.  It is important to note that the blood vessel mimic described in this work is not 

a substitute or replacement for all animal models, but is meant as a preclinical evaluation 

technique to assess intimal responses and help determine the best candidates to advance 

into additional stages of in vivo assessment.  Although in time, with increased experience 

and with further work correlated to long term or clinical outcomes, it is certainly possible 

that the blood vessel mimic could reach a point where data and results can be used in a 

predictive manner for human outcomes. 

 The blood vessel mimic is not the first documented attempt to fill the need for 

intermediate testing environments.  Preclinical evaluation is crucial to advancing 

technology and treatment options, and other groups have recognized the need for 

physiologically relevant models that are cost-effective and efficient.  Tremblay et al 

recognized the potential advantages of a more physiologic pre-animal model for the 

development and screening of angiostatic cancer therapies, and therefore created a tissue 

engineered construct composed of endothelial cells and fibroblasts in a collagen sponge 

(Tremblay et al. 2005).  These constructs are created and maintained in vitro, and 

develop three-dimensional capillary networks that are more physiologic than traditional 

two-dimensional cell culture.  Published results have supported the use of this model to 

assess the angiostatic potential of new therapies (Tremblay et al. 2005). 
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Figure 6.1- Spectrum of preclinical evaluation techniques leading to clinical trials and 
FDA approval.  The blood vessel mimic provides an intermediate testing environment for 

assessing intimal responses to intravascular devices. 
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Another intermediate testing environment aimed at vascular pharmacologic agents 

is a tissue engineered vessel media created by L’Heureux et al.  This is a tubular tissue 

construct created from human vascular smooth muscle cells that can be mounted on force 

transducers in vitro to measure contractile responses to pharmacologic agents (L'heureux 

et al. 2001).  The potential advantages of similar types of testing environments for 

pharmacologic discovery and evaluation have been widely recognized, with examples of 

applications extending beyond the vasculature.  In vitro tissue models composed of other 

cell types, such as motor neurons or prostate cells, have also been created with the goal of 

providing a screening and evaluation method to assess therapies at an early stage 

(Flanagan 2005).  The commonality shared by all of these constructs as well as the blood 

vessel mimic is the overall goal to provide a more relevant in vitro tissue model that can 

be used for the preclinical evaluation of new therapies. 

 In the specific area of stent development, there has also been previous work 

recognizing the importance of preclinical models that permit device evaluation under 

physiologic conditions such as flow.  Sprague et al developed an in vitro testing system 

that focuses on the evaluation of cell migration onto various stent materials (Sprague et 

al. 1997).  Their approach involves developing an endothelialized surface composed of 

endothelial cells on collagen, placing a metallic sample on this surface, and exposing the 

system to physiologic levels of shear stress in a parallel plate chamber.  This model 

provides an environment to assess endothelial cell migration onto implanted surfaces 

under relevant flow conditions, again providing an intermediate testing environment 

between traditional cell culture and in vivo animal models (Sprague et al. 2000). 
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 Another preclinical approach, which is different than the engineered constructs 

described thus far, is to culture portions of native human vessels in an ex vivo 

environment.  It has been shown that organ culture models using human mammary 

arteries can be maintained and utilized to evaluate smooth muscle cell responses to 

implanted drug-eluting stents (Swanson et al. 2002).  This type of approach meets many 

of the desirable criteria for intermediate preclinical evaluation, including the ability to 

evaluate human-specific responses in a more physiologic environment.  As compared 

with engineered constructs, the use of native human vessels is limited by consistency, 

length, and high-throughput availability of samples. 

 The similarity between all of the preclinical evaluation approaches described in 

the previous paragraphs is that each is an attempt to create a model or an environment 

that can be used to develop and evaluate new therapies for clinical use.  The goal is to 

create a cost-effective and efficient model that is as similar as possible to a human in vivo 

environment.  This approach has been taken for pharmacologic screening, for the 

evaluation of flat-sheet stent materials, and for assessing drug-eluting stents.  However, 

the blood vessel mimic is unique in that it is an in vitro tissue engineered construct that 

can be created in a consistent high-throughput manner and that has been shown to 

directly interface with and allow assessment of three-dimensional devices in their 

manufactured form.  This makes the blood vessel mimic a valuable preclinical testing 

system not only for stents, but also for imaging probes, drug-delivery catheters, or any 

other technology that is designed to interface with a tubular tissue structure in vivo.  
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Tissue Engineered Vascular Grafts as Blood Vessel Mimics 

 Although the concept and application of an in vitro tissue engineered blood vessel 

for preclinical device testing is unique, the techniques utilized for creating the vessel are 

not.  Tissue engineered vascular grafts have been the focus of research and development 

in laboratories around the world for several decades as potential clinical bypass conduits 

(Heyligers et al. 2005), and the specific approach of sodding fat-derived microvascular 

cells onto an ePTFE scaffold has been well-documented in the literature (Williams et al. 

1989;Williams et al. 1994a).  In vivo experience with sodded ePTFE grafts in particular 

has demonstrated that following implantation, a cellular lining composed of an 

endothelial cell monolayer and a sub-endothelial layer of smooth muscle cells develops 

on the lumen of the graft (Kleinert et al. 1996).  This multi-layer cell lining formed in 

vivo could be attributed to a number of factors, including signaling factors in the blood, 

circulating cells, or migration from adjacent native tissue.  However, an important finding 

of this dissertation research was that a similar cellular structure was observed following 

development of the blood vessel mimic in vitro.  In the absence of blood, circulating 

cells, and native tissue, the fat-derived microvascular cells exhibited formation of a 

neointima composed of an endothelial monolayer and a neomedia composed of 

mesenchymal cells with interspersed smooth muscle cells.   

 The formation and differentiation of this in vitro neointima and neomedia 

provides a potential direction for future research.  It is possible that isolated microvessel 

endothelial cells possess stem-cell like abilities and de-differentiate during culture in 

flasks.  Thus the cell population used for sodding may contain some endothelial cells, a 
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few alpha-smooth muscle actin-positive cells, and a majority of undifferentiated 

mesenchymal cells.  After sodding, it is possible that the endothelial cells migrate to the 

luminal surface with the help of membrane-bound or cytoskeletal components that are 

sensitive to the presence of the luminal flow (Resnick et al. 2003).  Another hypothesis is 

that a de-differentiation occurs post-sodding and that fat-derived cells undergo this 

differentiation process within the vessel mimic depending upon their physical location 

within the vessel wall; e.g. cells exposed to flow along the lumen maintain an endothelial 

cell phenotype, cells directly beneath the EC layer receive signals that induce a smooth 

muscle cell phenotype, and deeper layers within the vessel wall de-differentiate to the 

mesenchymal phenotype observed.  These possibilities are supported by literature 

demonstrating that fat-derived cells have the ability to differentiate into a variety of 

phenotypes (Aust et al. 2004;Cao et al. 2005). 

These hypotheses could be addressed by identifying the cell types present in the 

HMVEC population after culture and prior to sodding, to determine the cell types that are 

being introduced.  Another approach would be to sod vessels with freshly isolated cells, 

which have been shown to contain a majority of endothelial cells in the population 

(Williams et al. 1994c), and assess the subsequent vessel structure.  A third experimental 

direction could involve introducing growth factors or molecules known to trigger cells 

down certain pathways, to determine if the cellular phenotypes can be controlled or 

impacted (Di et al. 2006).  The system could likewise be manipulated with mechanical 

stimuli to determine the cells’ ability to take on certain phenotypes.  For example, if the 

fat-derived cells have stem cell capabilities, it may be possible to elicit smooth muscle 
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cell differentiation through an application of cyclic strain (Imberti et al. 2002).  These 

potential directions for research indicate that the blood vessel mimic not only provides a 

vessel construct for preclinical device evaluation, but also presents a model for 

assessment of vascular biology, cell signaling, and cell differentiation. 

 As discussed in previous portions of this dissertation, microvascular cells sodded 

on ePTFE constructs represents only one of many different ways to create a tissue 

engineered vascular graft.  Therefore, although the blood vessel mimic presented in this 

work has a specific structure and composition as described, a variety of other potential 

“blood vessel mimics” could exist based on other tissue engineering techniques.  The 

same properties that make tissue engineered vessels candidates for bypass conduits also 

make them potential vessel models to use for preclinical evaluation.  For example, the 

vascular graft created by Niklason et al, composed of a biodegradable PGA scaffold, 

smooth muscle cells, and endothelial cells, has been shown to have a functional smooth 

muscle cell lining that behaves similarly to native vessels (Niklason et al. 1999).  Thus, 

this type of construct could be created as a blood vessel mimic with a primary focus on 

smooth muscle cell responses or matrix deposition following stent implantation.  The 

completely biologic tissue engineered vascular grafts created by Weinberg et al or 

L’Heureux et al possess a tri-layered structure of engineered adventitia, media, and 

intima (L'heureux et al. 1998;Weinberg and Bell 1986).  These could serve as blood 

vessel mimics to assess contractile responses following device implantation, or as mimics 

to elucidate more comprehensive vascular responses.   
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However, in regards to the complex vessels described above, it is important to 

recognize that the increased complexity involved with creating the vessels results in 

decreased utility for high-throughput or preliminary preclinical evaluation.  The potential 

use of such vessels might be thought of as shifted closer towards animal models in terms 

of cost and efficiency on the preclinical evaluation spectrum.  The major advantage of the 

in vitro blood vessel mimic developed in this dissertation, which consists of ePTFE and 

human microvascular cells derived from fat, is its potential for consistent high-throughput 

development. 

 In addition to variations in blood vessel mimic structures based on existing tissue 

engineered vascular graft techniques, the potential also exists to create specialized 

condition- or disease-specific blood vessel mimics based upon certain cells or 

intravascular conditions.  It has been shown that endothelial cells and vascular responses 

to intervention can vary between smoker and non-smoker populations (Herring et al. 

1987).  Thus, it would be possible to document information on liposuction donors, with 

the intent of establishing blood vessel mimics composed of patient-specific cells.  

Responses in blood vessel mimics made of smokers’ cells could be compared to those 

made of non-smokers’ cells.  Likewise, characteristics or conditions such as high blood 

pressure, gender, or age could be taken into consideration when creating blood vessel 

mimics.  This could provide an opportunity to evaluate the vascular biology associated 

with such conditions or characteristics, as well as providing distinct environments in 

which to assess intravascular responses.   
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 Due to the bioreactor component of these systems, it would also be possible to 

introduce environmental factors to create variations in blood vessel mimics.  For 

example, diabetic patients are a special subset of most clinical populations due to 

increased risks and decreased success associated with intravascular therapies (Kornowski 

et al. 1997).  One potential cause of the problems associated with diabetes is the 

hyperglycemic environment present in the vasculature (Sheetz and King 2002a).  It 

would be possible to create a controlled hyperglycemic environment within a set of blood 

vessel mimics to evaluate the impact on vessel formation, cell function, or tissue 

responses.  Similarly, hormones, growth factors, or drugs could be circulated through 

blood vessel mimics to provide specialized in vitro conditions for device assessment. 
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Stent Evaluation within the Blood Vessel Mimic 

 Preclinical stent evaluation within the blood vessel mimic has several key 

advantages.  Due to the tubular vessel structure, stents can be manufactured and deployed 

in the same manner as they would for in vivo use, with full apposition against a vessel 

wall.  Other groups have evaluated the cell response to fully deployed, three-dimensional 

stents in homogenous cell solutions, but this provides limited information regarding 

direct cell-stent interaction (Prasad et al. 2005).  In addition, the blood vessel mimic 

system supports flow through the stented vessel, exposing cells to shear, which can be an 

important factor in the cellular response (Paszkowiak and Dardik 2003;Sprague et al. 

2000).  Blood vessel mimics are inexpensive to create and stenting them is simple and 

efficient, as compared with animal models.  The vessel mimics are also composed of 

human cells, which provide the potential to elucidate human-specific responses in a 

preclinical setting.  Specifically in regards to endothelial cells and intimal responses, it 

has been shown that different species exhibit different patterns of re-endothelialization 

following stent or device implantation (Kipshidze et al. 2004).  It is likely that other 

cellular characteristics or mechanisms also differ between species and thus the use of 

human blood vessel mimics may be advantageous for choosing the best devices to 

progress to clinical trials.  It is important to note that one limitation of the blood vessel 

mimics is that, although they are composed of human cells, they do not reproduce human 

atherosclerotic disease or lesion pathologies.  However, this is a limitation that faces all 

preclinical models (Schwartz et al. 2002). 
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 There is a range of information that one may wish to gather in regards to stent 

implantation and vascular response.   One important component of vascular healing is the 

endothelialization of a device surface.  As mentioned, this is beneficial in providing an 

anti-thrombogenic blood-contacting surface and potentially modulating hyperplasia and 

restenosis.  There are two components that contribute to endothelialization of an 

implanted stent: adjacent cells from the vessel wall, and circulating endothelial progenitor 

cells (Ong et al. 2005).  Cells migrating and proliferating from the vessel wall are an 

important component; however, circulating cells also play a role and the lack of blood in 

the BVM system results in a lack of circulating cells.  Thus, this component is not present 

in the responses following stent implantation in the blood vessel mimic.  For evaluation 

of the complete endothelial response to implanted stents, it would therefore be necessary 

to incorporate a population of progenitor cells into the circulating medium.  Currently, 

the blood vessel mimic possesses the components for assessing the response of adjacent 

vessel wall cells following stent placement.  This provides a measurement of endothelial 

cell regeneration and coverage of the stent strut surfaces, which indicates the propensity 

of various stent coatings or environmental conditions to support endothelialization.  This 

healing response is an important aspect of the chronic safety of implanted devices.   

The studies in this dissertation have demonstrated that the cellular coverage and 

strut-associated tissue responses can be assessed in several different manners.  

Bisbenzimide staining provides a simple, straightforward approach for visualizing nuclei, 

and therefore cells, that have covered strut surfaces.  Although initial studies in this 

dissertation with bare metal stents quantified cell coverage by counting nuclei and 
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calculating cell density, subsequent studies with modified stents and varying shear 

conditions were evaluated with the described scoring system.  This scoring approach for 

stent assessment was advantageous for comparing the intimal response primarily due to 

the risks of misrepresentation that arise with density assessments.  Localized high density 

coverage of a small area of the device might be represented numerically the same as a 

confluent monolayer of cell coverage over the entire device.  However, the scoring 

method provided distinguishing numbers for these different cases, and thus conveyed 

stent cell coverage results in a more representative manner.  In addition, the scoring 

system is extremely well suited for BVM analysis, as there are no circulating 

inflammatory cells or blood components to complicate the results.  If cell nuclei fluoresce 

on the stent surface, they must have come from the vessel wall.  The major limitation of 

BBI is that it is not cell-specific.  An endothelial-specific en face fluorescent stain in 

combination with BBI would provide even more detailed results regarding phenotypic 

expression in the regenerated lining.   

A general limitation of en face staining, or of any destructive technique, is that 

only one time point can be chosen per vessel.  Samples were commonly evaluated at 7 or 

14 days due to the fact that this time point has been shown to discriminate responses to 

different stent types in vivo.  However, due to differences inherent in the in vitro blood 

vessel mimic, it is possible that the most interesting time points would not be identical to 

animal studies.  For future utility of the BVM for stent evaluation, it would be beneficial 

to identify certain time points in the vessel mimic that are possibly reflective of time 

points in vivo.  For these reasons, the utilization of minimally-invasive approaches such 
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as optical coherence tomography for imaging stented blood vessel mimics is very 

beneficial.   

Optical coherence tomography was advantageous for its non-destructive nature as 

well as its resolution capabilities.  OCT can be performed in a minimally-invasive 

manner, permitting evaluation of the same vessels on multiple days and providing 

information regarding the intimal response over time.  As compared with modalities such 

as ultrasound or IVUS, OCT provided adequate resolution to visualize the intimal 

response that occurred on and around implanted stent struts in blood vessel mimics.  

Figure 6.2 illustrates the enhanced resolution capabilities of OCT in comparison with 

ultrasound and IVUS, highlighting the ability to use OCT within blood vessel mimics.  

This type of OCT image-acquisition is possible at multiple time points, allowing 

evaluation to extend beyond 7 or 14 days.  Studies thus far have not surpassed 21 days, 

and parallel in vivo studies have not been performed for OCT correlation between BVM 

and in vivo responses, but these are future directions to pursue.  There are currently no 

known limitations to the amount of time that a stented blood vessel mimic could be 

maintained, so it would be possible to evaluate the progression of the intimal tissue 

response for several months. 

 Both BBI staining and OCT imaging provide data regarding neointimal responses 

and cell coverage on implanted stent surfaces.   Neither approach provides information 

regarding cell function.  Immunohistochemistry was performed in this dissertation 

research to identify cell phenotypes by staining for specific markers, but there are 

additional characteristics that could be assessed to provide more functional information  
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Figure 6.2- Comparison of ultrasound, IVUS, and OCT.  Ultrasound images (A) and 
intravascular ultrasound images (B) of a stented BVM provide insufficient resolution for 
visualizing the intimal response to an implanted stent as compared with optical coherence 

tomography images (C), which distinguish between scaffold, cells, and stent struts. 
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about the regenerated cell lining.  The functional characteristics of these cell linings are 

important for understanding the impact that a device might have in vivo.  If a device 

supports endothelial cell regeneration, but the endothelial cells are activated and pro-

thrombogenic, then the device will potentially still fail.  Likewise, even if regenerated 

cell linings do not express traditional markers of endothelial cells, it is possible that 

adequate healing has still occurred sufficient to promote vessel patency and anti-

thrombogenicity.  Some of the functional characteristics of the cell lining that could be 

evaluated include thrombogenicity, permeability, expression of junctional proteins, or 

expression of activation markers. 

 However, for the stent evaluation studies in this dissertation the major endpoint 

was the intimal regeneration, as measured by cell coverage of device surfaces.  One 

aspect of the neointimal response that was not fully assessed, but that would be possible 

to address in future blood vessel mimic studies, is the luminal area around stent struts.   

Although this was briefly addressed with tissue thickness measurements in the protein-

modified stent study, it would be interesting to further explore those areas not covered by 

struts.  It is possible that the activation state of cells or matrix deposition around stent 

struts would be different than directly atop stent struts.  If this were pursued in the blood 

vessel mimic model, results may have implications for utilizing different strut geometries 

or patterns.  These types of studies would most likely be undertaken with cross-sectional 

histological approaches.   

An additional aspect of the vascular response that was briefly discussed in a 

previous chapter, which the blood vessel mimic does not directly address, is 
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thrombogenicity of the blood-contacting surface.  It is important to understand how a 

stent configuration or stent coating will function in contact with the blood stream, as 

acute or late thrombus formation is extremely undesirable.  Although there is no blood in 

the BVM system, there are several possible ways to address this aspect of stent 

implantation.  One option would be to run blood loop or ex vivo shunt experiments in 

addition to BVM experiments, and to combine information about thrombogenicity with 

results of vascular cell responses in order to identify the most promising devices (Tepe et 

al. 2002;Tepe et al. 2005).  This would require more devices and would be time-

consuming, but would be effective.  Another possibility would be to flow blood through 

the blood vessel mimic bioreactor systems.  A modification of this idea would be to 

create a medium with certain types of circulating cells, such as platelets, without 

necessarily using whole blood.  Although both of these approaches would create a more 

realistic environment and would provide information regarding thrombogenicity and cell 

response, it would be difficult to run long-term and may be problematic with the 

peristaltic pumps smashing and lysing cells.  A third alternative, that would not address 

acute thrombosis but may provide useful data on longer-term thrombotic risks, would be 

to deploy stents within blood vessel mimics, and then after 1-2 weeks run whole blood 

through the systems for a short period of time.  This would allow an assessment of 

thrombogenicity following the vascular wall cellular response.  It is likely that bare metal 

or protein-modified stents, which exhibit increased cellular regeneration over the stent 

surface, would be less thrombogenic at 1 week than drug-eluting stents that are known to 

delay healing (Virmani 2006). 
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Overall, it is apparent that the blood vessel mimic possesses the potential to 

evaluate a large number of important aspects regarding the intimal response to implanted 

stents.  Although some of these capabilities would require changes or modifications to be 

made to the system, many of the potential assessments described could be evaluated in 

the current system in addition to the techniques already being performed. 
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Protein-Coated Stents 

 A wide range of device modifications and coatings have been developed in an 

attempt to beneficially modulate vascular responses following stent implantation by 

eliciting accelerated endothelial cell regeneration over the device surface.  Drug-eluting 

stents impact the vascular response by eluting anti-proliferative agents to prevent cell 

regeneration, thus preventing restenosis.  Other types of coated stents aim to do almost 

the opposite, by promoting or enhancing endothelial cell regeneration and coverage of the 

device surface, with the same ultimate goal of preventing restenosis (Levin 2006).  This 

latter approach is based upon the idea that a regenerated endothelium will not only 

provide an anti-thrombogenic blood-contacting surface, but will also actively inhibit 

hyperplasia and restenosis (Kipshidze et al. 2004).  These “pro-healing” coatings can 

range from steroid hormones to growth factors to peptides and proteins.  For example, 

estradiol-eluting stents have been investigated for their potential to improve re-

endothelialization and decrease smooth muscle cell migration and proliferation, and have 

demonstrated success in animal models (Geraldes et al. 2003;New et al. 2002).  Other 

studies have pursued the use of VEGF (vascular endothelial growth factor) coatings for 

stent surfaces, and although thrombogenicity results were encouraging, experiments in 

animal models failed to demonstrate a beneficial effect on endothelial cell regeneration or 

on hyperplasia (Swanson et al. 2003b;Swanson et al. 2003a). 

 In the area of peptide and protein coatings, a variety of approaches have been 

taken, with some promising results obtained.  Aoki et al have published on the use of 

CD34 antibodies as a potential pro-healing stent coating (Aoki et al. 2005).  These 
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antibodies have the potential to bind or “capture” circulating endothelial progenitor cells 

onto the stent surface, as illustrated in Figure 6.3, thus enhancing endothelialization.  

Experiments with this coating technology have resulted in successful surface 

modifications on stainless steel stent platforms, with recent human studies demonstrating 

feasibility and safety.  However, although preclinical models demonstrated accelerated 

endothelial cell coverage and decreased luminal stenosis associated with antibody-

modified stents, recent human trials did not show any reduction in neointimal hyperplasia 

as compared with bare metal stents (Aoki et al. 2005).  It is believed that sterilization 

methods utilized in the human studies may have impacted the bioactivity of the antibody 

coatings, and thus further work is still necessary to fully determine the potential of these 

stents. 

 Another example in the area of peptide and protein stent coatings was recently 

published by Blindt et al.  The method involves coating stents with a polymer that is 

loaded with the integrin-binding cyclic Arg-Gly-Asp (cRGD) peptide, again with the goal 

of attracting and binding endothelial progenitor cells in order to accelerate 

endothelialization and stent healing (Blindt et al. 2006).  In vitro studies revealed that 

cRGD-coated stents stimulated recruitment and invasion of progenitor cells, while in vivo 

studies in a porcine model demonstrated a significant increase in endothelial cell 

coverage along with a significant decrease in neointimal hyperplasia on stents containing 

the peptide.  Further work is necessary to evaluate the safety and efficacy of these stents 

for human use. 

 In the protein-modified stent studies presented in this dissertation, a similar goal  
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Figure 6.3- Diagram of Endothelial Progenitor Cell capture on stent surfaces with CD34 
antibodies. 

 
(This figure was published in Journal of the American College of Cardiology, Vol 45, by 

Aoki et al, entitled “Endothelial Progenitor Cell Capture by Stents..” p1574-1579, 
Copyright Elsevier, 2005.  Permission granted to reprint; see Appendix I) 
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was set: to support accelerated endothelial cell coverage of a stent surface.  However, 

several differences existed in comparison with the two previously discussed examples, 

including the fact that the BVM does not even contain circulating endothelial progenitor 

cells.  Accelerated endothelial cell coverage had to come entirely from the adjacent vessel 

wall.  In addition, stent modification in the current studies focused on extracellular matrix 

(ECM) proteins as opposed to antibodies or peptide sequences.  The method of obtaining 

these matrix proteins through production of an enriched medium was based on previous 

vascular graft studies (Kidd et al. 2005).  It was demonstrated in the present work that a 

combination of proteins from this enriched medium would adsorb to bare metal stent 

surfaces after a 3 week period of stent submersion in the medium.   

Stents modified through this 3 week submersion were subsequently utilized for 

blood vessel mimic studies, but if desired it would have been possible to devote more 

efforts towards investigating the protein-adsorption process itself.  Variables such as 

submersion time or submersion temperature could have been evaluated.  It is likely that 

the amount of protein adsorption or the types of proteins adsorbed would vary under 

different conditions.  In addition, stents were submerged in static medium, but it would 

have been possible to determine if agitation, intermittent inversion, or flow-through of the 

enriched medium would impact stent modification.  These types of studies would have 

been interesting, but potentially not very applicable.  Due to the nature of medium 

enriched with secreted proteins and the inherent variability of coating through 

submersion, it is unlikely that stents modified in this manner would be clinically relevant, 

and thus great efforts to optimize submersion protocols may not be justified. 



 

201

 Although these protein-modified stents may be limited in regards to direct 

application for in vivo studies, information obtained from the present studies could be 

beneficial for future work with stent coatings.  A variety of proteins were identified on 

the surface of modified stents, each presenting a possible direction for future research.  

Thrombospondin-1 is an adhesive glycoprotein that was one such protein identified on 

modified stent surfaces, and thus was a potential contributor to the observed increase in 

cellular regeneration.  Literature on the effects of thrombospondin-1 has provided mixed 

results, but some experiments demonstrate a role in endothelial cell adhesion (Ferrari do 

Outeiro-Bernstein MA et al. 2002).  Therefore, if it were possible to isolate 

thrombospondin-1 and allow it to adsorb to stent surfaces, subsequent experiments could 

be performed to determine if this specific protein has beneficial capabilities.  Likewise, 

laminin-5 is a basement membrane protein that was also identified on the surface of 

modified stents.  This protein has been shown to elicit pro-angiogenic responses as well 

as increased endothelial cell adhesion, and thus provides another protein to potentially 

evaluate in isolation (Kidd and Williams 2004).  In addition, this particular protein has 

been successfully isolated from conditioned medium (Kidd et al. 2005) and could 

therefore certainly be used in future adsorption studies.  Questions would still exist 

regarding specific protein concentrations, but the identification of individual proteins 

with beneficial healing effects would have greater potential for manufacturability or in 

vivo studies compared to protein combinations from conditioned medium. 

Protein adsorption is a simple approach for stent modification, but possible 

problems arise in regards to the durability or consistency of this type of coating.  It is not 
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currently known whether the protein adsorption that occurred would be able to withstand 

in vivo flow conditions or if the proteins would get washed away.  In the blood vessel 

mimic, at the relatively low levels of shear, the proteins apparently remained on the 

surface, as differential responses were observed compared with bare metal stents.  It is 

not known if this would be the case in vivo at higher levels of shear.  In addition, the 

uniformity or consistency of protein adsorption has not been investigated.  This is another 

factor that would require further analysis prior to adsorption techniques being pursued.  It 

is quite likely that if individual proteins of interest were identified, it would be beneficial 

to explore other coating or binding techniques, or approaches that involved protein-

loading with polymers, in order to create a consistent, durable coating. 

For the protein-modified stent studies presented in the current work, protein 

adsorption did occur and at least some proportion of adsorbed proteins were able to 

withstand BVM flow conditions, because the end result was a significant, measurable 

increase in cellular regeneration over the modified device surfaces.  The cells that 

constituted this cellular lining did not stain positive for von Willebrand factor, nor did 

those cells lining bare metal stents.  This suggested that regenerated cells were not 

expressing mature endothelial cell phenotypes, which is not surprising based on other 

stent literature suggesting endothelial dysfunction following stent implantation (van 

Beusekom et al. 1998a;Yeh et al. 2006).  However, it would be desirable to determine a 

protein or modification technique that would support such endothelial expression.  With 

the current stents, additional analysis could be performed to determine other 

characteristics of the regenerated cell lining, such as thrombogenicity or expression of 
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junctional proteins.  It is possible that protein-modified stents were supporting a 

beneficial healing response, but that the chosen time points and evaluation techniques 

were not reflective of that benefit.  As mentioned previously, a tool such as OCT could be 

utilized to monitor the cellular response over a greater length of time, and additional 

functional assessments could be implemented to provide details regarding the nature and 

stability of the regenerated cell lining.   

It is possible that longer time points or functional assessments would reveal that 

protein-modified stents merely accelerated hyperplastic and restenotic processes.  The 

proteins adsorbed to the stent surface may have been promoting cellular proliferation or 

excess matrix deposition, which would not necessarily be a desirable response.  If this 

were the case, then the identification and isolation of a single beneficial protein may be 

sufficient to alleviate unwanted effects potentially triggered by the complex combination 

of secreted proteins.  If it turned out that protein-coatings in general were prone to 

neointimal hyperplasia, then it would be advantageous to explore the development of 

coatings that might combine anti-proliferative agents with specific protein coatings.  A 

drug-coating that prevented cellular proliferation and a protein-coating that promoted 

endothelial cell adhesion and migration may someday be combined to create a stent that 

ideally supports vascular healing and long-term patency. 
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Impact of Shear Forces on the Tissue Response within a Stented Vessel 

 In addition to assessing factors such as stent coating, this dissertation research has 

described use of the blood vessel mimic to evaluate the effects of shear rate on the 

neointimal tissue response in stented vessels.  Shear rate is defined as the radial 

derivative of blood flow velocity at the vessel wall and can be calculated based on mean 

flow velocity and vessel diameter (Reneman et al. 2006).  In addition, the calculated 

shear rate can be multiplied by the fluid viscosity to determine an estimated shear stress 

within the vessel.  Shear stress is the hemodynamic mechanical force that is created by 

the flow of blood over the intimal vessel wall.  Shear stress increases with blood flow and 

fluid viscosity and decreases with vessel radius (Paszkowiak and Dardik 2003).  Different 

locations within the vasculature are exposed to different levels of shear stress and thus it 

is an important factor to consider in terms of intravascular devices. 

Physiologic levels of shear stress in human arteries are generally considered to be 

10-15dyn/cm2, however values from 3-5dyn/cm2 have been calculated for femoral and 

brachial arteries, and levels above 18dyn/cm2 have been reported for smaller diameter 

arteries (Inoguchi et al. 2007).  Overall, a large range of shear conditions and shear stress 

values exist depending upon the specific arterial location (Reneman et al. 2006).  Lower 

levels of shear stress are known to exist in venous locations as well as at arterial 

branches.  A diagram illustrating the range of shear stresses encountered throughout the 

human vasculature is provided in Figure 6.4.  As indicated on the diagram, very low 

levels of shear stress have been shown to be pro-atherogenic in a variety of vessel 

locations (Cunningham and Gotlieb 2005).   
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Figure 6.4- Range of shear stress values that are present in the human vasculature. 
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As the luminal lining of a blood vessel, endothelial cells are in direct contact with 

flow and have been identified as the entities that “sense” and “transduce” shear stress to 

elicit vascular responses.  The exact mechanism by which an endothelial cell senses flow 

has not been determined, but there are a variety of cell structures that have been shown to 

be involved.  Cell-matrix interactions through integrin binding and integrin signaling 

(Muller et al. 1997), as well as cell-cell interactions through PECAM-1 and VE-cadherin 

(Fujiwara et al. 2001;Shay-Salit et al. 2002), have been shown to undergo rapid changes 

in response to flow, and are therefore believed to play a role as mechanoreceptors or 

sensors of shear stress.  In addition, membrane structures, such as ion channels and G 

proteins (Barakat 2001;Gudi et al. 1996), and the endothelial cytoskeleton (Helmke and 

Davies 2002) have also been shown to play a role in the cell’s ability to sense and 

respond to shear stress.  Although the exact interactions between these components and 

the details of the response cascade have not been fully elucidated, it is clear that 

endothelial cells have the ability to exhibit differential responses following exposure to 

various shear conditions or different shear stress magnitudes (Resnick et al. 2003).   

Many in vitro and in vivo studies have been performed to determine these 

differential responses to shear stress, and a wide range of results have been published.  

This data is most commonly obtained from in vitro studies, due to the ability to control 

specific flow and shear conditions.  Shear stress can be controlled many different ways in 

vitro, including through the use of a cone and plate apparatus (Dewey et al. 1981), a 

rotating disk system (Ando et al. 1987), a parallel plate flow chamber with a pressure 

drop (Levesque et al. 1990), or a tubular construct with a pump (Vara et al. 2006).  Shear 
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stress values under investigation in the literature have ranged from less than 1dyn/cm2 to 

greater than 90dyn/cm2, depending upon the application of interest.  Experimental 

outcomes have also varied, with results focusing on parameters ranging from DNA 

synthesis and migration patterns to adhesion and cell alignment.  It has become clear that 

shear conditions impact many aspects of endothelial cell function and response.  

Although some results have been directly contradictory, others have supported common 

themes such as increased migration due to increased shear stress (Ando et al. 

1987;Sprague et al. 1997), and decreased proliferation due to increased shear stress 

(Imberti et al. 2002;Levesque et al. 1990).  A summary table listing examples of specific 

studies from the literature is presented in Figure 6.5, demonstrating that responses to 

shear vary not only based on the magnitude or pattern of shear stress, but also on the 

substrate and cell type being used (Akimoto et al. 2000). 

These in vitro studies support results obtained from in vivo studies in animal and 

human subjects.  Vascular graft studies performed in a baboon aortoiliac shunt model 

have demonstrated that higher flow, leading to increased shear stress, results in decreased 

neointimal area within a PTFE vascular graft (Kohler et al. 1991;Berceli et al. 2002).  

This type of response is consistent with in vitro results demonstrating decreased cellular 

proliferation under higher levels of shear stress.  In specific applications involving 

neointimal responses to shear within stented vessels, similar effects have been observed.  

Although it is difficult to finely control in vivo flow, it has been possible to correlate 

higher levels of shear stress with decreased neointimal proliferation in stented vessels of 

both rabbit models and human patients (Carlier et al. 2003;Wentzel et al. 2001).   



 

208

 

Cell Type Substrate Shear Condition Results/Conclusions Authors Year

HUVECs; 
BAECs polyester sheets, or plastic 1, 5, 30 dyn/cm2

Dec DNA synthesis: 
HUVEC at 1dyn/cm2; 
BAEC at 5dyn/cm2 (between 
4-12hr) Akimoto et al 2000

HAECs  collagen gel to SS stent 2 and 15dyn/cm2
15dyn/cm2 inc migration; no 
diff w/low flow Sprague et al 1997

HUVEC
polymer fiber mesh espun 
graft 3.2, 8.7, 19.6 dyn/cm2

Graded from 3.2 to19.6- inc 
adhesion, orientation Inoguchi et al 2007

HMVECs; 
RAMECs tissue culture slides 10dyn/cm2 (20hr)

inhibited by shear; species 
dependent migration patterns Rezvan et al 2004

HAECs 
(wHASMC) preconditioned collagen gel 10dyn/cm2 (2day)

Reduce EC prolif by 48%; 
EC orient w/flow Imberti et al 2002

HUVEC nanocomposite polymer tube 14 dyn/cm2 (pulsatile)
PECAM1, TGFbeta after 4hr 
shear exposure Vara et al 2006

baboon 
aortoiliac PTFE

10 or 40dyn/cm2 (with 
fistula)

Dec neointimal area at 
higher flow Berceli et al 2002

baboon 
aortoiliac PTFE

26 or 78dyn/cm2 (with 
fistula)

Dec neointima at higher 
flow; is reversable Kohler et al 1991

fetal calf ECs rotating disk culture dish 0.3-1.7dyn/cm2
Shear stimulated mig/prolif 
in injured area Ando et al 1987

BAECs parallel plate flow chamber 
0, 1.5, 3, 6, 12 dyn/cm2 
(24hr)

At or above 3dyn/cm2- inc 
p53 (dec prolif) Lin et al 2000

BAECs  cone/plate culture dish 1-5 or 5-10dyn/cm2
No effect at lower shear; 
higher orients w/flow Dewey et al 1981

BAECs 
(wBASMC)

collagen & polycarb 
membrane

5, 10, 15 dyn/cm2 for 2 
day

15 suppressed SMC 
migration Sakamoto et al 2006

BAECs glass; thermanox (polyester)

5, 8, 13; 15, 30, 45, 60, 
75, 90 dyn/cm2; 
pulsatile,steady

Shear stress>15 reduced 
prolif; pulsatile exaggerated 
effects; more sensitve on 
glass- dec prolif >5dyn/cm2 Levesque et al 1990

 

 

Figure 6.5- Summary of studies from the literature evaluating different cell types grown 
on different scaffolds and under different shear conditions.  Examples illustrate the range 
of combinations of variables that have previously been studied, and demonstrate common 

trends such as decreased neointimal formation at higher shear stress and increased 
migration due to shear. 
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Especially in the context of stent healing, where neointimal hyperplasia and risks of 

restenosis are already a concern, it is crucial to understand these shear effects and the 

extent to which intravascular conditions such as shear stress can impact the vessel 

response. 

 In the current dissertation research, the fourth and final aim was to evaluate the 

neointimal responses in stented vessels exposed to different shear rates.  Shear rates were 

established by controlling the flow rate, and calculated shear rates were used to estimate 

the magnitude of shear stress through each vessel.  As mentioned in the previous 

paragraphs, clinical experience has indicated that higher levels of shear lead to decreased 

neointimal proliferation.  However, there has been limited data regarding how sensitive 

this response is to small differences in shear stress, as well as a lack of published 

literature directly comparing lower levels of shear stress in stented vessels.  In non-

stented constructs, published data on lower levels of shear stress in two-dimensional 

culture plates or other substrates have provided contradictory outcomes (Akimoto et al. 

2000;Dewey et al. 1981).   Therefore, two different flow conditions were established in 

the BVM system, leading to two different calculated shear rates: 40 s-1 and 160 s-1.  These 

shear rates corresponded to calculated shear stresses of 0.4dyn/cm2 and 1.6dyn/cm2, 

respectively.  Both of these values are in the range of low shear stress, and it was 

hypothesized that differential neointimal responses within stented blood vessel mimics 

would be observed.   
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Before discussing the results of these studies, it is important to note how the shear 

rates and shear stress values were determined.  As described in a previous chapter, shear 

rate was calculated based on the following equation (Reneman et al. 2006): 

γ = (8 · vm) / (d) 

Shear stress values were calculated as follows (Helmke 2005): 

τ = (4 · η · q) / (π · r3) 

Both of these equations and calculations are based on Poiseuille’s law.  Although 

commonly used in the literature, this implies assumptions of a straight, non-distensible 

vessel, steady, laminar flow, no entrance or exit effects, and a Newtonian fluid.  In order 

to determine the validity of making the listed assumptions and utilizing such equations, 

several other parameters can be calculated for the BVM system.  The Reynolds number, 

which represents the ratio of inertial to viscous forces and is used to identify laminar or 

turbulent flow, can be calculated as follows: 

Re = (ρ · u · d) / µ 

where ρ is density (1g/cm3), u is velocity (2cm/sec or 8cm/sec), d is diameter (.4cm), and 

µ is viscosity (.01dyn/cm2).   With the given values, the Reynolds number is calculated as 

80 and 320 for lower and higher shear conditions, respectively.  In both cases, because 

the Re number is less than 2000, flow can be considered laminar.  In addition, the 

entrance length can be calculated based on these Reynolds numbers, with the equation: 

Le = (.03) · d · Re 

With values for lower and higher shear stress conditions, the entrance length is calculated 

to be .96cm and 3.84cm, respectively.  For the blood vessel mimics, this means that 
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vessels exposed to the lower shear condition would likely have fully developed flow in 

the central region of the vessel.  This does not appear to be the case for vessels exposed 

to the higher shear condition, as entrance effects are likely present throughout the entire 

vessel.  Based on these calculations, although it is reasonable to assume laminar flow, it 

is not necessarily the case that vessels are free of entrance effects.  In regards to the other 

assumptions, fluid viscosity should be fairly constant and thus Newtonian assumptions 

are reasonable, and although not completely rigid, the ePTFE vessel is a straight, 

relatively non-distensible tube.  Therefore, although not all assumptions and 

simplifications are completely accurate, the calculations do provide adequate estimations 

for shear rate and shear stress that permit comparisons between treatment groups as well 

as comparisons to previous literature, where similar assumptions are made (Inoguchi et 

al. 2007;Paszkowiak and Dardik 2003). 

 An additional factor that needs to be taken into account when considering flow 

and interpreting calculated shear rates and shear stress values through stented vessels in 

these studies is the presence of the stent itself.  The central region of these stented vessels 

is not a smooth-walled tube, but rather is impacted by the protrusion of stent struts into 

the flow path.  Exact calculations of wall shear rate and shear stress in a stented vessel is 

a complex and difficult process; however it can be accomplished by creating three-

dimensional reconstructions and utilizing computational fluid dynamics to calculate 

velocity profiles and shear stress values (Wentzel et al. 2001).  Studies employing this 

type of approach have shown that wall shear stress is not uniform across the luminal 

surface of a stented vessel, but rather the distribution of shear stress values ranges from 
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the lowest values at strut edges to the highest values directly atop stent struts, with 

intermediate values in between (Mongrain and Rodes-Cabau 2006).  Clinical studies of 

stent implantation have demonstrated that specifically at these low shear locations around 

stent struts, more neointimal growth is observed as compared with locations of high shear 

stress exposure within the same vessel (Wentzel et al. 2001).  This is consistent with the 

in vivo vascular graft data as well as the in vitro flow data described previously.   

The implications of this for the current study are that shear rate and shear stress 

calculations are not as simple as the assumptions convey.  The estimated shear stress 

values are not accurate for the entire luminal surface within stented BVMs, although it is 

assumed that the values still represent an average magnitude through the vessel.  It is 

likely that if neointimal responses were evaluated and compared directly on struts versus 

around struts within each vessel, differences would be detected based on the stent effects 

described.  However, for the current studies the aim was to compare the neointimal tissue 

response on top of stent struts in a lower shear versus higher shear environment.  Thus, it 

is still reasonable to compare the neointimal tissue responses to stents implanted in 

vessels exposed to the two different shear rates. 

Results from these experiments supported the initial hypothesis and demonstrated 

that stented vessels exposed to higher shear rates, even within a low-shear range, 

exhibited decreased neointimal tissue on the surface of implanted devices.  These results 

are consistent with an in vivo rabbit study that used a flow divider to increase shear 

through a set of stented iliac arteries and that demonstrated reduced neointimal 

hyperplasia in vessels exposed to the higher shear condition (Carlier et al. 2003).  The 
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rabbit study documented this differential response between calculated shear stresses of 4 

and 8 dyn/cm2, whereas the current data demonstrates that this effect is also seen between 

0.4 and 1.6 dyn/cm2.  This suggests that neointimal responses to implanted stents are 

relatively sensitive to such fluctuations in the intravascular flow environment, even 

within a range of low shear conditions. 

There is additional in vitro data that supports the results obtained from these 

stented blood vessel mimics.  Akimoto et al have demonstrated that in cultured human 

endothelial cells, shear stress levels as low as 1 dyn/cm2 significantly increase expression 

of the transcription factor p21, which triggers a cascade that ultimately prevents cell cycle 

progression and proliferation of endothelial cells (Akimoto et al. 2000).  An additional 

step in this cascade, involving the activation of p53 following exposure to shear stress, 

has been shown by Lin et al (Lin et al. 2000).  A partial cascade of this shear-induced 

mechanism, as demonstrated by these published studies, is diagrammed in Figure 6.6.  

For the blood vessel mimic results, these documented mechanisms suggest that one of 

two responses occurred.  It is possible that vessels exposed to the calculated shear stress 

of 1.6 dyn/cm2 surpassed a threshold necessary for a shear-induced decrease in 

proliferation to occur whereas the vessels exposed to lower shear did not.  It is also 

possible that the differing levels of shear stress induced differential activation and 

upregulation that resulted in the different responses.  Future studies would be necessary 

to more closely evaluate this mechanism in stented blood vessel mimics. 

An overall understanding of the intimal tissue response to intravascular stents is 

necessary for designing the best devices and for successfully treating patients.  Although  
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Figure 6.6- Diagram illustrating the partial cascade that has been elucidated for shear-
induced decreases in endothelial cell proliferation, as demonstrated by Akimoto et al and 

Lin et al. 
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many factors impact this response, including lesion pathology and device characteristics, 

the intravascular flow environment plays an important role.  It has been demonstrated, 

through this dissertation work as well as through the work of others, that exposure to 

different shear conditions can impact the tissue response to an implanted stent.  

Specifically, stented vessels exposed to higher levels of shear stress exhibit decreased 

neointimal tissue on the device surface.  These results have implications for the clinical 

utilization of stents.  Due to the range of flow conditions throughout the vasculature, and 

the different magnitudes of shear stress in different vessels, it is possible that site-specific 

stenting decisions could or should be made.  Currently, the same types of stents are used 

for a wide range of vascular conditions, but perhaps future research will lead to particular 

stent configurations for particular vessel locations.  For example, due to the increased 

neointimal proliferation caused by decreased shear, it may be possible to design specific 

drug-eluting stents for specific low-shear environments.  Likewise, additional research 

may reveal advantages for protein-coated stents in vessels exposed to higher levels of 

shear.  Future studies involving higher magnitudes of shear as well as different stent 

types will be necessary to address these possibilities. 
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Next Generation Blood Vessel Mimic 

 The blood vessel mimic developed and utilized in this dissertation research has 

many advantages that have been described.  In addition, other tissue engineering 

techniques and potential in vitro conditions that could be implemented with the blood 

vessel mimic have been presented.  The focus of this section will be to discuss specific 

limitations of the current blood vessel mimic, with subsequent descriptions of how and 

why these could be changed or improved. 

 Although the use of fat-derived microvascular cells results in an appropriate 

vessel structure and provides an area of further research, for the purposes of preclinical 

device evaluation and for future development of blood vessel mimics it may be desirable 

to utilize a different cell source.  Many other sources of endothelial cells exist, including 

large vessels such as saphenous veins, external jugular veins, or forearm veins and 

arteries (Tiwari et al. 2001;Tiwari et al. 2003).  Smooth muscle cells can be isolated 

separately from these vessel sources as well.  Previous research has shown that 

endothelial heterogeneity exists within the vasculature, with differences in gene or 

protein expression, signaling pathways, or enzyme activity depending on vessel location 

(Aird 2007).  In addition, large vessel and microvessel endothelial cells respond 

differently to environmental perturbations in vitro (Tremblay et al. 2005).  Thus, 

microvessel endothelial cells may not be the best choice for mimicking a 3-4mm 

diameter artery.  Therefore, in order to create a mimic of the types of vessels that are 

most commonly stented, it may be more appropriate to use large vessel human 

endothelial and smooth muscle cells.  One key disadvantage of harvesting large vessel 
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cells is the limited availability, although it would still be worth exploring their use for 

blood vessel mimic development, and it would be interesting to compare the formation 

and responses associated with vessel mimics composed of the different cell types.   

 Another aspect of the blood vessel mimic that could be improved upon is the 

scaffold.  Although extensive knowledge exists regarding treatments and uses of ePTFE, 

and its porosity and uniformity are beneficial, it is limited as a vessel mimic scaffold 

primarily due to its lack of compliance.  Although the studies presented in this 

dissertation did not incorporate devices or treatments that involved significant changes in 

diameter, the need for vessel compliance may exist in future intravascular testing.  

Compared to a native blood vessel, ePTFE is more than ten times less compliant (Roeder 

et al. 2001).  This not only would impact the evaluation of technologies that rely on 

native vessel diameter changes, but it also may effect the development of the multi-layer 

cellular lining.  Perhaps phenotypic expression patterns of cells would more closely 

resemble in vivo structure if the overall vessel scaffold more closely matched native 

characteristics.  The potential use of mechanical stimuli such as cyclic strain to support 

smooth muscle cell phenotype and function would require a compliant scaffold. 

There are a variety of alternative scaffolds that could be evaluated to take the 

place of the ePTFE, including both biologic and synthetic materials.  Biologic materials, 

such as fibrin or collagen gels, elastin, electrospun collagen, small intestine submucosa, 

or decellularized porcine vessels are all potential options (Buttafoco et al. 2005;Conklin 

et al. 2002;Grassl et al. 2002;Seliktar et al. 2000;Lantz et al. 1990).  These materials may 

possess more appropriate properties in terms of compliance, although they also present 
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challenges in terms of uniformity and sterilization.  Other synthetic options include both 

degradable and non-degradable polymers such as dacron, polyglycolic acid, or 

polyurethanes (Niklason et al. 1999;Williams et al. 1992;Williams and Jarrell 2002).  

Although some of these synthetic polymers may present the same challenges in terms of 

matching native properties, a compliant polyurethane has previously been utilized in 

vascular graft studies (Seifalian et al. 2001), and presents a potential alternative.  Further 

research may be necessary with any new scaffold to determine appropriate conditioning 

techniques and sodding densities. 

 In order to achieve more accurate ‘mimicry’ of a true blood vessel, several aspects 

of the flow conditions or bioreactor system could also be changed.  Making flow 

conditions more physiologic could begin with increased viscosity of the bioreactor 

medium.  Adding a component such as dextran to the circulating medium would expose 

cells to higher levels of shear stress without increasing the flow rate.  In terms of the 

bioreactor system, it has been shown that pulsatility, which is a characteristic of in vivo 

environments, contributes to orientation and proper function of engineered blood vessels 

(Ratcliffe and Niklason 2002).  Although the peristaltic pumps used with the BVM 

systems are effective for flow circulation, they certainly do not provide physiologic 

pulsatile flow (Barron et al. 2003).  The major tradeoff involved with implementing a 

more complex pump or bioreactor system that supported pulsatile flow would be 

sacrificing the simplistic, high-throughput nature of the current blood vessel mimic 

system.  Perhaps it would be possible to develop bioreactor systems with increasing 
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complexity to use for further development of intravascular technologies, while still 

utilizing the existing BVM system for preliminary high-throughput evaluation. 

 In summary, the blood vessel mimic that has been developed and utilized for this 

dissertation research is by no means perfect.  Although it is a mimic in some aspects, 

including the intimal lining, it is not an exact replicate of a native blood vessel.  There is 

room for improvement or for further exploration in all aspects of the construct, from cell 

source to scaffold composition, and from flow conditions to overall system configuration.  

However, this is the case for all research- there is always something to improve or expand 

upon.  Nonetheless, the current work has provided a strong foundation of feasibility, 

techniques, and ideas for future research.  In addition, although it is possible to imagine 

improvements for many components, it is important to keep in mind the successes of the 

current system and the implications of the data that has been gathered.  The current blood 

vessel mimic possesses capabilities for evaluating the intimal response to implanted 

stents, which has great potential for evaluating chronic safety and developing more 

successful intravascular devices.   
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Improving Treatment for Coronary Artery Disease 

 Millions of patients worldwide suffer from various degrees of coronary artery 

disease (CAD).  The restriction or prevention of proper blood flow to the heart can be 

devastating in terms of symptoms and survival.  Fortunately, over the years a wide range 

of diagnostic technologies have been developed for early detection and assessment of the 

disease, and a range of treatments have been developed for patients afflicted with varying 

degrees of the disease.  Currently, systemic drugs, coronary artery bypass grafting, and 

minimally-invasive stenting are three of the major treatment approaches that are 

employed in patients with CAD.  Although each approach has specific benefits and 

advantages, each also has room for improvement.  As the health profiles of our society 

change, our understanding of vascular biology expands, and new aspects of coronary 

artery disease are identified, there will be a progression of new or improved intravascular 

technologies and devices for identifying and treating these patients.   

The emergence of new therapies will require the use of a variety of preclinical 

assessment techniques.  Common approaches involving in vitro cell culture and in vivo 

animal models will continue to be used.  However, the blood vessel mimic described and 

utilized in this dissertation provides an alternative preclinical testing environment for 

emerging therapies.  This testing environment plays a role in the overall goal of treating 

coronary artery disease by permitting more efficient, high-throughput evaluation of 

emerging technologies in an environment that more closely mimics in vivo conditions 

than traditional cell culture.  The blood vessel mimic also has the potential to be 

developed as a model of patient-specific or disease-specific conditions, which would 
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enhance preclinical evaluation and device development.  Although the current work has 

focused on the evaluation of stents specifically, other intravascular devices, imaging 

modalities, or drug-delivery techniques could be assessed with a blood vessel mimic 

system.   

In addition to establishing the blood vessel mimic as an intermediate preclinical 

testing environment, results presented in this dissertation have contributed to specific 

knowledge regarding intravascular stents.  As mentioned, stents have become the 

treatment of choice for many patients suffering from coronary artery disease.  Stents can 

vary based on strut patterns, material composition, or coating, and can elicit a range of 

both beneficial and detrimental vascular responses.  The vascular response and potential 

success of stents also depends on factors related to patient history, disease progression, 

and intravascular conditions.  Work in this dissertation took advantage of the capabilities 

of the blood vessel mimic system to explore the effects of a protein-coating on a stent 

surface as well as the impact of different shear stress conditions on the intimal response 

to implanted stents.  If this type of work, and future studies based on the current results, 

can help in determining the most appropriate stent coatings or designing the best stent 

configurations for particular flow environments, then CAD patients will benefit. 
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APPENDIX A: LIST OF ABBREVIATIONS 
 
 
BAECs – Bovine Aortic Endothelial Cells 
BBI – Bisbenzimide 
BMS – Bare Metal Stent 
BVM – Blood Vessel Mimic 
CABG – Coronary Artery Bypass Graft 
CAD – Coronary Artery Disease 
DES – Drug Eluting Stent 
ECM – Extracellular Matrix 
ECs – Endothelial Cells 
EPC – Endothelial Progenitor Cell 
ePTFE – expanded Polytetrafluoroethylene 
FBS – Fetal Bovine Serum 
FDA – Food and Drug Administration 
H&E – Hematoxylin and Eosin 
HCM – HaCaT Conditioned Medium 
HMVECs – Human Microvessel Endothelial Cells 
IVUS – Intravascular Ultrasound 
MRI – Magnetic Resonance Imaging 
OCT – Optical Coherence Tomography 
PCI – Percutaneous Coronary Intervention 
PET – Polyethylene Terephthalate 
PTCA – Percutaneous Transluminal Coronary Angioplasty 
SEM – Scanning Electron Microscope 
SMC – Smooth Muscle Cell 
TEVG – Tissue Engineered Vascular Graft 
VEGF – Vascular Endothelial Growth Factor 
vWF – von Willebrand Factor 
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APPENDIX B: SUMMARY OF FBS VS. HACAT CONDITIONING 
EXPERIMENT 

 
 
Background and Purpose- Pre-conditioning ePTFE graft surfaces with proteins improves 
cell adhesion onto the luminal surface.  Conditioning grafts with a protein medium, 
enriched by secretion from HaCaT cells has been successful, but it is time consuming and 
labor intensive.  The purpose of this experiment was to compare a much simpler method 
of FBS pre-conditioning with the standard HaCaT conditioning method. 
 
Methods- 4mm ePTFE grafts were conditioned by either 1) forcing a 15% FBS solution 
through the pores or 2) forcing HaCaT conditioned medium through the pores.  Grafts 
were then sodded with HMVECs and cultivated in bioreactor systems.  After 1 week, 
grafts were fixed, cut in half longitudinally, and stained with bisbenzimide to assess cell 
coverage.  The two treatment groups were compared through qualitative visual 
assessment. 
 
Results- Grafts conditioned with both approaches had consistent cell coverage of the 
luminal surfaces.  An example en face image of a graft from each conditioning method is 
provided below, illustrating the extensive cell coverage with both methods. 

 
 

 
 
 
 
 
 
 
 
 
 
 
Conclusions-  FBS conditioning of ePTFE grafts is an adequate coating technique for 
sodding human microvessel endothelial cells.  Due to the efficiency of this method, it will 
be implemented for BVM development protocols. 
 
 
 
 

FBS
Conditioned

HaCaT
Conditioned

FBS
Conditioned

HaCaT
Conditioned
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APPENDIX C: STAINING PROTOCOLS FOR PARAFFIN-EMBEDDED BVMs 
 
H&E 
 

1. 15 minutes in oven 
2. 10 min Xylene 
3. 10 min Xylene 
4. 1 dip 100% EtOH 
5. 1 dip 100% EtOH 
6. 1 dip 95% EtOH 
7. Air Dry 20-30 min 
8. 1 hr Hematoxylin 
9. 1 dip dH2O (tap) 
10. 1 dip dH2O (tap) 
11. 1 dip dH2O (tap) 
12. 1 quick dip acid ethanol 
13. 1 dip dH2O (tap) 
14. 15 sec Ammonia H2O 
15. 1 dip H2O 
16. Air Dry 25 min 
17. 5 min Eosin 
18. 1 dip 95% EtOH 
19. 1 dip 95% EtOH 
20. 1 dip 100% EtOH 
21. 1 dip 100% EtOH 
22. 2 min Xylene 
23. 2 min Xylene 
24. Mount with permount 

 
 
*Make EtOH: w/ red can EtOH and dH2O 
*Make Acid Ethanol: 3mL 37% HCl to 300mL 70% EtOH 
*Make Ammonia H2O: 0.9mL Ammonium hydroxide (30%) to 300mL filt dH2O 
*Make Eosin: 2mL acetic acid (straight) to 400mL Eosin 
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Immunohistochemistry: vWF 
 

1. 10 minutes in oven 
2. 10 min Xylene 
3. 10 min Xylene 
4. 1 min 100% EtOH 
5. 1 min 100% EtOH 
6. 1 min 95% EtOH 
7. 1 min 90% EtOH 
8. Air Dry 15 minutes 
9. Circle w/ pap pen 
10. 5 min 3% H2O2 
11. 5 min DCF-PBS pH 7.4 
12. 5 min DCF-PBS pH 7.4 
13. 2 hr 3% BSA in DCF-PBS at room temp 
14. 5 min DCF-PBS pH 7.4 
15. 5 min DCF-PBS pH 7.4 
16. 5 min DCF-PBS pH 7.4 
17. 1 hr Primary Antibody at room temp 
18. 5 min DCF-PBS pH 7.4 
19. 5 min DCF-PBS pH 7.4 
20. 5 min DCF-PBS pH 7.4 
21. 10 min Secondary Antibody at room temp 
22. 5 min DCF-PBS pH 7.4 
23. 5 min DCF-PBS pH 7.4 
24. 10 min Streptavadin at room temp 
25. 5 min DCF-PBS pH 7.4 
26. 5 min DCF-PBS pH 7.4 
27. 8 min substrate 
28. 2 min ddH2O 
29. 2 min ddH2O 
30. 2 min ddH2O 
31. 5 min 0.5% Copper Sulfate 
32. 2 min ddH2O 
33. 2 min ddH2O 
34. 5 min 0.1N Acetate Buffer pH 5 
35. 4 min 1% Methyl Green 
36. 10 dips 90% Acetone 
37. 10 dips 100% Acetone 
38. 5 min Xylene 
39. 5 min Xylene 
40. Mount with Permount 
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APPENDIX D: PROTOCOL FOR BVM DEVELOPMENT 
 
 
Study Information 
Study Title:____________________________________ 
Purpose:______________________________________ 
Material: ________________ 
Diameter: _______________ 
Length: _________________ 
Cell Type: _______________ 
 
Prep 1 week prior 

____1. Gas sterilize biochambers and 2-port reservoirs 
____2. Determine target number of cells and passage schedule, then thaw cells 
____3. Cut grafts, mount on fittings, and suture 
____4. Autoclave grafts, flasks, and forceps 

 
Prep the day before 

____5. Make media:  
a. Bioreactor Media (Human Complete w/o ECGS w/ antibiotics) 
b. Conditioning Media (1:6 solution of FBS:M199 + antibiotics) 

____6. Denucleate grafts (using filtered EtOH) 
a. 15 min 70% EtOH 
b. 15 min 100% EtOH 
c. Leave in degassed Conditioning Media in incubator overnight 

 
Set-up day: BVM conditioning 

____7. Warm up media (Bioreactor Media and Conditioning Media) 
____8. Insert sterile grafts into biochambers 

**requires non-sterile partner** 
____9. Using 60mL syringe, flush lumen with Conditioning Media to prime graft 

a. Clamp lumen and continue to prime graft and chamber until chamber is 
full 

b. Repeat for all vessels 
____10. Place small WM pump in hood 
____11. Prime 2-port reservoirs with Conditioning Media 
____12. Attach primed biochamber to 2-port reservoir and condition graft for 10 

min 
a. Flow through lumen first to remove air, then clamp lumen and condition 

transmurally on 90rpm setting 
____13. Leave primed biochambers in large incubator until ready for sodding step 
____14. Prime 2-port reservoirs with Bioreactor Media 

a. Prepare one for each vessel 
b. Be sure that drip is visible and outlet is submerged 
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c. Clamp tubing and leave in big incubator 
 
Set-up day: BVM sodding 

____15. Take corresponding number of primed biochambers and reservoirs to hood 
____16. Attach outlet of reservoir to inlet stopcock of biochamber 

a. Leave reservoir inlet unattached and biochamber outlet facing trough 
____17. Record BVM numbers: 

 
____18. Harvest cells 

a. Apply Trypsin, deactivate with media 
b. Take 100uL from total _____mL cells 
      Counts: 
 

____19. X =              x 2000 x (cell mL x .10)  
    total number of cells =  

 
____20. Pellet cell suspension (on 4 for 4 min) 
____21. Resuspend in _____mL Bioreactor Media 
____22. Sod each graft with ______mL cell solution 

a. Cells per graft =  
b. Sodding density =                cells/cm2 

____23. Chase with 1-3mL Bioreactor Media 
____24. Attach biochamber outlet to reservoir inlet 
____25. Bring BVMs to large incubator 
____26. Place on small WM pump - leave lumen clamped!! 
____27. Immediately begin transmural flow at 7rpm, and maintain for 1 hour 

a. Started on pump at: ______ (time) 
____28. Unclamp lumen and maintain 7rpm luminal flow for 1 hour 
____29. Increase flow to 11rpm 
____30. Increase flow to 15rpm; leave overnight 

 
The next day and beyond  

____31. Increase flow by 10-15rpm at a time to reach 90rpm by the end of the day 
____32. BVM maintenance: replace media reservoirs every 3rd day; Check CO2 

 
BVM Usage  

Stented:  
  OCT Imaged: 

BVM Analysis 
  BBI: 
  SEM: 

Histology/Stains: 
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APPENDIX E: SCHEDULE FOR PLASTIC PROCESSING AND EMBEDDING 
 

 
 
      PROCESSING SCHEDULE SMALL Tissues 

SOLUTION  DURATION  DATE TIME IN 
 70% EtOH 30 min @4˚   
  80% EtOH 30 min @4˚   
  80% EtOH 30 min @4˚   
  90% EtOH 30 min @4˚   
  90% EtOH 30 min @4˚   
100% 2 Propanol 60 min @4˚   
100% 2 Propanol 60 min @4˚   
100% Toluene 60 min @4˚   
100% Toluene 60 min @4˚   
50:50 Toluene/Resin 
Solution I 

60 min @4˚   

Resin Solution I Overnight @4˚   
Resin Solution I All day      @4˚   
Resin Solution II Overnight @4˚   
Resin Solution II All day      @4˚   
Resin Solution III Overnight @4˚   
Resin Solution III All day      @4˚   
Embed Polymer mix ~3 days @-18 

to -20˚ 
  

 
SOLUTION 
NAME 

   

Resin soln  I* 60.0 ml 
Methyl 
Methacrylate   

35.0 ml 
Butyl 
Methac
rylate 

5.0 ml Methyl Benzoate  
1.2 ml PEG 400 

Resin soln  II* 100.0 ml Res I None 0.4 gm Benzoyl peroxide 

Resin soln  III* 100.0 ml ResI None 0.8 gm Benzoyl peroxide 

Polymerization 
Mix* 

100 ml Res 
Soln III 

400 µl N1N1- dimethyl pToludine 

 
*Mix 1.5 hours in cold room with stir bar, store in flammable refrigerator for up 

to 10 days.
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APPENDIX F: H&E STAINING PROTOCOL FOR PLASTIC-EMBEDDED 
STENTED BVMs 

 
 

1. 30 minutes on slide warmer 
2. 30 minutes Methoxyethylacetate 
3. 30 minutes Methoxyethylacetate 
4. 5 minutes acetone 
5. 5 minutes acetone 
6. 5 minutes dist. H2O (from tap) 
7. 5 minutes dist. H2O (from tap) 
8. 25 minutes Gil III Hematoxylin 
9. 5 minutes tap water rinse 
10. 20 minutes Gil III Hematoxylin 
11. 5 minutes tap water rinse 
12. 20 minutes Gil III Hematoxylin 
13. 5 minutes tap water rinse 
14. 1 dip .5% acid EtOH 
15. tap water rinse 
16. 5 dips saturated lithium carbonate 
17. 10 minutes tap water 
18. rinse in dist. H2O 
19. 5-10 dips 80% EtOH 
20. 25 minutes Eosin (phyloxine) 
21. rinse in 95% EtOH 
22. 2 minutes 100% EtOH 
23. 2 minutes 100% EtOH 
24. 2 minutes 100% EtOH 
25. 5 minutes Xylene 
26. 5 minutes Xylene 
27. Mount with Permount 
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APPENDIX G: vWF STAINING PROTOCOL FOR PLASTIC-EMBEDDED 
STENTED BVMs 

 
 

1. Slide warmer 5 minutes 
2. 35 minutes 2-methoxyethylacetate 
3. 35 minutes 2-methoxyethylacetate                 
4. 5 minutes acetone     
5. 5 minutes acetone    
6. 5 min dist H2O    
7. 5 min dist H2O (then circle with pap pen) 
8. 25 minutes Trypsin working solution (37 degrees humid) 
9. 10 minutes cooling at RT 
10. rinse with 1% Tween 20-PBS (2x 2min) 
11. 10 minutes blocking in 5% hydrogen peroxide/methanol 
12. 10 min 1% Tween 20-PBS 
13. Rinse in PBS (1X) 
14. 1 hour Primary Antibody (diluted in 1% BSA) at RT in humid chamber 

a. Factor VIII 1:50 
15. Rinse in PBS 
16. Rinse in PBS 
17. Rinse in PBS 
18. 5 min 1% Tween 20-PBS 
19. Rinse in PBS (1X) 
20. 30 min Secondary Antibody (Dako EnVision HRP) at RT in humidity 
21. Rinse in PBS (1X) 
22. Repeat 20 min Secondary Antibody (Dako EnVision HRP) at RT in humidity 
23. Rinse in PBS (1X) 
24. 5 min 1% Tween 20-PBS 
25. Rinse in PBS (1X) 
26. Peroxidase enzyme substrate DAB chromagen (watch under scope- at 37 deg) 
27. Stop reaction in dist H2O (rinse 3x) 
28. Rinse in 100% EtOH 
29. 5 min Xylene 
30. 5 min Xylene 
31. Mount with permount 
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APPENDIX H: SUMMARY OF PROTEIN-COATED STENT 
THROMBOGENICITY EXPERIMENT 

 
 
Background and Purpose-  When devices come in contact with blood flow, it is possible 
for a thrombus to form.  In the case of protein-coated stents, this may be a major concern.  
The purpose of this preliminary study was to evaluate if protein-modified stents would 
cause acute thrombus formation following exposure to blood. 
 
Methods- Protein-modified stents were created, as described in Chapter 4, by submersion 
in a protein-enriched medium.  Stents were then deployed in silicone tubing, and exposed 
to blood flow for 30 minutes in a porcine ex vivo shunt model.  After 30 minutes, stents 
were fixed, cut in half longitudinally, and processed for SEM imaging.  SEM images 
were used to assess thrombus formation on the surface of stents. 
 
Results- Tubing that contained protein-modified stents remained patent for the entire 30 
minutes, without a major decrease in blood flow.  SEM images illustrated that surfaces 
did not contain accumulations of platelets or other signs of thrombus formation.  An 
example SEM image is provided below. 
 

 
 
 
Conclusions- Although further studies to investigate thrombogenicity are warranted, 
these preliminary results from the ex vivo pig shunt model suggested that acute thrombus 
formation did not occur in protein-modified stents. 
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APPENDIX I: REPRINT PERMISSIONS 
 
 

\ 
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