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ABSTRACT 

 

Development of a Multifunctionalized Vascular Scaffolding System to Induce In Situ 

Endothelial Cell Capture, Smooth Muscle Cell Migration and Proliferation, and 

Prevention of Inflammatory Cell Infiltration 

 

Lauren Nicole West-Livingston, M.S. 

 

 

Dissertation under the direction of: 

 

Sang Jin Lee, Ph.D., Associate Professor at the  

Wake Forest Institute for Regenerative Medicine 

 

Cardiovascular disease (CVD) is the leading cause of death globally, and is 

responsible for innumerable complications related to the peripheral vascular system. 

Peripheral vascular disease and vascular trauma are major contributors toward the need of 

feasible, effective surgical interventions for vascular repair. While autologous vessels are 

the gold standard for treatment, synthetic alternatives are necessary for some populations 

of patients. These synthetic vascular conduits are severely limited and suffer from intimal 

hyperplasia and loss of patency, requiring intervention relatively soon after the initial 

surgery. 

Tissue engineered vascular grafts (TEVGs) offer a lucrative alternative to current 

methods of vascular scaffolding. TEVGs can be fabricated through numerous methods and 

modified to recruit and attract cells post-implantation in an in situ fashion.  Electrospinning 

is a commonly utilized way to fabricate polymeric vascular scaffolds, and can be optimized 

for the proliferation of specific cell types, and the use of synthetic and natural materials in 
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electrospinning can create biocompatible, biodegradable, durable vascular conduits. 

Bioconjugation with antithrombotic agents can help improve patency of the graft, and 

surface modification with bioactive molecules can assist with the capture of endothelial 

cells (ECs) and the migration of smooth muscle cells (SMCs).  Furthermore, the use of 

antiproliferative agents can assist in preventing the unwanted infiltration of inflammatory 

cells following the implantation of vascular scaffolds. 

We have completed a series of studies to determine the most efficacious agents for 

each of the aforementioned arenas of TEVG fabrication. The studies include data 

pertaining to the capture of ECs through the use of antibodies specific to cell-surface 

markers, the promotion of SMC proliferation and migration onto scaffolds through the use 

of SMC-recruiting factors, and the prevention of inflammatory cell infiltration while 

maintaining EC and SMC viability. The individual studies demonstrate the ability to 

optimize individual aspects of TEVGs, and offer the potential to use many of these 

advancements concurrently for the synergy of beneficial effects on the integration of 

TEVGs into physiological settings. With this research, we hope to improve the repair of 

damaged small diameter vessels while expediting healing to improve the lives of patients 

suffering from vascular disease and injury. 
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Chapter 1 

Introduction 

 

1. Cardiovascular Disease, Peripheral Vascular Disease, and Vascular Trauma 

Cardiovascular disease (CVD) is the leading cause of death in the United States, 

accounting for one in every three deaths and averaging one death every 40 seconds.1 In 

2016, cardiovascular disease cost the U.S. $555 billion in medical expenses and loss of 

productivity; the cost of this disease is expected to reach $1.1 trillion by 2035.1   

Furthermore, CVD is the leading cause of death globally, contributing to an estimated 17.9 

million deaths, most of which could be averted with preventative health care.2 

CVDs are a group of conditions affecting the heart and vessels throughout the body. 

These diseases can be precipitated by numerous factors, including genetic predisposition, 

smoking and tobacco use, physical inactivity, poor nutritional habits, obesity, and copious 

other causes3. Furthermore, existing conditions can progress to systemic or progressed 

cardiac or vascular disease, such as hypertension, hypercholesterolemia, hyperlipidemia, 

diabetes mellitus, metabolic disorders, kidney disease, and others.3 Manifestations and 

types of cardiovascular disease include stroke, coronary heart disease, heart attack, heart 

failure, aortic diseases, and peripheral vascular disease (PVD).3,4  

PVD is especially prevalent, and was estimated to affect over 200 million people 

globally in 2010.4 At the time, this represented a higher prevalence than CVD, mainly due 

underdiagnosis of PVD4. This can be attributed to the fact that PVD is overlooked due to 

low screening rates by primary care physicians, infrequent occurrence of claudication, and 

the misdiagnosis of claudication as musculoskeletal problems.4 CVD and PVD can be 

complicated or worsened by comorbidities, such as atherosclerosis and diabetes mellitus, 
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which can lead to vascular occlusion, subsequent ischemic events, and serious 

complications.5  

An additional mechanism that can contribute to vascular damage is traumatic 

injury, which can occur through various methods (Fig. 1). Penetrating wounds, such as 

gunshots, stabs, and IV drug use, can damage vascular structures and surrounding tissues.6 

Additionally, blunt trauma, such as joint dislocation or bone fracture, can cause damage to 

proximate vasculature.6 Furthermore, invasive medical interventions, such as 

arteriography, catheterization, or angioplasty, can lead to iatrogenic vascular damage.6 

Ultimately, the combination of risk factors and pathophysiology of CVD, PVD, and 

vascular trauma can precipitate small diameter vessel damage, requiring intervention to 

restore or reestablish perfusion to organs or limbs.  

2. Current Interventions and Clinical Limitations 

The treatment of many advanced cardiovascular diseases and traumatic injuries 

involves surgeries to remove or bypass obstructions in vessels.7-9 For example, arteries can 

be opened, and the plaque removed directly via an endarterectomy. Alternatively, plaque 

causing vessel stenosis can be bypassed with a vein or prosthetic graft. Less invasive 

approaches can also be employed, such as angioplasty or stenting.7-9 

The potentially devastating outcomes of these conditions have motivated many 

novel approaches to reconstructing diseased blood vessels. Currently for patients requiring 

bypass, the preferred surgical modality is the use of an autologous vessel. While arteries 

are occasionally utilized, there are few that can be removed without creating complications 

associated with harvesting autologous arteries.10 Currently, the gold standard for 

autologous grafts is the saphenous vein (SV).10 When a suitable vein is not available, 
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alternative conduits include the utilization of decellularized xenografts, cryopreserved 

homografts, and, most commonly, synthetic vascular grafts, which are commercially 

available and are generally fabricated from polytetrafluoroethylene (PFTE) or woven 

Dacron (Fig. 2).10-12  

Prosthetic grafts have major limitations and present difficulties in the 

reconstruction small blood vessels.10 The most significant clinical limitation to the long 

term function of vascular grafts is the development of graft occlusion over time.10 Early 

occlusions are generally related to technical issue during implantation and to acute 

thrombosis.13 After the first few days and weeks of implantation, graft occlusion is often 

caused by stenosis that may develop at the sites of anastomosis of grafts to native vessels, 

or within the graft itself.13 Stenosis often results from the accumulation of new tissue.13 

Furthermore, the healing of vascular structures often leads to intimal hyperplasia (IH), 

which consists of the thickening of the smooth muscle cell (SMC) layer in the intimal layer 

of the vessel wall (Fig. 3).14 As cells and matrix accumulate, they encroach upon the 

vascular lumen, creating stenosis.13,14 Typically, grafts in large vessels (> 8 mm) and 

medium vessels (6-8 mm), such as aortoiliac grafts, femoral grafts, and carotid grafts, 

maintain adequate patency for long-term clinical use.10,15,16 Conversely, small diameter 

vessels (< 6 mm) typically have poor patency rates.10 These include vessels such as 

coronary arteries and vessels in the extremities.10 

In a longitudinal surgical study published in 2014, Park et al. examined the patency 

of leg bypasses to arteries above and below the knee. The study reported 5-year primary 

patency rates for above the knee grafts were 85.2% for saphenous vein grafts and 64.5% 

for PTFE grafts.17 Additionally, below the knee grafts showed 5-year  primary patency 
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rates of 71.6% for saphenous vein and 55.5% for PTFE.17  In a 2015 literature review, 

Pashneh-Tala et al. described previous research into patency rates of small diameter 

vessels. In the setting of coronary artery bypass grafts (CABGs), the SV showed patency 

rates of 95% after 5 years, compared to 60% for PTFE.10 Additionally, the patency rates at 

2 years were 90% for saphenous vein grafts and 32% for PTFE grafts.10,18-21 In similar 

studies of above the knee femoral popliteal bypasses, SV grafts demonstrated patency of 

~78% after 5 years, while PTFE grafts showed patency of ~59%.10,22-27 

The failure of small-diameter grafts as a result of intimal hyperplasia and 

thrombosis has led to a great deal of research on improving the patency of these constructs. 

Approaches include the use and optimization of scaffold-based tissue engineering, 

scaffolds derived from decellularization of existing constructs, or surface modified 

scaffolds.10,28-30  

3. Tissue Engineered Vascular Grafts 

Alternative approaches to creating vascular grafts are needed, and a recent advance 

is the optimization of a tissue-engineered vascular graft (TEVG). While there are 

multitudes of approaches to constructing a vascular scaffold, the incorporation of tissue 

engineering into this clinical application is indubitably the future of vascular surgery. 

While TEVGs are on the cusp of modern technology and medical innovation, there 

are still many limitations to their use in the clinical setting. Major challenges include 

maintaining structural integrity under arterial pressure, resisting thrombosis, promoting 

regrowth of cells, and remodeling over time.10 Stenosis from intimal hyperplasia is a major 

contributor to why grafts, both autologous and synthetic, fail within months.10,32,33 Loss of 

patency over time extends to TEVGs as well and presents one of the principal challenges 
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in long-term treatment of cardiovascular and vessel-related pathologies. An additional 

challenge in producing a durable TEVG is the optimization of integration into the host 

environment. While many groups have demonstrated successful implantation of TEVGs 

and endothelialization of the lumen through migration of endothelial cells (ECs) from 

native tissue, several models have seen lengthy periods of cellular infiltration, recruitment, 

adhesion, and remodeling and resorption of graft materials.10,33-35 Furthermore, the 

translation of in vitro models to in vivo physiological conditions presents a challenge that 

could possibly be overcome with the realistic modulation of human physiological 

conditions in a laboratory setting.35-38 Lastly, the manufacturing speed and cost of TEVGs 

have limited the feasibility of producing these grafts on a large scale and the accessibility 

of this technology to the patients that require it most.10,35,39 

Newer modalities to designing TEVGs seek to address limitations in the 

aforementioned clinical applications. By directly addressing these concerns, the integration 

of research efforts can provide insight into the direction of the field and how close we are 

to prolonging and bettering the lives of patients. 

3.1 Approaches in Scaffold Fabrication 

The development of scaffolds that are able to support cellular deposition and 

growth in the vascular setting is one of the most fundamental components of a successful 

graft. Scaffolds are vital in that they act as a template to guide and direct cell deposition 

and organization onto the grafts. There are multitudes of approaches in creating 

biocompatible, biodegradable, and mechanically durable scaffolds for tissue engineering, 

including scaffolds fabricated from polymers or cell sheets, or those that can be derived 
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from decellularized tissues or bioprinted constructs (Fig. 4). Efforts toward creating a 

scaffold-based TEVG are summarized in Table 1.  

3.1.1 Polymer-Based Scaffolds 

TEVG scaffolds are commonly constructed from synthetic or natural polymers, and 

occasionally hybrid polymers, which consist of a mixture of synthetic and natural 

materials.10,40  

A plethora of synthetic polymers has been utilized in the fabrication of TEVGs, and 

constitutes one of the main components of vascular scaffolding efforts. Synthetic polymers 

are often elected as a scaffolding material because of their variable mechanical properties 

and desirable degradation times in vivo.41,42 Synthetic polymers known for their 

degradation profiles include polyesters, polyurethanes, and other polymeric materiasls.42 

Many researchers have utilized the same polymers in studies for TEVGs and other medical 

devices. Commonly used polymeric materials include poly-ε-caprolactone (PCL), poly-ᴅ-

lactide (PDLA), poly-ᴅ,ʟ-lactide (PDLLA), poly-ʟ-glycolide (PGA), poly(ester urethane) 

urea (PEUU), poly-lactic acid (PLA), poly-ʟ-lactic acid (PLLA), and copolymers such as 

poly-lactide-co-caprolactone (PLCL) and poly-ᴅ,ʟ-lactide-co-glycolic acid (PLGA).41-43 

Natural polymers are also utilized to offer biocompatibility of engineered scaffolds. 

While collagen and elastin are the most investigated natural polymers, fibrin has also been 

utilized as a component of vascular scaffolds.10,40 Many efforts have combined synthetic 

and natural polymeric materials to harness the benefits of both types of scaffolds. 

A highly utilized approach to preparing polymer scaffolds is through the technique 

of electrospinning. Electrospinning allows for versatility, manipulation of fiber diameter 

and pore size, and large surface area-to-volume ratios.44 Another beneficial aspect of 
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creating fibers through electrospinning is the versatility in materials available, as many of 

the aforementioned natural and synthetic fibers can be implemented in electrospun graft 

fabrication.44 The process involves the extrusion of a polymer solution from a syringe or 

delivery conduit in a system in which both the delivery conduit and receiving surface are 

charged.44,45 The charge induces the polymer solution to be directed toward the 

mandrel.44,45 The receiving surface, in the field of vascular tissue engineering, is often a 

conductive, rotating mandrel of variable diameter that collects the dispersed fibers, forming 

a fibrous polymeric network (Fig. 5).44,45 Electrospinning is a popular fabrication technique 

in the development of TEVGs. 

In the first use of TEVGs in a human trial, Shin’oka and colleagues created 

scaffolds that were a blend of PLA and PCL, along with PGA or PLLA.10,46 The study 

involved grafts seeded with autologous bone marrow cells implanted into large veins in 

human patients, ranging from 1 to 24 years of age.46 The grafts demonstrated patency for 

up to 7 years, and demonstrated complete degradation of the scaffold.46 A later follow-up 

of the study demonstrated no graft-related deaths, and no evidence of aneurysm, graft 

rupture, graft infection, or inappropriate calcification after 9 years.32 While this occurred 

in a large-diameter venous setting, it is promising for future studies in high pressure and 

small-diameter vessels.  

Scaffold-based methods can also be combined with other fabrication methods and 

modifications, which will be discussed in a later section. 

3.1.2. Sheet-Based Scaffolds 

Sheet-based approaches to tissue engineering are lucrative, as they often bypass the 

need for a supportive scaffold or matrix.10,47 In many cases, sheet-based approaches utilize 
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a culture dish that functions through reversible cell adhesion, allowing cells to be detached 

from the culture surface and used in other experimental settings (Fig. 6).47,48 The cell sheets 

may be used directly, or may be manipulated to a more suitable conformation for the 

application.48 This offers versatility in application, while maintaining the benefits of the 

direct use of cells.  

One of the earliest efforts to apply sheet-based tissue engineering to vascular 

structures was by L’Heureux and colleagues. The experiment involved the production of 

cell-sheets via the extraction of human fibroblasts from skin biopsies. Once the sheets were 

cultured and isolated, they were wrapped around a mandrel to achieve a tubular, vessel-

like structure.10,29 This marked the first clinical trial of a tissue-engineered construct in 

human physiological conditions as an arteriovenous fistula. Forty percent of grafts 

remained patent for up to 20 months, which met the clinical targets at the time.29,49,50 These 

tissue-engineered vessels demonstrated mechanical properties similar to native vessels and 

demonstrated the ability to create vascular constructs entirely from autologous cells.29,49,50 

Recent efforts have attempted sheet-based tissue engineering with multipotent 

cells, which expands the possible cell sources with which to produce constructs. Peirovi 

and colleagues utilized amniotic membrane cells due to advantageous properties, such as 

low immunogenicity, anti-inflammatory properties, and more.30  Tubular constructs were 

constructed in a similar fashion; human amniotic membrane was cultured from fresh 

human placenta and modeled around a mandrel to create a vein-like structure. The 

constructs were implanted via interposition into the external jugular vein of juvenile sheep 

by end-to-end anastomosis.30 The implanted grafts showed complete patency at 48 weeks 

and did not demonstrate signs of intimal thickening, stenosis, or dilation.30 This experiment 
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demonstrated the ability to successfully substitute host tissues with an allogeneic cell 

source. 

3.1.3. Decellularization-Based Scaffolds 

The formation of vascular grafts from the decellularization of existing tissues is an 

approach to vascular tissue engineering that has been historically popular and continues to 

be modified for current use. The decellularization of tissues involves isolating and 

preserving the tissue matrix from a human or animal source via chemical and/or mechanical 

processes (Fig. 7).10 Decellularized constructs can then be modified before host 

implantation to optimize function.  

In an early xenographic study, Kaushal and colleagues seeded decellularized 

porcine iliac arteries with endothelial progenitor cells (EPCs) and examined the results of 

the graft in a carotid interposition model in sheep.51  The results showed that while seeded 

grafts remained patent for 130 days, non-seeded grafts occluded within 15 days.51  A 

comparable approach was employed in an experiment performed by Dahl and colleagues, 

in which human allogeneic or canine SMCs were cultured on PGA scaffolds.52 The 

scaffolds were then decellularized, and then re-seeded with autologous ECs from the 

recipient prior to implantation.52 The scaffolds in both settings exhibited mechanical 

properties that approximated normal vessels and were capable of being stored at 4°C.52 The 

grafts constructed from human cells were tested in a baboon model as arteriovenous fistulas 

for hemodialysis access, while the canine grafts were tested in a canine model as peripheral 

and coronary artery bypass grafts.52  In the baboon model, seven of the eight grafts were 

patent six months post-implantation. While one baboon died during the study and one graft 

occluded within a week of implantation, the remaining three subjects showed patency 12 
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months post-implantation.52 Additionally, the canine model involved three grafts 

implanted into the left anterior descending coronary artery.52 While one canine died the 

day after implantation, the other subjects were followed for up to one month, and all grafts 

were patent at the time of explant.52 Studies of this nature exemplify the benefits of seeding 

a previously decellularized scaffold with autologous cells derived from the recipient.  

Quint and colleagues utilized a similar decellularization approach in a later study.  

Tissue-engineered vessels were constructed from PGA mesh scaffolds cultured with 

porcine aortic SMCs.53 Porcine SMCs were seeded onto the grafts, then were later 

decellularized after extracellular matrices had integrated onto the graft walls.53 The grafts 

were then seeded with either EPCs or ECs derived from the recipient, and subsequently 

implanted as end-to-side grafts in porcine carotid arteries.53 All experimental grafts 

remained patent for 30 days after implantation, while control vein grafts were patent in 

37.5% of study subjects.53 This decellularization approach has been extended to a human 

model. Olausson and colleagues utilized this approach in a 10-year-old girl with 

extrahepatic portal vein obstruction.54 Since the patient’s umbilical vein wasn’t adequate 

for use and other approaches would render the patient in need of lifelong 

immunosuppression, a native vessel was modified to perform a bypass procedure between 

the superior mesenteric vein and intrahepatic left portal vein.54  A segment of the patient’s 

iliac vein was decellularized and later seeded with ECs and SMCs derived from 

differentiated stem cells via bone marrow aspirate from the patient.54 While the graft had 

to be lengthened to alleviate stenosis caused by a mechanical obstruction, the vessel 

remained patent at the time of publication with no immunosuppressive therapy or evidence 

of anti-EC antibodies.54 These studies confirm that seeding of a decellularized construct 
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with autologous or allogeneic cells can assist in promoting patency in the graft recipient. 

This concept has been expanded upon and modified in many recent experimental efforts.  

Further studies expanded upon the decellularization of a harvested tissue. Negishi 

and colleagues took a similar approach in decellularizing tissue; however, their approach 

utilized non-tubular tissue.55 Porcine aortic sheets were decellularized and rolled into tubes 

that were bonded with fibrin glue.55 The grafts were implanted into a rat carotid artery 

model and followed for 3 weeks, after which the grafts remained patent.55 This study 

represents the validity of the approach of using decellularized sheets that are formed into 

tubular constructs. This greatly expands the tissues that can be utilized to create tissue-

engineered vascular grafts. 

Conklin and colleagues further modified this approach by first decellularizing 

common carotid arteries via enzymatic detergent, then linking heparin to the lumen of the 

vessels to reduce thrombogeneity.11 The constructs performed similarly to fresh vessels in 

mechanical testing and were implanted into canines as a carotid artery bypass graft.11 The 

results showed SMC aggregation on the graft wall, as well as ECs lining the lumen within 

2 months of implantation.11  

A study by Cho and colleagues utilized decellularized canine carotid arteries, which 

were then seeded with canine bone marrow-derived cells.56 This approach sought to 

examine the ability of the bone-marrow derived cells to regenerate vascular tissue and 

prevent stenosis of the grafts.56 The grafts remained patent in a canine carotid artery 

interposition model for up to 8 weeks post-implantation.56 Furthermore, the grafts 

demonstrated the appropriate physiological morphology of vessels during explantation.56 
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This study exemplifies the benefits of using stem cells in the field of vascular tissue 

engineering. 

3.1.4. Bioprinting-Based Scaffolds 

One of the most innovative approaches to producing scaffold-free TEVGs has been 

the advent of bioprinting. This approach does not require a scaffold in the design, offering 

versatility in application.48,57-60 Bioprinting often involves stages of development, 

generally beginning with a pre-processing phase, during which three-dimensional (3D) 

scans of physiological areas are obtained. After this step, models may be designed, or 

bioinks can be prepared from cell sources.59,60 These steps are followed by the 3D printing 

of the desired material and often the maturation of constructs to be used in experimental 

applications.59,60   

Various methods to bioprinting biological constructs exist, and selecting the most 

appropriate approach heavily relies on the desired clinical application. Types of bioprinting 

which have been utilized for vascular tissue can be divided into extrusion-based, droplet-

based, and laser-based methodologies (Fig. 8).58 Extrusion-based methods include direct-, 

indirect-, and scaffold-free bioprinting. These approaches are usually more rapid and allow 

high levels of control while producing constructs with appropriate clinical and anatomical 

size. However, they often perform at lower resolutions, lack precision for cell patterning 

or organization, require viscous bioinks, which limit the use of hydrogel, and affect cell 

viability.57,58 Droplet-based approaches include piezoelectric, thermal, and valve-based 

inkjet bioprinters, which produce high-resolution patterns, are better equipped for thin 

layers or patterns, and are capable of utilizing multiple cell types. Drawbacks of droplet-

based approaches include extended printing times, necessity of low viscosity in 
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biomaterials, and poor mechanical properties.57,58 Lastly, laser-based bioprinting produces 

tissues with high resolution and has the capability of utilizing living cells with minimized 

cell damage, but often requires a complex process and produces small constructs that are 

not often usable in a clinical setting.57,58 

Investigators have had success in creating vascular structures through the use of 3D 

bioprinting. Utilizing a scaffold-based approach, Skardal and colleagues were able to 

bioprint a cell-free tubular vascular construct that underwent cell proliferation and matrix 

remodeling in vitro.60,61 Similarly, Bertassoni and colleagues were able to utilize cell-laden 

GelMA hydrogels to produce vascular constructs.60,62 Conversely, scaffold-free constructs 

have been produced through 3D bioprinting. Niklason and colleagues were able to 

construct a simple blood vessel, though burst pressures were well below physiological 

ranges.10,63,64 Furthermore, Tan and colleagues constructed a scaffold-free vessel using a 

concentric mold and spheroids of ECs and SMCs.60,65 

Though 3D bioprinting is on the forefront of tissue engineering efforts, the 

constructs must be optimized for clinical use. Areas of improvement include, but are not 

limited to, improved biological mechanical properties, scaffold stiffness when applicable, 

thickness, size configuration, cell source and bioink production, long-term survival of 

tissue, vascularization and innervation of constructs, potential for physiological 

integration, and production times.10,48,57-60,66 

3.2 Surface Modification of Scaffolds 

Polymer-based scaffolds can by modified with a myriad of biologically active 

molecules to minimize thrombogenicity, inhibit intimal hyperplasia, and ultimately 

improve patency.  
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Heparin is one of the most commonly used agents in the surface modification of 

vascular grafts. Heparin is a widely used anticoagulant, which acts to prevent thrombosis 

and thromboembolism in clinical settings.67,68 In the realm of vascular tissue engineering, 

heparin conjugation not only prevents thrombosis in graft implantation, but can also assist 

in the bioconjugation of other factors immobilized to the scaffold surface.10,69,70 

A study by Nieponice and colleagues evaluated the use of PEUU scaffolds modified 

by seeding muscle-derived stem cells in a pre-clinical trial.10,71 After the grafts were 

implanted as interposition grafts into rat abdominal aortas, cell-seeded grafts explanted at 

8 weeks demonstrated a 65% patency rate, while unseeded grafts had a patency rate of 

53%, and acellular constructs demonstrated a 10% patency rate.71 This study exemplified 

the beneficial effects of stem cells on patency of tissue-engineered vascular grafts in an in 

vivo setting. Wise and colleagues utilized a similar approach in producing hybrid 

elastin/PCL vascular grafts to promote patency in a small-scale rabbit carotid interposition 

model.72  In this experiment, platelet attachment was decreased in the tropoelastin-

containing scaffolds in comparison to control scaffolds, implicating beneficial potential in 

regards to patency rates.72  

A recent study by Gregory and colleagues examined the use of all-trans retinoic 

acid (atRA) conjugated to an expanded PTFE (ePTFE) grafts.73 While the conjugation of 

atRA and other factors to the ePTFE grafts had no effect on the physical characteristics of 

the scaffolds, the results showed a prevention of intimal formation.73 Studies of this nature 

demonstrate the potential to modify scaffolds in a way that prevents the occurrence of 

intimal hyperplasia in a bypass setting. Efforts toward TEVG fabrication utilizing surface 

modification are described in Table 2.  
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3.3. Cell Recruitment and Manipulation Efforts  

A critical element in the future success of tissue-engineered vascular grafts is the 

way in which cells are incorporated into the graft. The structure of a blood vessel includes 

a wall of connective tissue comprised of SMCs and their pericellular matrix, and a luminal 

surface consisting of a single cell layer of ECs.74 The growth or deposition of ECs onto the 

luminal surface of a prosthetic vessel, as well as adequate incorporation of functional 

SMCs into the vessel wall, may be critical for optimal physiological integration of a 

vascular scaffold to the host environment. The methods by which grafts are cellularized 

include cell seeding prior to implantation, as well as modifications of a scaffold to promote 

or attract cell recruitment or capture in situ.69 Most investigators view the ability of host 

cells to populate vascular grafts as integral to long-term favorable outcomes, particularly 

in small vessel reconstructions.   

3.3.1. Endothelial Cell Recruitment 

In vascular tissue engineering, the way in which the endothelial lining of the lumen 

is constructed is of great importance. Aforementioned research efforts utilized the strategy 

of seeding an existing scaffold with autologous ECs prior to implantation.10,51,53-55,75 

Alternative approaches examine the modification of the inner surface of a tubular scaffold 

to capture host cells and endothelialize in situ.76 Many approaches to promote in situ EC 

seeding take advantage of cell-specific markers and binding motifs. Efforts toward EC 

recruitment in TEVGs are summarized in Table 3.  

A popular approach to in situ endothelialzation of a construct is the conjugation of 

agents to the lumen of a scaffold that function to immobilize circulating EPCs or ECs.77 

This strategy has been explored with many agents that have an intrinsic ability to bind to 
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or attract circulating EPCs and ECs.77 Hoffman and colleagues were able to construct a 

PTFE graft conjugated with DNA aptamers specific to CD31, which successfully 

demonstrated the ability to capture circulating EPCs isolated from porcine blood in an in 

vitro model.77,78 Similarly, many groups have employed peptides as a means of modifying 

scaffolds to attract EPCs and ECs, and in some cases, these modifications lead to the 

reduction of neointimal hyperplasia.77,79-83 Many groups have also capitalized on the 

expression of selectins on the surface of EPCs and employed selectin-binding ligands to 

promote adhesion of EPCs and ECs on implanted constructs.77,84-86 Additionally, the use 

of magnetic labeling has proven successful for the marking and recapture of isolated 

EPCs.77,87-90 

A biologically active factor that has been explored in many regenerative medicine 

applications is vascular endothelial growth factor (VEGF), which promotes the growth and 

recruitment of ECs.91 Shen and colleagues investigated the conjugation of VEGF to 

collagen scaffolds in an in vitro model. The study showed successful EC capture on the 

scaffold modified with immobilized VEGF, as well as increased EC viability in comparison 

with solubilized VEGF.91 This communicates the possibility of employing VEGF, and 

perhaps other growth factors related to EC proliferation and function, in vascular tissue 

engineered grafts.  

One of the most popular methods of capturing ECs in circulation is the 

immobilization of antibodies against markers on EPCs and ECs. Cell-surface markers 

specific to EPCs include, but are not limited to, CD34, CD133, VEGFR2, and VE-

cadherin.77 Numerous studies have been performed to demonstrate the efficacy of 

conjugating antibodies to the surface of a scaffold to attract EPCs and ECs.  
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The first commercially available vascular scaffold that captured circulating EPCs, 

through anti-CD34 monoclonal antibody immobilization, was used in a series of studies to 

test the efficacy.77,92-95 Despite those studies having results that communicated the potential 

of this design, the conjugation of CD34 monoclonal antibodies to PTFE grafts resulted in 

poor findings related to neointimal hyperplasia.77,96 One of the reasons for this is that CD34 

is a marker for pluripotent stem cells, meaning that some cells attracted by this antibody 

may later differentiate into cells that contribute to neointimal hyperplasia.97 Many studies 

have been conducted to investigate additional scaffold engineering aimed to alleviate the 

negative effects of the possibility of CD34 antibodies attracting pro-inflammatory 

markers.77,97-99 However, the use of more specific antibodies could prevent these 

unfavorable outcomes.  

Antibodies with specificity for EPCs and antigenically similar cells have been 

investigated in many other studies. Markway and colleagues demonstrated the ability to 

use anti-VEGFR2 monoclonal antibodies to capture human umbilical vein endothelial cells 

(HUVECs) under conditions with low shear stress.77,100 Furthermore, the cells remained 

anchored to a solid surface by the antibody under physiological shear stress and flow 

conditions.77,100 Similarly, Plouffe and colleagues also employed anti-VEGFR2 

monoclonal antibodies to demonstrate the in vitro capture of isolated EPCs derived from 

ovine peripheral blood.36,77 This is a promising approach and future studies examining the 

in vivo capabilities of anti-VEGFR2 on whole blood will be vital to the evaluation of this 

method.  

An additional monoclonal antibody that has been successfully utilized to capture 

EPCs is anti-CD133 monoclonal antibody.77,101 Langer and colleagues constructed a 
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scaffold that utilized anti-CD133 to attach EPCs in an in vivo mouse study.77,101 While this 

expands the library of markers that may be used in this setting, it is important to note that 

CD133 is not specific to EPCs and is also expressed on hematopoietic cells.77 Furthermore, 

as EPCs mature, the expression of CD133 is often downregulated.77,102 Use of this antibody 

is an additional indication that EPC-specific antibodies with high fidelity are needed for 

the capture of circulating cells.  

Yet another antibody that shows potential for in situ endothelialization applications 

is anti-VE-cadherin.77,103,104 Lim and colleagues conjugated anti-VE-cadherin antibodies 

to stainless steel stents and observed less neointimal formation in the experimental stents 

compared to bare control stents.77,103 Additionally, Lee and colleagues compared stents 

coated with anti-VE-cadherin antibodies against stents coated with anti-CD34 antibodies 

to compare efficacy of EPC capture.77,104 The anti-VE-cadherin antibody conjugated stents 

performed better than the anti-CD34 antibody conjugated stents in regards to speed of 

endothelialization, as well as displaying less neointimal formation.77,104 These studies 

demonstrate not only the vast potential for the use of various antibodies, but also the need 

to examine and compare the performance of different methods of EPC and EC capture.  

Additional studies are needed to examine the role of EPCs and ECs in graft success. 

Notably, few studies have conclusively demonstrated that seeded ECs are the same cells 

present when grafts are explanted. While many advances have been made, there is a need 

for further investigation to the most effective and efficient way to endothelialize the lumen 

of tissue-engineered vascular grafts. 

3.3.2. Smooth Muscle Cell Recruitment 
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While the role of ECs in the lumen of blood vessels is vital to the overall function 

of the vascular system, particularly in reducing thrombosis, vascular smooth muscle cells 

(VSMCs) are also indispensable to the function of the vascular system. The tunica media 

comprises the bulk of most vessels and consists of layers of VSMCs and surrounding ECM, 

which contribute to constriction and flow modulation.105-107 The incorporation or 

infiltration of SMCs into tissue-engineered vascular grafts is an important factor in the 

success of the grafts. Many experimental studies have investigated the most efficient ways 

to incorporate VSMCs into vascular constructs. Approaches include seeding of VSMCs 

onto scaffolds with modified surfaces to support proliferation, as well as the use of stem 

cells induced to differentiate into SMCs.105,108,109 Various approaches to promote SMC 

growth in TEVGs are described in Table 4. 

A great deal of research has been conducted to investigate the ability to create 

surfaces that allow the adhesion of VSMCs.109 In a series of in vitro studies, Mann and 

colleagues examined the ability to utilize cell adhesion peptides grafted to hydrogels to 

encourage VSMC attachment and proliferation on vascular scaffolds.110,111 While results 

showed adhesion was achieved, the degrees of cell proliferation were less desirable when 

compared to control scaffolds that lacked adhesive peptides.110,111 Optimization of this 

method to achieve appropriate levels of adhesion, cell proliferation, and remodeling are 

parameters that may be the focus of future studies.110,111 Addressing these issues could 

make this approach more feasible and clinically applicable. In a comparable series of in 

vitro studies, Heath and colleagues developed a cell culture technique that promoted the 

growth and proliferation of functional VSMCs.107 These cells were seeded on tubular 

scaffolds with micropatterned surfaces that supported the contractile functionality of the 
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SMCs, which demonstrated physiologically applicable cellular growth, proliferation, and 

activity.107 Recently, Vatankhah and colleagues also modified a scaffold surface to promote 

VSMC growth and proliferation.112 Nanofibrous electrospun scaffolds were constructed 

from Tecophilic and gelatin, then modified with fibronectin biomolecules to promote 

proliferation of SMCs.112 The results showed that in comparison to scaffolds modified by 

gelatin adsorption, the scaffolds modified by fibronectin adsorption showed increased cell 

proliferation.112 The modification of scaffold surfaces to induce or promote VSMC growth 

is a plausible approach to addressing the need for smooth muscle (SM) cellularization. 

An alternative approach to populating a vascular graft with SMCs is the use of stem 

cells. Nieponice and colleagues seeded PEUU scaffolds with muscle-derived stem cells in 

an in vitro model.113 After 7 days in culture, the scaffolds were entirely populated with 

cells with adequate viability and rapid proliferation, with a population doubling time of 35 

hours.113 A similar approach was taken by Wang and colleagues, who utilized human 

induced pluripotent stem cells to derive SMCs on a vascular scaffold.114 The induced 

pluripotent stem cells were derived from aortic fibroblasts and induced to differentiate into 

SMCs with the ability to proliferate.114 The SMCs were seeded onto nanofibrous PLLA 

scaffolds and implanted subcutaneously into mice to investigate biocompatibility.114 The 

in vivo biocompatibility study demonstrated the ability of the scaffold to maintain SMCs, 

as well as the ability to induce collagenous deposition to remodel the vascular matrix.114 

Krawiec and colleagues investigated the use of stromal vascular fraction as a cell source.115 

Stromal vascular fraction was derived from digestion of human liposuction aspirates, and 

later evaluated for their ability to differentiate into SMCs and secrete factors to attract 

VSMCs.115 Results demonstrated cells derived from stromal vascular fraction were 
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functionally similar to SMCs derived from adipose-derived mesenchymal stem cells.115 

Notably, cells derived from adipose tissue are able to be utilized as a culture-free cell 

source, optimizing their use in tissue-engineered vascular grafts.115 

Another effective way to promote SMC proliferation on a TEVG is through the use 

of a biologically active factor conjugated to or released from a fabricated scaffold. 

Numerous agents have been studied for their promotion of SMC migration form the native 

tissue into the outer layer of the scaffold, including growth factors, cytokines, extracellular 

matrix (ECM) components, and other agents.116 Growth factors, such as fibroblast growth 

factor (FGF) and transforming growth factor β1 (TGFβ-1), are secreted by both SMCs and 

ECs and induce SMC proliferation.108  TGFβ-1 also functions to inhibit EC proliferation, 

migration, and adhesion. This could be useful in maintaining distinct layers in an 

engineered graft.108 Another factor used in SMC recruitment is platelet-derived growth 

factor with two beta subunits (PDGF-BB).108 PDGF-BB is secreted by SMCs and their 

mesenchymal progenitors, and has demonstrated potential as a chemotactic agent that 

induces SMC migration and proliferation at the sites of injury.108,117 Lee and colleagues 

demonstrated the efficacy PDGF-BB conjugation on PCL/gelatin scaffolds.118 The passive 

adsorption of PDGF-BB to the scaffolds demonstrated controlled release of the growth 

factor over 20 days, while also accelerating SMC infiltration into the scaffold compared 

with unconjugated controls.118 Another agent that induces SMC recruitment is stromal 

derived factor 1α (SDF-1α). SDF-1α has the ability to recruit both EPCs and SMCs, and 

has been useful in the modification of TEVG scaffolds.119-121 Yu and colleagues used SDF-

1α coated-scaffolds to attract EPCs, but also saw substantial recruitment of SMC 
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progenitor cells, which differentiated into SMCs in vitro and in vivo in a rat carotid 

anastomosis model.122 

These approaches demonstrate the ever-evolving ability to successfully incorporate 

VSMCs into tissue-engineered vascular grafts. 

3.3.3. Prevention of Inflammatory Cell Infiltration 

 In addition to the recruitment of cells for physiological function and graft 

sustainability, the design of TEVGs also needs to account for the deposition and infiltration 

of unwanted cell types. Implantation of vascular grafts creates vascular injury, which often 

triggers propagation of an inflammatory response leading to IH.123-125  

 Vascular injury induces the chemotaxis of monocytes, which differentiate into 

macrophages.126-133 These inflammatory cells signal for the recruitment of more 

inflammatory cells, and can also differentiate into myofibroblastic phenotypes which 

secrete extracellular proteins.126-133  The combined action of these cell types leads to the 

hypertrophic response in the intimal vessel layer, compromising vessel and graft patency 

(Fig. 9).126-133 

 One way to prevent the infiltration and proliferation of inflammatory cell types in 

TEVGs is the use of antiproliferative drugs. This approach is utilized in clinical settings 

with drug eluting stents (DES), which consist of a metallic stent coated with a polymer and 

conjugated with an anti-inflammatory pharmaceutical agent.134-136 These stents have been 

shown to decrease the rates of IH in clinical settings in comparison to unmodified bare 

metal stents.134-136 

 Commonly used antiproliferative agents include dexamethasone, everolimus, 

paclitaxel, and sirolimus. These anti-inflammatory drugs function in multifaceted ways to 
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hinder the chemotaxis, proliferation, and propagation signaling of macrophages and 

inflammatory cells.135-140 

 The incorporation of these agents into the design of TEVGs may present a solution 

to the occurrence of IH in vascular grafting procedures. 

3.4. Combined Efforts in Scaffold Fabrication, Surface Modification, and Cell 

Recruitment 

In addition to cellularization attempts targeted specifically to ECs or vascular 

SMCs, many efforts have been undertaken to optimize the recruitment of both cell types to 

populate a graft simultaneously. Efforts toward these combined approaches are outlined in 

Table 5. 

Ahn and colleagues combined an electrospun PCL/collagen tubular scaffold and a 

pre-fabricated cell-sheet of SMCs derived from sheep.125 The in vitro testing of the 

constructs in a bioreactor showed strong mechanical properties. Based on the influence of 

SMCs on mechanical stability, this implies the possibility of improved long-term patency 

in vivo.125,141,142  This study exemplifies that the utilization of more than one approach in a 

single construct is viable, and encouraging for future research. 

Structurally, the process of electrospinning fibers in a tubular conformation has 

proven to be effective in the objective of promoting cellular infiltration of a graft. There 

has been success in in vitro, pre-clinical, and clinical trials with electrospun polymer 

grafts.10,69,143 Merkle and colleagues demonstrated this approach with nanofibers 

electrospun from a polyvinyl alcohol (PVA) and gelatin solution.144 In an in vitro study 

utilizing HUVECs and rat SMCs, the PVA/gelatin scaffolds showed an increased level of 

EC migration and a comparable level of SMCs migration to the flat surfaces of the control 
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scaffold constructed from polystyrene and gelatin film.144  As previously stated, 

modification of scaffolds is a common approach to cell recruitment. Li and colleagues 

constructed film platforms from dopamine and polyethyleneimine copolymers, then 

conjugated DNA aptamers specific for HUVECs and SMCs.145  The results showed the 

aptamer-modified scaffolds successfully captured ECs without promoting hyperplasia of 

SMCs.145 

Recent enhancements to electrospun scaffolds involve the fabrication of scaffolds 

with multiple layers that function to promote the growth of differing cell types. Wu and 

colleagues developed a bilayered nanofibrous scaffold constructed from poly(L-lactide-co-

caprolactone) and collagen.146 The inner layer was conjugated with anti-CD133 antibodies 

to capture circulating EPCs and the outer layer was fabricated to be porous enough for 

SMC migration through the scaffold.146 These modifications allowed for EPC capture and 

SMC proliferation on the construct in an in vitro model.146  Wu and colleagues 

demonstrated that a tri-layer tissue-engineered vascular graft was biocompatible. The inner 

layer and outer layer were constructed via electrospinning poly(L-lactide-co-caprolactone) 

and collagen, with the inner layer consisting of aligned fibers and the outer layer consisting 

of random fibers.147 The middle layer was constructed from poly-lactide-co-glycolide) and 

silk fibroin yarns, fabricated through a three-step electrospinning process.147 The inner 

layer functioned to support the growth of HUVECs, while the middle layer promoted SMC 

growth.147 The outer layer functioned to provide structural integrity to the vascular 

construct.147 An in vivo subcutaneous compatibility study demonstrated that the constructs 

supported cell infiltration and proliferation, as well as maintained biocompatibility with 

the mice in which they were implanted for 10 weeks.147  In another study demonstrating 
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the feasibility of a multilayered scaffold, Ju and colleagues reported success of a bilayer 

electrospun scaffold in a pre-clinical large animal study.148 The bilayered scaffolds were 

seeded with autologous sheep ECs and SMCs and preconditioned in a pulsatile 

bioreactor.148 The scaffolds were transplanted into sheep as a carotid artery interposition 

graft and were monitored over 6 months.148 Explantation showed mature EC coverage in 

the lumen of the graft, as well as SMC layers in the wall of the graft.148 Notably, 

experimental grafts remained patent, with experimental graft lumen diameter remaining 

similar to the native carotid arteries over the 6 month study.148  The use of multiple layers 

with varying objectives further expands the possibilities and promise of tissue-engineered 

vascular grafts. 

Looking to the future of vascular tissue engineering, combining many of the 

aforementioned methods could allow for specificity and success not yet seen in small-

diameter grafts. 

3.5. In Situ Vascular Tissue Engineering 

As previously mentioned, vascular tissue engineering is on the cusp of innovation 

in ways to treat vascular diseases requiring surgical intervention, but there are still many 

limitations to this approach. While TEVGs seeded with autologous or allogeneic cells may 

require long fabrication times prior to use, a graft capable of recruiting cells in situ could 

offer opportunities to populate scaffolds with autologous cells in less time. This would be 

especially useful in the settings of advanced vascular disease with ischemic outcomes and 

vascular trauma requiring immediate intervention.  

The use of acellular grafts for in situ tissue engineering is sensible in that it allows 

for mass production of scaffolds with conserved morphology, that can be packaged and 
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stored prior to clinical use.10,52,69,149 However, acellular scaffolds would likely be 

susceptible to thrombosis, and would require rapid endothelialization to maintain patency 

post-implantation.150 Therefore, the ability to target EPC and EC homing of circulating 

cells and migration of native cell populations onto the graft is an essential step in this 

approach.69,151,152 

Surface modification of scaffolds is especially useful for in situ tissue engineering, 

in that there are many factors and methods for promoting EPC and EC growth onto the 

luminal surface.69,151 Various strategies have been used to recruit EPCs and ECs to grafts, 

including biomolecules like growth factors, antibodies, peptides, oligonucleotides, 

aptamers, oligosaccharides, and phospholipids.151 In another approach, several groups have 

engineered magnetic nanoparticle systems to direct EPC and EC migration to specific 

locations in vitro and in vivo.151,153-156 Mechanical and physical properties of the scaffold 

can also be manipulated to optimize EPC and EC migration from native tissue. Controlling 

the topography of the scaffold surface, the alignment of fibers in a polymeric scaffold, the 

porosity of the scaffolding material, and the use of micropatterning have all demonstrated 

a heightened ability to attract and promote differentiation of EPCs and ECs.151 

An especially effective approach for in situ engineering, as previously mentioned 

with all methods of TEVG fabrication, is the combination of multiple factors to address 

multiple concerns or limitations at once. Henry and colleagues designed a PCL/PLLA 

electrospun scaffold that was surface modified with multiple factors.152 Through the 

covalent immobilization of heparin, followed by conjugation of VEGF, the electrospun 

grafts demonstrated significantly improved EC recruitment and formation, as well as 

improved patency.152 The ability of heparin to improve cell migration into the graft also 
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increased collagen and elastin formation over time.152 The combination of factors shows 

the possibly synergistic potential of using multiple approaches in surface modification to 

optimize performance of an acellular scaffold. 

4. Translation of Tissue-Engineered Vascular Scaffolds to Clinical Use 

While technological advances and revolutionary engineering approaches have 

expedited the process of translational medicine, there is still work to be done in optimizing 

in vitro and pre-clinical experimentation. The ability to mimic physiological conditions in 

a laboratory setting allows the ability to envision the behavior of tissue-engineered 

constructs in a patient population and predict possible challenges in translation to human 

models.150 Various options are available, and the recent innovations in mathematical 

modeling, microfluidic devices, bioreactors, and animal studies have proven to be 

promising options. 

4.1. Modeling Physiological Environments in Vitro 

Mathematical modeling incorporates information about the typical physiological 

conditions and mechanical stress that a tissue-engineered construct will be exposed to, 

along with the various mechanical properties inherent to the biomaterials being utilized in 

the design.157 This information can be used in preliminary designs of a biomaterial to assist 

in engineering, as well as in predicting outcomes to maximize experimental efficiency and 

minimize time, expenditures, and use of materials.157 

Additional approaches to the replication of physiological environments in and rapid 

and efficient way can be achieved through the use of microfluidic devices or bioreactor 

systems. Microfluidic devices allow the control and manipulation of fluid mechanics in a 

tubular network to mimic conditions similar to small diameter blood vessels.48,158 The small 
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size of microfluidic devices allows a relatively low cost way to produce a high volume of 

experimental data for a flow-based design, which is incredibly useful in the development 

of small-diameter tissue-engineered vascular grafts.36,48  Similarly, bioreactors provide a 

method for imitating physiological conditions. This technological approach allows for 

perfusion of a vascular construct for experimental observation, as well as prior to 

implantation, replete with the ability to provide nutrients and conditions for the growth, 

proliferation, and maturation of engineered tissues.48,159 Bioreactors are effective when 

they mirror physiological environments, allow manipulation of conditions to mimic in vivo 

conditions and prevent damage of constructs, and give an accurate representation of the 

translatability of the construct to human models.48,160,161  

The wide use of these platforms has generated optimization efforts, which will 

undoubtedly influence the future of in vitro experimental advances in tissue engineering. 

4.2. Preclinical Animal Models 

One of the widely accepted hallmarks of translatability of medical research is 

success of an experimental approach or device in pre-clinical animal studies. The use of 

animals as in vivo models to examine tissue-engineered constructs is vital to the feasibility 

of the construct, although different animal models have weaknesses in regards to size or 

anatomical differences with human patients.162 The selection of physiologically 

appropriate animal models for experimental examination of tissue-engineered constructs is 

integral to the success of the field in human models.162 

In the development of TEVGs, small animals such as mice and rats are widely used 

in the preliminary stages of translational trials. However, interspecies differences between 

physiology, immune response, and flow dynamics in vascular constructs contribute to 
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major variations between certain animals and the final target of human translation.150 Many 

aspects of healing graft implants in mice and rats differ from the human healing process, 

including occurrences such as transanastomic overgrowth, which is not observed in 

humans.150 Therefore the progression of studies to animals that more closely resemble 

human size, physiology, and immune response are necessary considerations when using 

preclinical animal models.  

The use of technology, engineering, and veterinary medicine in the experimental 

design of tissue-engineered vascular grafts is a vital element in the process of optimizing 

small-diameter constructs toward human use. Success at these levels will be instrumental 

in feasible, successful, and beneficial medical advancements in this field of study. 

4.3. Manufacturing Time and Cost 

The time and cost of manufacturing is a commonly mentioned limitation to the 

clinical translation of multiple tissue-engineered constructs; however, it is rarely 

investigated and discussed in depth.  

The need to produce a readily available vascular graft has been addressed by many 

tissue-engineering approaches. The interest in developing an “off-the-shelf” vascular graft 

would revolutionize the ability to rapidly and efficiently treat a population of patients that 

often require immediate medical intervention.10,52,69,149 Despite the success of approaches 

that involve seeding grafts with autologous cells, the time required to prepare a construct 

of this nature is extensive, which makes the approach incompatible with patients 

experiencing trauma or requiring urgent surgical interventions.10,52,69 Furthermore, the time 

associated with this approach allows for the possibility of failure via infection, issues with 

cell viability or culture conditions, or other various factors.10,52,69 A host-compatible and 
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promptly available graft, comparable to medium and large diameter grafts, is needed to 

effectively treat this population of patients.  

In addition to the consideration of production rate in manufacturing vascular tissue-

engineered grafts, the cost to produce constructs and consumer cost must also be examined. 

While considering the overwhelming amount of people affected by cardiovascular disease, 

it is necessary to take into account that low socioeconomic status is associated with an 

increased risk of cardiovascular disease.163,164 The inverse relationship between income 

and risk for cardiovascular disease is accompanied by the disproportionate risk of 

cardiovascular disease in medically underserved and marginalized populations.163,164 This 

information is vital in understanding the cost of tissue-engineered vascular grafts to the 

intended consumers. In the ever-changing landscape of healthcare costs and coverage, the 

scientific possibilities should not preclude the economic realities.149,165 High production 

costs could pose challenges for the commercialization of vascular constructs, in turn 

leading to failures in the medical marketing industry.  

In order to make tissue-engineered vascular grafts optimally beneficial to patients, 

the alacrity in production of readily implantable, mass-produced, easily stored, cost-

efficient constructs is necessary. 

5. Project Objectives 

The advances of tissue-engineered vascular grafts over the past few decades have 

been astounding, and the field continues to be on the vanguard of regenerative medicine 

and tissue engineering. The vast approaches to address the issue of long-term patency in 

prosthetic vascular grafts exemplify that solving the clinical issue of graft stenosis is within 

our collective ability. Additionally, the various methods to populating vascular grafts with 
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ECs and SMCs inside of the graft recipient demonstrate the advances in efficiency and 

rapidity of host incorporation of implanted tissue-engineered constructs. The prospective 

evolution of the field of tissue-engineered vascular grafts toward in situ cellularization and 

acellular “off-the-shelf” products is an enthralling indication of contemporary scientific 

innovation. 

To fully address the aforementioned clinical limitations, it is evidently necessary 

that combinations of previously successful approaches provide the most auspicious 

potential. An effective tissue-engineered vascular graft must be constructed in a way that 

promotes long-term luminal patency, as well as supports EC and SMC adhesion and 

proliferation. Furthermore, a successful experimental design must take into account the 

translatability of the graft for human use through in vitro and pre-clinical models. Finally, 

at all stages of development, the manufacturing time, commercialization, storage, and cost 

of the prospective graft must be feasible. A prosthetic vascular graft that addresses all of 

the aforementioned criteria would be challenging to produce, but revolutionary in its 

impact. 

5.1. Specific Aims and Hypotheses 

Currently, vascular tissue engineering offers an attractive option, particularly for 

creating small diameter vessels by combining autologous vascular cells, mostly a patient’s 

own ECs and SMCs, with a natural and/or synthetic scaffolding system, yielding a 

transplantable vascular substitute.   These cell-based approaches have been limited, 

however, by donor tissue availability and extensive processing from in vitro cell 

manipulation. Therefore, this study aims to develop a multi-functionalized vascular 

scaffolding system that utilizes the host microenvironment to induce in situ 
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endothelialization and SMC migration. Unlike conventional tissue engineering, we 

hypothesize this multi-functionalized vascular scaffolding system without an in vitro cell 

seeding process will provide a neo-vessel that displays prolonged stability when exposed 

to vascular conditions in vivo.   

The Lee lab has previously reported the development of vascular scaffolds 

fabricated by electrospinning of PCL combined with type I collagen, which could maintain 

standards of function for vascular substitutes, including biological properties and 

biomechanical properties, such as burst pressure strength, resistance to material fatigue, 

suture retention, and compliance.124 This vascular scaffold could be produced in a variety 

of dimensions with exceptional consistency in composition and physical properties. In this 

series of studies, we hypothesize that the use of bioconjugation of anti-thrombogenic 

agents, EC-related antibodies, and SMC-recruiting factors onto this vascular scaffold will 

induce in situ endothelialization and SMC migration, while also preventing blood clotting 

(Fig. 10).    

For this research, we sought to optimize bioconjugation parameters on the vascular 

scaffold to provide physiologically comparable biological and structural properties that 

enhanced cellular interactions of ECs on the luminal surface and facilitate mobilization of 

SMCs into the outer layer.   Furthermore, scaffold modification sought to prevent 

thrombosis and inappropriate inflammatory cell deposition, which could compromise the 

graft patency. The bioconjugated vascular scaffolds were assessed for function after 

implantation in a preliminary rat carotid artery interposition model to investigate the 

ultimate feasibility of using this system for clinical applications.   Our overall goal was to 
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engineer multifunctionalized small diameter blood vessels that can be manufactured in a 

consistent manner for use in cardiovascular applications.    

In Chapter 2, we describe studies to functionalize the luminal surface of the scaffold 

through the bioconjugation of antibodies to capture circulating EPCs or ECs. The 

hypotheses were that certain antibodies against EPC and EC surface markers would be 

more effective in homing circulating cells, and that the combination of more than one 

antibody would result in synergistic EPC and EC capture rates. In Chapter 3, a study to 

functionalize the outer surface of the scaffold to induce SMC migration from native tissues 

is described. The hypotheses were that specific concentrations of the tested factors would 

be optimal for SMC migration, and that combination of those factors would produce 

increased SMC migration into the scaffold. In Chapter 4, a series of studies examines the 

use of antiproliferative agents to prevent inflammatory cell infiltration. The study sought 

to examine the effects of loading electrospun fibers with drugs on the fiber morphology, 

and the effect of antiproliferative agents on vascular cell types. Chapter 5 describes the rat 

carotid arterial interposition model to evaluate the scaffolds in vivo. The hypothesis was 

that the engineered vascular scaffold conjugated with anti-thrombotic agents (described in 

the Appendix) would prevent early graft stenosis, and that a preclinical model is 

fundamental in assessing the combination of all aforementioned surface modifications, 

along with the release of antiproliferative agents to improve graft patency over time.  

5.2. Innovation 

A paradigm change in vascular tissue engineering includes the in situ 

endothelialization of vascular scaffolds by capturing circulating EPCs or ECs directly from 

the blood stream through biofunctionalized vascular grafts.77,151 Our laboratory has 
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previously found that the selection of circulating cells, which express specific surface 

antigens, include progenitors that can give rise to ECs capable of contributing to 

bioengineered vessels.51,166,167 In addition, during vascular development, SM growth 

factors stimulate migration of pericytes or other SM precursors, which are necessary for 

correct vessel wall formation.116,168 

Numerous approaches have been attempted with the goal of producing an ideal 

vascular scaffold.169-171 Among these, electrospinning technology appears particularly 

attractive as it provides a biomimetic environment designed to resemble the ECM of native 

vasculature.172 Electrospinning permits fabrication of fibrous matrices of nano- to micro-

scale. Moreover, it is possible to control the composition, structure, dimension, and 

biomechanical properties of fabricated scaffolds.173 Numerous reports have documented 

that synthetic polymer-based materials can be electrospun to generate vascular scaffolds 

with in vitro characteristics of strength and biocompatibility that may be instrumental in 

clinical translation.174-179 With these considerations in mind, the Lee lab has developed a 

scaffold that is a composite of PCL and collagen.124,180 Previous research demonstrates that 

this scaffold can withstand physiologically relevant vascular conditions over a period of 

one month in vitro, and, further, after implantation in vivo in a rabbit aortoiliac bypass 

model.166,180 Additionally, the lab has further developed a bilayered scaffold that allows for 

EC adhesion onto the luminal surface and infiltration of SMCs into the outer layer.124 In 

addition, the Lee lab has demonstrated that the sustained release of an SMC-recruiting 

factor from an electrospun scaffold can be controlled by conjugating heparin molecules.118 

Unpublished research also shows the ability to load electrospun fibers with antiproliferative 

drugs that prevent inflammatory cell proliferation, and are released from the scaffolds in a 
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controlled fashion. We expect that multi-functionalized bilayered vascular scaffolds may 

facilitate in situ endothelialization and SM maturation for improved vessel tissue function, 

and additionally prevent the infiltration of inflammatory cell types. 

The described research sought evaluate the utility of in situ vascular tissue 

engineering to provide platform technologies for rehabilitation of patients recovering from 

severe and devastating cardiovascular diseases. Based on literature and previous studies, 

the evidence suggests that the generation of an improved “off-the-shelf” electrospun 

vascular scaffolding system, along with existing tools for selection and directed 

immobilization of EPC/EC-specific antibodies (CD31, VE-Cadherin, VEGFR-2, or vWF), 

anti-thrombogenic properties (heparin), an SMC-recruiting factor (PDGF-BB or SDF-1α), 

and antiproliferative drugs (dexamethasone, paclitaxel, or sirolimus) can provide the 

necessary components for successful tissue engineering of small diameter blood vessels.  

To account for complexities of the in vivo environment, including coagulant 

cascades, inflammatory cells, host cell migration and host enzymatic processes, we 

attempted to test the electrospun scaffolds with an in vivo model. We sought to assess graft 

durability and functionality when exposed to the rat system circulation. It was expected 

that the presence of anti-thrombogenic agent in the scaffold lumen would result in 

improved patency compared to unmodified scaffolds.  

We believe that the described research has the potential to lead directly to clinical 

translation and address an important unmet medical need. 
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Table 1. Summary of approaches in scaffold fabrication for TEVGs. 

 

Approach Fabrication Method & 

Materials 

Model Outcomes References 

Polymer-based  PLA or PCL and PGA or 

PLLA 

 Scaffold formed with mold 

 Seeded with autologous BM-

MNCs 

Human – 

venous 

 

 Patency for up to 7 years 

 Complete degradation of scaffold at 7 

years 

 No aneurysm, graft rupture, graft 

infection, or calcification at 9 years 

46 

Sheet-based  Autologous fibroblasts  

 Formed with tubular mandrel 

Human –  

AV fistula 
 40% of grafts patent for up to 20 

months  

 Mechanical properties similar to 

native vessels 

29,49,50 

 Human amniotic membrane 

cells isolated from placenta 

 Formed with tubular mandrel 

Ovine – 

external 

jugular vein 

 100% patency at 48 weeks 

 No intimal thickening, stenosis, or 

dilation 

 

30 

Decellularizatio

n- based 
 Decellularized porcine arteries 

seeded with EPCs 

 

Ovine – 

carotid 

interposition 

 Seeded grafts patent for 130 days, 

non-seeded patent for 15 days 

51 

 PGA scaffolds seeded with 

human SMCs for use in 

baboons, or canine SMCs for 

autologous use 

 Scaffolds then decellularized, 

reseeded with autologous ECs 

Baboon –  

AV fistula 

 

Canine – 

peripheral 

bypass and 

CABG 

 Mechanical properties comparable to 

native vessels 

 Vessels could be stored at 4°C prior to 

use 

 7 of 8 baboon models patent at 6 

months 

 7 of 8 canine models patent at 1 

month 

52 

 PGA mesh scaffolds seeded 

with porcine aortic SMCs 

Porcine – 

carotid 

artery 

 Patent for 30 days in all subjects, 

compared to control grafts which 

were patent in 37.5% of subjects at 30 

days 

53 
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 Scaffolds then decellularized, 

reseeded with autologous 

EPCs or ECs 

 Decellularized autologous 

iliac vein 

 Recellularized with ECs and 

SMCs differentiated from 

autologous BM  

Human – 

superior 

mesenteric 

vein and left 

portal vein 

bypass 

 Performed in 1 patient 

 Complete patency with no 

immunosuppressive therapy or anti-

EC antibodies 

54 

 Decellularized porcine aortic 

sheets   

 Formed into tubes and bonded 

with fibrin glue 

Rat –  

carotid 

artery 

 Patent for 3 weeks 55 

 Decellularized porcine 

common carotid arteries  

 Scaffold heparinized  

Canine – 

carotid 

bypass 

 SMC migration into graft wall and 

ECs lining lumen at 2 months 

11 

 Decellularized canine carotid 

arteries 

 Reseeded with autologous BM 

cells 

Canine – 

carotid 

interposition 

 Patent for up to 8 weeks 

 Physiological morphology 

comparable to native vessel at 

explantation 

56 

Bioprinting-

based 

 

 Bioprinted tubular construct 

made from hyaluronan 

hydrogels crosslinked with 

gold nanoparticles 

 Printed with mouse fibroblasts 

layers and cell-free layers 

In vitro  Construct underwent cell proliferation 

and matrix remodeling throughout all 

layers 

61 

 Cell-laden GelMA hydrogels In vitro  Capable of producing vascular 

constructs 

62 

 Bioprinted simple vessel In vitro  Burst pressures below physiological 

ranges 

63,64 

 Concentric molds with EC and 

SMC spheroids 

In vitro   fabrication of a scaffold-free model 65 



50 
 

Table 2. Approaches in surface modification of scaffolds for TEVGs. 
 

Fabrication Method & Materials Model Outcomes References 

 PEUU scaffolds modified through 

thermally induced phase separation 

 Seeded with rat muscle-derived stem 

cells seeding 

Rat – abdominal 

aorta interposition 
 65% patency rate at 8 weeks, 

compared to 53% in unseeded 

scaffolds, and 10% in acellular 

controls 

 

71 

 PCL/elastin scaffolds modified with 

human tropoelastin 

Rabbit – carotid 

interposition 
 Decreased platelet attachment 

compared to control scaffolds 

 

72 

 PTFE scaffolds modified with atRA 

 

Rat – abdominal 

aorta interposition 
 No effect on scaffold morphology 

 Prevention of intimal formation 

73 
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Table 3. Approaches to EC capture and recruitment. 

 

Fabrication Method and Materials Outcomes References 

 PTFE scaffold 

 Modified with DNA aptamers against CD31 

EPC capture in an in vitro model utilizing 

circulating porcine blood 

78 

 Collagen scaffold 

 Modified through VEGF conjugation 

EC capture in an in vitro model, and improved 

capture compared to solubilized VEGF 

91 

 Glass coverslips coated with anti-VEGFR2 

monoclonal antibodies 

HUVEC capture in an in vitro low shear-stress 

model  

100 

 Variable-shear-stress microfluidic device 

 Modified via conjugation with anti-CD34, -CD31, -

VEGFR-2, -CD146, -CD45, and -vWF antibodies  

EPC capture in an in vitro model utilizing 

circulating ovine peripheral blood  

36 

 Glass coverslips conjugated with collagen 

 Further modified conjugation with protein 

consisting of glycoprotein IV and anti-CD133 

antibody 

EPC capture in vitro and in vivo model using 

mouse intravital fluorescence microscopy in the 

common carotid 

101 

 Bare metal stent made of stainless steel  

 Modified through anti-VE-cadherin antibody 

conjugation 

 Monoclonal antibodies derived from rabbits 

EPC capture in an in vitro model with less 

neointimal formation compared to bare stents 

103 

 Bare metal stent made of stainless steel 

 Modified through anti-VE-cadherin and anti-CD34 

antibodies 

EPC capture in an in vitro model, in which anti-

VE-cadherin conjugated stents performed better 

than anti-CD34 conjugated stents in speed of 

endothelialization and less neointimal formation 

104 
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Table 4. Approaches to SMC recruitment. 

 

Fabrication Method and Materials Outcomes References 

 PEG hydrogels and glass slides 

 Modified with adhesive proteins 

VSMC adhesion and proliferation in an in vitro 

model 

110, 111 

 PCLLGA micropatterned tubular scaffold seeded 

with human aortic SMCs 

 Modified to support contractile function of VSMCs 

VSMC growth, proliferation, and physiological 

activity in an in vitro model  

107 

 Nanofibrous electrospun scaffolds comprised of 

Tecophilic and gelatin 

 Modified with fibronectin 

Increased proliferation of VSMCs in scaffolds 

modified with fibronectin.  

112 

 PEUU scaffold seeded with muscle-derived stem 

cells  

Scaffolds populated entirely by cells at 7 days in an 

in vitro model. High viability and population 

doubling seen at 35 hours. 

113 

 Macropourous nanofiber PLLA scaffold seeded with 

human iPSC-derived SMCs  

Vascular tissue formation, collagen deposition, and 

maintenance of differentiated phenotype in a 

subcutaneous in vivo mouse model 

114 

 PEUU scaffolds modified through thermally 

induced phase separation with molds with PTFE 

tubing 

 Seeded with human stromal vascular faction cells 

and AD-MSCs 

SVF cells differentiated into SMCs in an in vivo 

mouse aortic graft model 

115 

 Electrospun PCL/gelatin scaffolds modified with 

covalently bound PDGF-BB 

Controlled release of PDGF-BB over 20 days and 

increased SMC infiltration into scaffold compared 

to controls in an in vitro model 

118 

 Electrospun PLLA/PCL scaffolds modified with 

SDF-1α 

Recruitment of SMC progenitor cells which 

differentiated into SMCs in both an in vitro model 

and an in vivo  rat carotid anastomosis model 

122 

 

  



53 
 

Table 6. Combined efforts toward TEVG fabrication. 

 

Fabrication Method and Materials Outcomes References 

 Electrospun PCL/collagen scaffold 

 Cell sheet comprised of sheep SMCs 

Strong mechanical properties of construct in an in 

vitro model 

125 

 Electrospun nanofibrous PVA/gelatin scaffold 

 Seeded with HUVECs and rat SMCs 

Increased EC and SMC migration compared to 

control setting in an in vitro model  

144 

 PCL/collagen bilayered nanofibrous scaffold  

 Inner layer modified with anti-CD133 antibodies 

 Outer layer porous enough for SMC migration 

EPC capture and SMC migration in an in vitro 

model  

146 

 PCL/collagen and PLGA/silk fibroin trilayered 

scaffold 

 Inner layer designed to support HUVEC growth 

 Middle layered designed for SMC growth 

 Outer layer designed for structural support 

Cell infiltration and proliferation, as well as 

biocompatibility for 10 weeks in an in vivo 

subcutaneous mouse model 

147 

 PCL/collagen bilayered scaffolds 

 Seeded with autologous ECs and SMCs and 

preconditioned in bioreactor 

EC coverage in lumen and SMC migration in outer 

layer, as well as patency comparable to native 

vessels at 6 months in an in vivo sheep carotid 

artery interposition model 

148 
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Figure 1. Impacts of cardiovascular disease, associated conditions, and focus on vascular 

disease.1-6  
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Figure 2. Treatment options for cardiovascular disease.7-12  
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Figure 3. Normal vessel compared to vessel with intimal hyperplasia.14 
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Figure 4. Fabrication approaches for tissue engineered vascular grafts.10,33-39 
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Figure 5. Polymer solution being extruded from a syringe and delivered to a collecting 

surface. Both the syringe needle tip and collecting surface are charged with high voltage, 

attracting the fibers.44,45 
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Figure 6. The process of fabricating a cell sheet, which is often detached from surfaces through temperature or reagent 

treatment.47,48 
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Figure 7. Decellularization process of organ tissue, involving the chemical or mechanical removal of cells from a matrix for use 

as a TEVG scaffold.10 
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Figure 8. Bioprinting methodologies utilized for TEVG bioprinting, including extrusion-based, droplet-based, and laser-

assisted approaches.57,58 
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Figure 9. The process of atherosclerotic plaque formation, in which monocytes are recruited to the site of a vascular injury and 

differentiate into macrophages. These macrophages form foam cells, which release cholesterol in the intimal layer, forming a 

plaque that compromises vessel patency.126-133 
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Figure 10. Diagram of multifunctionalized tissue-engineered vascular graft. 
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Abstract 

Tissue-engineered vascular grafts (TEVGs) are promising alternatives to small-diameter 

prosthetic grafts. Previous methods of seeding tubular scaffolds with autologous vascular 

cells have been successful; however, these methods require significant preparation time. 

Endothelial cell (EC) growth onto the luminal surface of vascular scaffolds may be critical 

for the integration of a TEVG to the host environment. An alternative approach for TEVGs 

includes the in situ endothelialization of acellular scaffolds by capturing circulating 

endothelial progenitor cells (EPCs) and ECs from the bloodstream through the 

biofunctionalization of the vascular scaffolds. In this study, fibrous scaffolds were 

electrospun with a 1:1 poly(-caprolactone) (PCL)/collagen blend solution. The 

electrospun fibrous scaffolds were surface-modified by immobilizing EC-specific 

antibodies; CD31, vascular endothelial cadherin (VE-Cadherin), vascular endothelial 

growth factor receptor 2 (VEGFR2), and Von Willebrand factor (vWF). Antibodies most 

efficacious at capturing ECs were then paired to examine potential synergistic cell 

capturing capabilities. The study demonstrated that the vascular scaffolds bioconjugated 

with dual antibodies demonstrated synergistic capture efficacy compared to bioconjugation 

with a single antibody. The capture of circulating EPCs and ECs can be optimized with 

bioconjugation of one or more antibodies on the luminal surface of TEVGs. 

 

Keywords: Vascular graft, surface modification, endothelial cells, endothelial progenitor 

cells, cell capture, antibody immobilization, tissue engineering 
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Clinical Relevance: This project has the potential to vastly improve upon existing TEVG 

approaches. While the use of immobilized antibodies has previously been proven to be 

advantageous in capturing ECs, comparisons between the efficacies of distinct antibodies 

have yet to be. Furthermore, the use of multiple antibodies for a synergistic effect in honing 

EC attachment to the lumen of engineered vessels is a novel approach in the application of 

TEVGs. This project contributes necessary knowledge to the field of tissue engineering 

regarding the comparison of existing modalities.  
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Introduction 

The optimization of protocols prior to experimental studies is integral to accurate 

analysis of the results. Both protocols involving repeated counts of large numbers of cells, 

as well as conditions of microfluidic chambers, are approaches that need to be tailored to 

the experimental conditions and desired outcomes. 

In regards to cell counting, while it is a routine and generally unremarkable 

procedure, it is a process that determines a great deal of experimental design and can 

influence the analysis of results.1,2 While averaging repeated manual cell counts can confer 

accuracy, it may be biased by the inclusion criteria of the counter in regards to what is 

deemed a cell and what is not.2 Furthermore, manual counts could allow for variation 

between experimental conditions, image quality, or counting trials. Numerous types of cell 

counting equipment, systems, and software are available for purchase, but are often very 

expensive.1,3 ImageJ, which is a free program created by the National Institutes of Health 

(NIH), is available to be downloaded to any supporting computer system.3 The system is 

free, and tutorials and manuals are readily available on the NIH website, as well as on 

social media platforms such as YouTube. A cell counting software such as ImageJ that is 

accessible, user-friend, and reliable is ideal for conducting multiple counts of large 

numbers of cells, as well as other image measurements.  

 The use of microfluidic devices in order to control fluid mechanics and flow rates 

is highly useful in proof-of-concept studies requiring dynamic conditions. Their small size 

allows for feasible ways to create multiple trials producing large amounts of data.4 

Microfluidic devices have been especially useful in the assessment of mechanisms to 

capture circulating endothelial cells (ECs) for considering in vascular tissue engineering 
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approaches.5 The most important considerations when using microfluidic devices is what 

flow rate, velocity, or shear stress will be used based on the desired application.5-9 Ideally, 

the flow conditions selected for EC capture will allow for an experiment that communicates 

capture efficacy between comparative conditions. 

 Establishing reliable study protocols in both cell counting and microfluidic cell 

capture ensure that results can be trusted for proof-of-concept studies, so that the results 

may be applicable to other in vitro studies toward the goal of clinical translations.   

Cardiovascular disease is the leading cause of death in the United States, accounting 

for one in every three deaths and averaging one death every 40 seconds.10 The treatment of 

many advanced cardiovascular diseases involves surgeries to remove or bypass 

obstructions in vessels. For example, plaque causing vessel stenosis can be bypassed with 

a vein or prosthetic graft.11 Currently for patients requiring a bypass, the preferred vascular 

conduit an autologous vessel, such as the saphenous vein.11,12 However, when a suitable 

vein is not available, the alternative is synthetic vascular grafts, which are commercially 

available and are generally fabricated from polytetrafluoroethylene (PFTE) or woven 

Dacron.12 Prosthetic grafts have major limitations and are poorly suited for in the 

reconstruction of small blood vessels.12 Alternative approaches to creating vascular grafts 

are needed, and a recent advance is the optimization of tissue-engineered vascular grafts 

(TEVGs). While TEVGs are on the cusp of modern technology and medical innovation, 

there are still many limitations to their use in the clinical setting.  

Major challenges in existing TEVGs include maintaining structural integrity under 

arterial pressure, resisting thrombosis, promoting regrowth of cells, and remodeling over 

time. A major challenge in producing durable TEVGs is the optimization of integration 
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into the host environment. While many groups have demonstrated successful implantation 

of TEVGs and endothelialization of the lumen through migration of endothelial cells (ECs) 

from native tissue, several models have seen lengthy periods for cellular recruitment, 

infiltration, adhesion and remodeling and resorption of graft scaffolding materials.12-15 

A paradigm change in vascular tissue engineering includes the in situ 

endothelialization of vascular scaffolds by capturing circulating endothelial progenitor 

cells (EPCs) and ECs directly from the bloodstream through biofunctionalized vascular 

grafts.16,17 EPCs/ECs comprise a small population of circulating mononuclear cells that are 

mainly located in the bone marrow and circulate in low concentrations in the peripheral 

blood.18,19 Previous research has found that the selection of circulating cells, which express 

specific surface antigens, enrich for progenitors that can give rise to ECs capable of 

contributing to bioengineered vessels.19-21 Previous studies aimed at capturing EPCs/ECs 

and analogous ECs have utilized the approach of immobilizing EPC/EC-specific agents to 

the luminal surface of a graft.22-27 Antibodies have shown efficacy in homing a higher 

quantity of endothelial cells to scaffolds in comparison to bare constructs.22-24,26,28-30 EPCs, 

ECs, and immortalized cell lines are capable of expressing several surface markers such as 

CD31, vWF, vascular endothelial (VE)-Cadherin, and vascular endothelial growth factor 

receptor 2 (VEGFR-2).22-24,26-30 Additionally, previous research in colon cancer cell 

identification and microfluidic device development demonstrates synergistic cell binding 

in the utilization of pairing distinct antibodies specific to a cell expressing multiple surface 

markers.31,32  

In this study, the aforementioned antibodies were bioconjugated onto electrospun 

fibrous PCL/collagen scaffolds to compare the cell capture efficacy of each, as well as 
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evaluate the use of paired antibodies as a method of increasing cell capture capabilities on 

a TEVG lumen. This study sought to confirm the hypothesis that antibody-conjugated 

scaffolds were more efficacious in endothelial cell capture when compared to unmodified 

scaffolds. Furthermore, the study sought to confirm the hypothesis that scaffolds 

conjugated with two antibodies would capture more circulating cells than scaffolds 

conjugated with a single antibody.  
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Materials and Methods 

Cell Culture 

Immortalized endothelial cells derived from mouse pancreas and endothelium 

(MS1) (ATCC, Manassas, VT) were utilized. Cells were thawed at 37C for 1-2 min. Cells 

were then mixed with culture media comprised of 5 mL of Dulbecco’s Modified Eagle 

Medium (DMEM) (HyClone, Logan, UT) supplemented with 10% fetal bovine serum 

(FBS) (Sigma-Aldrich, St. Louis, MO) and 1% Antibiotic-Antimycotic (AA) (GE 

Healthcare Life Sciences Fisher Scientific, Waltham, MA), and centrifuged for 5 min at 

1500 rpm, then resuspended in 1 mL of culture media. Cells were plated on culture flasks 

at a density of 5000 cells/mL and supplemented with appropriate volumes of culture media 

and cultured at 37°C. Culture media was replaced every 2-3 days and cells were passaged 

at 60-70% confluence. 

 

Cell Suspension Preparation 

In preparation for microfluidic experiments, cell suspensions were prepared by 

removing adherent cells from flasks with 2-5 mL of 0.05% Trypsin 

ethylenediaminetetraacetic acid (HyClone) for 5 min in a 37C incubator. After observing 

detachment from the flask with a confocal microscope, Trypsin was neutralized with 5-7 

mL of culture media. The cells were then centrifuged for 5 min at 1500 rpm. Supernatant 

was discarded, and the cell pellet was resuspended in 1 mL of culture media, visualized 

with Trypan blue stain (Gibco Thermo Fisher Scientific), and counted with a 

hemocytometer using a Leica DM IL LED inverted microscope (Leica Microsystems). 
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Based on the number of cells in the stock suspension, six 10 mL suspensions of cells were 

prepared at the concentration of 1  105 cells/mL.  

 

Silicone Stage Fabrication 

 Silicone stages were fabricated to hold electrospun scaffolds for microfluidic flow 

experiments. The stages were designed to be compatible with silicone rubber gaskets with 

a flow width of 0.5 cm and a thickness of 0.010 in, which were provided as a component 

of the GlycoTech circular flow chamber kit (GlycoTech, Gaithersburg, MA). 

A 10:1 preparation of Sylgard 184 polydimethylsiloxane (PDMS) silicone and the 

accompanying crosslinker (Dow, Midland, MI) was prepared in a 50 mL conical tube. The 

solution was mixed with an IKA Werke Eurostar Power Control-Visc stirrer (Sigma-

Aldrich, St. Louis, MO) for 5 min, and then centrifuged at 2000 rpm for 15 min at room 

temperature to remove bubbles. 

The solution was transferred to a mold consisting of a 100 mm × 15 mm petri dish 

with a 1.9 cm × 0.5 cm piece of indium oxide coated polyethylene terephthalate film 

(Sigma-Aldrich) fixed to the center. The silicone solidified for 24 hours, and was then 

removed from the mold. This process was repeated until several silicone stages were 

fabricated. 

 

Scaffold Fabrication for Optimization Study 

The fibrous scaffolds were fabricated by a previously optimized electrospinning 

technique.33-37 A 5% weight 1:1 PCL/collagen solution was prepared by dissolving 0.25g 

PCL powder (DURECT Corporation, Birmingham, AL) and 0.25g collagen (Elastin 
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Products, Owensville, MO) in 10 mL of hexafluoro-2-propanol (HFIP) (Sigma-Aldrich, 

St. Louis, MO) and inverting for 24 h before electrospinning.  

Scaffolds were fabricated through the electrospinning of a 1:1 solution of 

PCL/collagen solution on to a 2.5 cm by 2.5 cm square of indium oxide coated polyethylene 

terephthalate film (Sigma-Aldrich,) fixed on a flat collecting mandrel. Electrospinning was 

conducted at a flow rate of 3 mL/h and with a nozzle distance of 10 cm from the mandrel 

charged at 25 kV. 

The two-dimensional scaffolds were submerged in a crosslinking solution 

comprised of 1-ethyl-3-(3-dimethyalminopropyl)carbodiimide (EDC) (Thermo Scientific, 

Rockford, IL) and N-hydroxysuccinimide (NHS) (Sigma Aldrich) dissolved in 190 proof 

ethyl alcohol (The Warner-Graham Company, Cockeysville, MD) for 4 h at room 

temperature. After drying, the scaffolds were rinsed with dI H2O and stored for no more 

than 48 h before experimental use. Prior to use, the scaffolds were cut to fit the 

aforementioned silicone stage with a groove measuring approximately 1.9 cm × 0.5 cm. 

 

Cell Counting Optimization Protocol Development 

Cell counting studies were performed following preliminary test trials of a 

microfluidic endothelial cell capture, similar to the parameters described below. The 

preliminary study consisted of scaffolds subjected to dynamic flow of an MS1 cell 

suspension of 100,000 cells/mL at a flow rate of 1 mL/h for 45 min in triplicate. Scaffolds 

containing captured cells were transferred to a glass slide and cells were fixed with 10% 

neutralized buffered formalin (NBF) for 10 min. The coverslip was applied with 
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VectaShield containing 4’,6-diamidino-2-phenylindole (DAPI) (Vector Laboratories, 

Burlingame, CA) to visualize cell nuclei and facilitate cell counting.  

Images were taken in 8 locations on the scaffolds at 100 magnification. The 

images were uploaded into ImageJ cell counting software, where they were converted to 

an 8-bit image, then underwent the threshold process, in which the image is converted into 

a black and white image. For each image, the threshold parameters were recorded at which 

the cells were visible. The images were then converted to a binary black and white image. 

The “fill holes” function was performed to ensure the scale bar in the lower right-hand 

corner was not included in the count. Additionally, the “watershed” function was utilized 

to create 1-pixel divisions between cells to allow for counting. The “analyze particles” 

function allows for size exclusion criteria. Images were counted manually, and adjustments 

were made to the size exclusion criteria to ensure particles too small or large to be counted 

as cells were not included.  

 

Determination of Optimal Microfluidic Conditions 

The scaffolds were cut in the aforementioned fashion and were placed between into 

the groove in stage and vacuum sealed to the GlycoTech microfluidic device, which allows 

cell suspension to flow over the scaffold. The scaffolds were subjected to dynamic flow of 

an MS1 cell suspension of 100 cells/mL under four flow conditions in triplicate (1) 1 mL/h 

for 45 min, (2) 1 mL/h for 90 min (3) 5 mL/h for 45 min, and (4) 5 mL/h for 90 min (Table 

1). The control condition consisted of a scaffold incubated in cell culture media for 10 min.  

Following the microfluidic cell capture experiment, the scaffolds were transferred 

to a glass slide and cells were fixed with 10% (NBF) for 10 min. The coverslip was applied 
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with VectaShield containing DAPI to visualize cell nuclei and facilitate cell counting. 

Images were taken in eight locations on the scaffold at 100 magnification. The images 

were uploaded into ImageJ cell counting software, for which the aforementioned cell 

counting protocol was used.  

 

Scaffold Fabrication for Microfluidic Cell Capture Experiments 

For antibody-conjugation experiments, scaffolds were electrospun and crosslinked 

as described in the aforementioned fashion for the optimization experiments. Following 

EDC/NHS crosslinking, the scaffolds were dried and then cut in half. One-half of the 

crosslinked scaffolds were used as experimental controls. For single antibody experiments, 

the other half of the scaffolds were subsequently coated with 100 μg/mL of one of the four 

antibodies (CD31, VE-Cadherin, VEGFR-2, or vWF) diluted in 2-(N-

morpholino)ethanesulfonic acid (MES) (Sigma-Aldrich) for 4 h at room temperature. For 

dual antibody experiments, the other half of the scaffolds were coated prepared with one 

of four testing conditions for 4 h at room temperature (Table 2). Scaffolds were then coated 

with a termination buffer, made from combining 30 mL of ethanolamine (Sigma-Aldrich) 

and 29.2 g of NaCl (Sigma-Aldrich) in 1 L of dI H2O for 1 h at room temperature to halt 

the bioconjugation reaction. Subsequently, they were washed with two washing buffers 

one consisting of 15.76 g of Tris-HCl (Fisher Scientific) in 1 L of dI H2O, and the other 

consisting of 13.6 g of sodium acetate trihydrate (Sigma-Aldrich) and 29.22 g of NaCl in 

1 L of dI H2O. Finally, they were rinsed with dI H2O and stored for no more than 48 h 

before experimental use. Prior to use, the scaffolds were cut to fit a silicone stage with a 

groove that is approximately 1.9 cm  0.5 cm. 
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Cell Characterization 

To confirm the cell capture efficacy of selected antibodies, immunofluorescent 

staining was performed to characterize experimental and physiologically relevant cells. 

The antibodies tested were EPC/EC surface markers, including CD31 (Dako Agilent 

Technologies, Santa Clara, CA), vascular endothelial cadherin (VE-Cadherin) (Santa Cruz 

Biotechnology, Dallas, TX), vascular endothelial growth factor receptor 2 (VEGFR-2) 

(Santa Cruz Biotechnology), and Von Willebrand factor (vWF) (Dako Agilent 

Technologies). 

After passaging, MS1 cells were re-plated in 12- or 24-well plates at a density of 

5000 cells/mL and placed in the incubator at 37C for 24 h. Cells were then rinsed with 

phosphate buffered saline (PBS) (HyClone) three times, then fixed with 80% methanol in 

PBS for 10-15 min at room temperature. Cells were then permeabilized with 0.1% Triton-

X100 (Sigma-Aldrich, St. Louis, MO) diluted in PBS for 3 min at room temperature. 

Subsequently, cells were covered with Protein Block (Dako Agilent Technologies) for 30 

min at room temperature. Cells were then incubated with primary antibody (CD31, VE-

Cadherin, VEGFR2, or vWF) at a 1:50 dilution prepared with Antibody Diluent (Dako 

Agilent Technologies) for 1 h at room temperature. Following exposure to the primary 

antibody, cells were incubated in source-matched fluorescent secondary antibody in the 

dark for 30-45 min at room temperature. For CD31, VE-Cadherin, and VEGFR2, the 

secondary antibody used was F(ab')2-Goat anti-Mouse IgG (H+L) Cross-Adsorbed 

Secondary Antibody conjugated with Alexa Fluor 594, and for vWF the secondary 

antibody used was F(ab')2-Goat anti-Rabbit IgG (H+L) Cross-Adsorbed Secondary 

Antibody conjugated with Alexa Fluor 594 (Invitrogen Thermo Fisher Scientific). The 
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cells were also incubated in the dark with a 1:100,00 dilution of 4’,6-diamidino-2-

phenylindole (DAPI) (Invitrogen Thermo Fisher Scientific) for 5-10 min at room 

temperature to detect nuclear proteins. Finally, cells were post-fixed with 10% neutral 

buffered formalin for 10 min at room temperature. Between each step, cells were rinsed 

with PBS three times for three minutes each time. Fluorescent images of the cells were 

captured with a Leica DM 4000 B compound microscope (Leica Microsystems, Weltzar, 

Germany). Mouse myoblast cell line C2C12 (ATCC) was utilized as a negative control.  

 

Scaffold Characterization 

Small sections of unmodified and antibody-conjugated scaffolds were imaged with a 

compact variable pressure scanning electron microscope (SEM) (FLEXSEM 1000, 

Hitachi, Tokyo, Japan). Samples from each testing condition were secured on a metallic 

sample plate with double-sided carbon tape. The sample plate with the scaffolds secured 

was then placed into a gold sputter coater chamber and coated with gold using argon gas 

to manipulate chamber pressure. For each condition, three images were taken and 60 fibers 

per image were selected at random for fiber diameter analysis. The average fiber diameter 

was assessed for each condition and compared to the control to evaluate the conservation 

of fiber morphology following antibody conjugation.  

Additionally, small sections of each scaffold were taken to perform 

immunofluorescence to confirm the antibody conjugation of the experimental half of the 

scaffold, as well as to ensure fiber morphology was preserved during antibody conjugation. 

Sections of approximately 5 mm by 5 mm in size were taken from unmodified scaffolds, 

as well as antibody conjugated scaffolds. Each scaffold was exposed to fluorescent 
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secondary antibody for 45 min in the dark to visualize the presence of the primary antibody. 

Scaffolds were then imaged using a Leica DM 4000 B compound microscope. 

Quantification of the mean intensity of antibody-conjugation was assessed by uploading 

fluorescent images to ImageJ (NIH, Bethesda, MD).  

 

Microfluidic Cell Capture Study  

Scaffolds were placed into the groove in a silicone stage and vacuum sealed to the 

microfluidic device (Glycotech, Gaithersburg, MA), which allows cell suspension to flow 

over the scaffold (Fig. 1). Microfluidic cell capture experiments were performed for each 

antibody using previously optimized conditions. The scaffolds were exposed to an MS1 

cell suspension of 100 cells/mL at a flow rate of 1 mL/h for 90 min. Each antibody was 

evaluated via the microfluidic cell capture experiment in triplicate, alongside its cross-

linked control from the same electrospun scaffold.  

 

Imaging 

Following cell capture experiments, the scaffolds were transferred to a glass slide 

and cells were fixed with 10% neutralized buffered formalin for 10 min. The coverslip was 

applied with VectaShield mounting media containing DAPI (Vector Laboratories, 

Burlingame, CA) to visualize cell nuclei and facilitate cell counting. Images were taken in 

eight locations on the scaffold at 100 magnification. The images were uploaded into 

ImageJ cell counting software, and the count was performed using previously optimized 

protocols. 
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Statistical Analysis  

SPSS Statistical software was used for data management and statistical evaluations. 

For continuous outcomes, the groups were compared using independent t-tests and one-

way ANOVA with Bonferroni post hoc tests. Significance was considered at p < 0.05.  

Continuous data are reported as mean ± standard deviation. For cell capture experiments, 

data were normalized to the mean of the control group. The mean number of cells captured 

by the control condition was defined as 1 to focus on the difference in mean cells captured 

in the experimental groups.  
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Results 

Cell Counting Optimization Protocol Development 

The three trials of preliminary cell capture studies yielded three scaffolds for each 

condition, with eight images of captured cells each. Each ImageJ cell count produced a 

reading of counted particles and their area relative to the scale of 1.5 pixels/micrometer, as 

determined by the scale bar of the image. Based on the readouts produced by ImageJ along 

with manual counts of 3 images, the analysis allowed for the evaluation of 273 particles 

total, with N = 116 particles from Image 1, N = 78 particles from Image 2, and N = 79 

particles from Image 3.  The ImageJ and manual counts were compared to determine what 

would reasonably be considered a cell, as opposed to what would be considered scaffold 

beading of fibers or an artifact. These parameters were applied to all 24 images from the 

three trials. Based on solely ImageJ readouts, the analysis of the 24 images allowed for 

individual size evaluation of 3,726 particles in total, with N = 1,114 particles from Trial 1, 

N = 606 particles from Trial 2, and N = 1,006 particles from Trial 3.  

The cell count protocol established that lower threshold limit of 255 and an upper 

threshold limit at the lowest possible level between 25-45 provided the best visibility for 

particles consistent with cell size in ImageJ software. Additionally, the size exclusion 

criteria analysis determined that particles between 400 and 7500 pixels2 were consistent 

with cells identified by manual count. The established protocol consists of uploading an 

image, converting to an 8-bit image, performing the “threshold” function with an upper 

limit of 45 and a lower limit of 255, then converting the image to a binary file. The “fill 

holes” function must be used to exclude the label, and the “watershed” function must be 

used to separate aggregates of cells, unless there is an artifact that would be included 
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through that function (Fig. 2). Finally, the size criteria were determined to be pixels 

between 400 and 7500 pixels2. The outcome, based on the scale of an image taken at 100 

magnification, gives a count estimate in the units cells/26 mm2. 

 

Determination of Optimal Microfluidic Conditions  

Following the trials at the aforementioned flow conditions, the cells from each 

scaffold were counted with the optimized counting protocol in Image J. The data from 

microfluidic cell capture optimization were normalized to the mean of the control group. 

The mean number of cells captured by the control condition was defined as 1 in order to 

focus on the difference in mean cells captured in the experimental groups. For the flow rate 

of 1 mL/h, both durations captured more cells than the control condition (Fig. 3a). 

Compared to the control condition, the mean cells captured during the duration of 45 min 

was higher than the control condition and statistically significant (2.31 ± 1.31 vs. 1.00 ± 

0.52, p < 0.05). Similarly, the mean cells captured during the duration of 90 min was higher 

than the control and statistically significant (3.30 ± 1.89 vs. 1.00 ± 0.52, p < 0.001). 

Additionally, the duration of 90 min captured a higher number of cells than a duration of 

45 min (3.30 ± 1.89 vs. 2.31 ± 1.31).  

For the flow rate of 5 mL/h, both durations captured more cells than the control 

condition (Fig. 3b). Compared to the control condition, the mean cells captured during the 

duration of 45 min was higher than the control condition (1.44 ± 1.13 vs. 1.00 ± 0.52). The 

mean cells captured during the duration of 90 min was higher than the control and 

statistically significant (3.78 ± 1.47 vs. 1.00 ± 0.52, p < 0.001). Additionally, the duration 
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of 90 min captured a higher number of cells than a duration of 45 min with statistical 

significance (3.78 ± 1.47 vs. 1.44 ± 1.13, p < 0.001).  

Based on the results from the four experimental conditions, it was determined that 

a duration of 90 min was most likely to show a statistically significant difference in cells 

captured compared to a control condition. Additionally, this duration would allow a higher 

volume of cell suspension to flow through the microfluidic device, allowing for better 

experimental outcomes. The flow rates of 1 mL/h and 5 mL/h for a duration of 90 min were 

compared (Fig. 3c). There was no statistical significance between the flow rates at 90 min, 

though the rate of 5 mL/h captured more cells than the rate of 1 mL/h. 

 

Cell Characterization with Antibodies  

For MS1 cells, characterization with anti-CD31, anti-VE-Cadherin, anti-VEGFR2, 

and anti-vWF antibodies demonstrated positive staining profiles. This confirmed that MS1 

cells express the surface markers that the aforementioned antibodies target, justifying the 

use of this lineage in experimental in vitro use (Fig. 4a). For C2C12 cells, characterization 

with anti-CD31, anti-VE-Cadherin, anti-VEGFR2, and anti-vWF antibodies demonstrated 

expected negative profiles. This served as a negative control and confirmed the specificity 

of the aforementioned antibodies (data not shown). 

 

Scaffold Characterization  

SEM demonstrated that antibody conjugation did not alter scaffold architecture. 

Mean fiber diameter taken after antibody conjugation showed no significant change in fiber 

morphology (Fig. 4b). Unmodified scaffolds (N = 180) demonstrated a mean fiber 
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diameter of 0.43 ± 0.12 μm, while scaffolds conjugated with antibodies specific to CD31, 

VE-Cadherin, VEGFR2, and vWF showed similar fiber diameters (N = 180 for all 

conditions; 0.46 ± 0.15 μm; 0.43 ± 0.12 μm; 0.43 ± 0.12 μm; and 0.43 ± 0.13 μm, 

respectively) (Fig. 4c). 

Antibody bioconjugated scaffolds showed a higher mean grayscale image intensity 

when exposed to the fluorescence-conjugated secondary antibody in comparison to 

unmodified scaffolds (Fig. 5a). For the unmodified controls, images of the scaffolds 

stained with the secondary antibody derived from mice (N = 15) demonstrated a mean 

grayscale intensity of 14.03 ± 4.00, and those stained with the secondary antibody derived 

from rabbits (N = 15) demonstrated a mean grayscale intensity of 12.35 ± 3.79. For the 

scaffolds conjugated with antibodies against CD31, VEGFR-2, VE-Cadherin, and vWF (N 

= 15 for each condition), the intensity profiles of the images demonstrated a mean grayscale 

intensity of 21.60 ± 8.16, 58.62 ± 13.24, 28.54 ± 10.85, and 56.17 ± 28.40, respectively. 

(Fig. 3b). Compared to the mouse-derived secondary control, images of VE-Cadherin and 

VEFGR2-conjugated scaffolds showed a difference in mean grayscale intensity that was 

higher and statistically significant (p = 0.001 and p < 0.001, respectively). Additionally, in 

comparison with the rabbit-derived control, vWF-conjugated scaffolds showed a difference 

in mean grayscale intensity that was also higher (p < 0.001) (Fig. 5b).  

 

Single Antibody Endothelial Cell Capture  

Vascular scaffolds bioconjugated with EPC- and EC-specific antibodies captured 

circulating cells at a higher rate than unmodified electrospun scaffolds in a microfluidic 

environment. The microfluidic cell capture data was normalized to the mean of the control 
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group, which consisted of unmodified scaffolds. The mean number of cells captured by the 

control condition was defined as 1 (N = 162, 1.00 ± 1.17). Compared to unmodified 

scaffolds, vWF-, CD31-, and VE-Cadherin-bound scaffolds captured more circulating 

endothelial cells than the unmodified controls (N = 48, 1.51 ± 1.53; N = 47, 1.61 ± 1.66; 

and N = 40, 1.61 ± 2.12 respectively). Furthermore, VEGFR2-bound scaffolds captured 

more cells than the unmodified scaffolds at a statistically significant level (N = 48, 3.35 ± 

3.04 vs. 1.00 ±1.17, p < .001, respectively) (Fig. 6).  

 

Dual Antibody Endothelial Cell Capture 

Based on the results of the single antibody endothelial cell capture, VEGFR2 was 

paired with CD31 and VE-Cadherin for dual-antibody conjugation studies. As in the single 

antibody capture experiment, the data were normalized to the control mean, which was 

defined as 1. The control group for this experiment was VEGFR2 antibody-conjugated 

scaffolds (N = 48, 1.00 ± 0.89). Scaffolds bioconjugated with two antibodies at overall 

concentrations of 100 μg/mL and 200 μg/mL demonstrated synergistic capture efficacy 

compared to bioconjugation with a single antibody at 100 μg/mL. Compared to scaffolds 

bioconjugated solely with 100 μg/mL of VEGFR2, scaffolds bioconjugated with 50 μg/mL 

of both VEGFR2 and VE-Cadherin, and 100 μg/mL of both VEGFR2 and CD31 captured 

more circulating ECs (N = 48, 2.24 ± 2.94; and N = 48, 2.25 ± 3.05, respectively). 

Furthermore, scaffolds bioconjugated with 50 μg/mL of both VEGFR2 and CD31, and 100 

μg/mL of both VEGFR2 and VE-Cadherin captured more circulating ECs at a statistically 

significant rate (N = 48, 3.07 ± 3.33, p < .05; and N = 48, 3.26 ± 3.19, p < 0.05, respectively) 

(Fig. 7). 
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Discussion 

This study confirms the use of electrospun scaffolds bioconjugated with antibodies 

for TEVGs as a means to capture ECs under conditions mimicking hemodynamic flow. 

We seek to combine the applications of this study with our existing work on fabricating 

tissue-engineered vascular scaffolds.  

In an effort to create optimized experimental designs for EC capture studies, 

protocols for reliable cell counting and adequate parameters for microfluidic conditions 

were established. The development of a cell counting protocol utilizing automated counts 

allows for replicable and unbiased assessment for cell capture applications. While it 

remains difficult to guarantee accuracy of each individual cell count regardless of 

methodology, a routine approach absent of personal opinion can assist in eliminating some 

degree of variation. The data determined that threshold parameters consisting of a lower 

limit at 255 and an upper limit between 25-45 still allow for some variability between 

images. The thresholding function in ImageJ is not exact, and is often determined by 

judgement. While having an established window of consideration for image thresholding 

limits may confer some uniformity between images, it still allows a degree of opinion-

based determination that is present in manual counts. Furthermore, the size inclusion range 

of 400 – 7500 pixels2 appeared to reliably rule out particles that were too large to be cells, 

or artifacts. However, the lower limit of 400 pixels2 created many counts that included or 

excluded particles within an area range of 50 pixels2 below the cutoff. While this lower 

limit was most consistent with manual counts, more data may need to be analyzed to 

determine a more stringent inclusion criterion for counts. Another major limitation of this 

protocol is that is highly specific to the utilized cell line and scaffold conditions. The same 
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cells may deposit differently on other scaffolding materials, and the use of another cell type 

may require establishment of new thresholding and size inclusion criteria. To verify the 

universal applicability of this counting protocol, other cell lines would need to be assessed 

on differing mediums. In the application of EC capture for vascular tissue engineering, 

human umbilical vein endothelial cells (HUVECs) and other human-derived cell lines are 

the most widely used and most applicable for clinical translation.12,16,38 In this series of 

studies, MS-1 cells are ideal because they are rapidly cultured with no passage limit and 

can be used readily. While this makes MS-1s ideal for proof-of-concept studies, more 

physiologically relevant cell lines may need to be used in the future, and counting protocols 

may need to be adjusted depending on their size, morphology, and presentation in DAPI 

staining.  

 The microfluidic flow conditions study allowed the evaluation of several flow 

conditions and durations to ensure the optimal cell capture parameters were used in future 

studies. As expected, flow conditions at the longer duration of 90 min led to the capture 

of a greater number of cells when compared to the 45 min conditions, regardless of flow 

rate Furthermore, 90 min durations at both flow rates captured more cells than the control 

condition in a statistically significant way. This is an anticipated outcome, in that a longer 

duration allows a higher volume of cell suspension to flow across the scaffold surface. 

When considering the design of the study, the condition of 1 mL/h at 90 min was more 

reasonable for repeated use than the condition of 5 mL/h at 90 min. The condition at 5 

mL captured so many cells, it may be difficult to determine differences between 

conditions in future studies if the scaffold is continually saturated with cells. Therefore, 

in order to fully demonstrate the capture efficacy of the experimental conditions, the 
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condition of 1 mL/h for 90 min was chosen. This flow rate and duration pairing ensured 

that the scaffolds would be exposed to a high volume of cell suspension at a rate that 

allowed capture in a discernable manner. Furthermore, microfluidic studies for various 

applications have had success with proof-of-concept studies with the flow condition of 1 

mL/h for 90 min.6-9 While this determination is useful for proof-of-concept studies, future 

microfluidic or bioreactor-based studies may need to take shear stress, fluid pressure, and 

flow velocity into account to prepare for clinical translation. 

Previously, our group has published work on the fabrication of nanofiber scaffolds 

for vascular use via the electrospinning technique.35 We have established that electrospun 

fibers offer a feasible approach to providing the mechanical properties to withstand 

physiological pressures.35 Additionally, we have further enhanced the biomechanical 

properties, including tensile properties, burst pressure strength, compliance, and other 

aspects  of scaffolds electrospun from PCL with thermal treatments.37 Furthermore, our 

development of composite PCL/collagen scaffolds, fabricated through electrospinning, 

supports the growth of vascular cells, namely ECs and vascular smooth muscle cells 

(SMCs).34 We have also described the bilayered scaffold design, which features a 

microfiber outer layer allowing the infiltration of vascular SMCs, and a nanofiber inner 

layer specialized for the attachment of ECs.33 These scaffolds have proven successful in a 

preclinical animal study, in which the bilayered scaffolds were seeded with ECs and SMCs 

and implanted into sheep for 24 weeks in a carotid artery interposition model.39 Throughout 

monitoring and retrieval, the engineered scaffolds demonstrated patency similar to the 

ipsilateral native carotid artery, with no statistically significant difference in inner diameter 

of the vessel.39 In addition to patency, our tissue-engineered vascular grafts also 
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demonstrated structural and functional properties that support their use in vivo.39 As we 

have successfully conjugated heparin and other bioactive molecules to our scaffolds to 

further improve function, we intend to use the results of this study to enhance our existing 

design.36,40 

In regard to the function of the scaffolds in this study, previous studies have given 

similar results when examining the difference in cell capture capabilities between surface-

bound antibodies specific to EPCs/ECs.5,41 While many studies have examined the ability 

of immobilized antibodies to capture cells in the vascular setting, few have compared the 

performance of these particular antibodies. Furthermore, this study establishes the potential 

of combining two distinct antibodies for the application of TEVG EC capture. The use of 

two antibodies with high EC-capture efficacy presents the potential of synergistic cell 

capture.31,32 This would allow an acellular vascular graft to recruit circulating EPCs at a 

higher rate, thus expediting the creation of a non-thrombogenic endothelialized graft 

surface. Though the use of multiple antibodies presents some potential for increased 

homing of an undesired cell type, further studies would be needed to assess this speculative 

limitation.  

An obstacle to overcome in this approach is that currently, there is no single 

antibody available that is specific to EPCs, increasing the possibility that some antibodies 

also target surface markers on other cells.42 For example, CD34, a commonly used antibody 

in EPC/EC homing to vascular grafts, also has the potential to attract CD34+progenitors 

that could differentiate into vascular smooth muscle cells (VSMCs).38,43-45 Other factors, 

such as vascular endothelial growth factor (VEGF), also have the potential to attract and 

foster the growth of VSMCs.38,46,47 To address the issue of attracting cell types with similar 
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surface markers, utilizing paired or multiple antibodies on the same luminal surface offers 

the opportunity to increase specificity for EPCs/ECs, in addition to increasing the number 

of cells captured. Furthermore, the use of antibodies in the vascular lumen of TEVG 

functions beyond capturing EPCs/ECs. Antibody biofunctionalization has also been shown 

to improve hemocompatibility in vascular grafts.22 

Major challenges of this study include the variation between experimental trials, 

attributed to the capricious nature of the electrospinning process. For example, temperature 

and humidity have the potential to impact fiber diameter, as well as chemical and molecular 

interactions.48 This introduces the possibility of variation each time the scaffolds are 

fabricated, especially in the variable climate in which the study was conducted.  

While this study serves as a proof-of-concept for surface modification of TEVGs, 

many aspects of this approach still require further investigation. Moving forward, studies 

will be conducted again to confirm the reproducibility of results, as well as to increase the 

statistical power and decrease the variance of the data. Additionally, we intend to perform 

these studies in a bioreactor to examine the effects of physiological flow rates on the 

surface-bound antibodies. Lastly, pending results of the aforementioned future studies, we 

are optimistic about moving toward preclinical models to examine biocompatibility and in 

vivo performance of three-dimensional biofunctionalized grafts.  
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Conclusion 

The aforementioned study confirms the hypothesis that an antibody conjugated to the 

surface of a two-dimensional scaffold increases the ability to capture circulating 

endothelial cells in a microfluidic environment. The use of automated computerized cell 

counts is extremely useful in developing a protocol to efficiently perform a large number 

of cell counts and analyze data. The development of our protocol is ideal for future studies 

in this project and is tailored to our cell line and scaffolding system. The protocol and steps 

will be followed in future EC capture studies. Furthermore, the determination of 

microfluidic flow conditions for EC capture studies reflect the optimal conditions for 

analyzing differences in cell capture efficacy, and are reflective of methods utilized in 

studies with similar designs and various applications. Furthermore, it verifies the 

hypothesis that the combination of multiple antibodies increases endothelial cell capture in 

comparison to a single antibody in the same experimental setting. These results are 

promising in the effort to move toward testing this cell capture method under in vitro 

conditions mimicking physiological flow, as well as eventually in preclinical in vivo animal 

models.  
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Table 1. Conditions for microfluidic flow optimization. 

Control (N = 24) Scaffold dipped in media for 10 min 

Condition Flow rate (mL/h) Duration (min) 

Condition 1 (N=24) 1 45 

Condition 2 (N=24) 1 90 

Condition 3 (N=24) 5 45 

Condition 4 (N=24) 5 90 
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Table 2. Testing conditions for dual antibody conjugation. 

Testing conditions Antibody-conjugated Concentration of dilutions 

Control VEGFR2 100 μg/mL 

Condition 1 VEGFR2 + CD31 100 μg/mL 

Condition 2 VEGFR2 + VE-Cadherin 100 μg/mL 

Condition 3 VEGFR2 + CD31 200 μg/mL  

Condition 4 VEGFR2 + VE-Cadherin 200 μg/mL 
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Figure 1. Microfluidic device set-up for EC capture in vitro experiments and scaffold conjugation process.  
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Figure 2. Cell counting process in ImageJ (a) Imaging of scaffold with DAPI to visualize 

nuclei. (b) Conversion of image to binary via ImageJ. (c) Particle analysis to count cells 

based on size inclusion criteria. 
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Figure 3. (a) Comparison of duration conditions at rate of 1 mL/h (b) Comparison of duration conditions at 5 mL/h (c) 

Comparison of rates at duration of 90 min (d) Means and p-values. 
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Figure 4. (a) Immunofluorescent cell characterization of MS1 cells with experimental antibodies CD31, VEGFR2, vWF, and 

VE-Cadherin. Electrospun PCL/collagen scaffold: (b) SEM images of unmodified and antibody-conjugated scaffolds 

(magnification, ×5.0K). (c) Comparison of mean fiber diameter of unmodified vs. antibody-conjugated scaffolds.  
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Figure 5. (a) Immunofluorescent staining of control for goat anti-mouse secondary, CD31, VEGFR2, VE-Cadherin, control for 

goat anti-rabbit secondary, vWF. (b) Quantification of fluorescent intensity of each antibody conjugation for antibody-

conjugated scaffolds (*p < 0.01 compared with mouse control and **p < 0.01 compared with rabbit control).  
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Figure 6. (a) Representative images of cells captured and cell counting in ImageJ. (b) 

Comparison of MS1 cells captured by single antibody bioconjugated scaffolds (*p < 0.01 

compared with control).  
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Figure 7. (a) Representative images of cells captured and cell counting in Image J. (b) 

Comparison of MS1 cells captured by dual-antibody bioconjugated scaffolds (*p < 0.05, 

**p < 0.01 compared with control).  
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Abstract 

Tissue-engineered vascular grafts (TEVGs) often require specific cell types to be 

successful in physiological settings. The recruitment of smooth muscle cells (SMCs) is 

integral to the structure and function of the graft, and many approaches have been 

employed to populate TEVGs with SMCs. The aims of this study were to evaluate the 

efficacy of PDGF-BB and SDF-1 to promote SMC proliferation and migration on 

electrospun scaffolds at various concentrations. Furthermore, this study intended to verify 

that the use of both factors at optimal concentrations resulted in a synergistic effect on the 

proliferation and migration of SMCs. Fibrous vascular scaffolds were electrospun with a 

1:1 poly(-caprolactone) (PCL)/collagen blend solution, and experimental scaffolds were 

surface modified through the conjugation of PDGF-BB and SDF-1α in various 

concentrations. The most efficacious concentrations of each agent were combined to 

examine the effects of dual-factor conjugation on SMC proliferation and migration. The 

study confirmed the hypothesis that the use of SMC-recruiting factors are more effective 

in promoting the proliferation of VSMCs when used as single-factor conjugates, and 

promoting the migration of VSMCs into the scaffold when dual-conjugated, compared to 

unmodified controls in an in vitro setting. 
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Introduction 

 Cardiovascular disease, peripheral vascular disease, and vascular trauma are 

prominent health complications with potentially devastating outcomes.1-4 While current 

vascular grafts have numerous limitations in longevity and patency, tissue engineered 

vascular grafts (TEVGs) offer a potential alternative in cases of vascular disease or injury 

requiring surgical intervention.5 The ability of TEVGs to support the migration, infiltration, 

and proliferation of vascular smooth muscle cells (VSMCs) is integral to the physiological 

function of the construct.6-8  

 Many research approaches to developing TEVGs involve the seeding of autologous 

smooth muscle cells (SMCs) on the scaffold prior to implantation, as well as the seeding 

of stem cells with the capability to differentiate into VSMCs in vivo.6-9 Moving toward in 

situ techniques to recruit native cells post-implantation, there are numerous ways to induce 

the migration of native VSMCs into the engineered scaffold and promote 

proliferation.8,10,11 Biologically active factors have been utilized with this intention, and 

include growth factors, extracellular matrix (ECM) components, and cytokines in an effort 

to promote VSCM migration.12 

 In previous studies, the Lee lab has investigated the use of platelet derived growth 

factor with two beta subunits (PDGF-BB) conjugated to electrospun vascular scaffolds as 

a means of encouraging SMC migration into scaffolds.13 PDGF-BB is a growth factor is 

secreted by SMCs, and induces chemotaxis of SMCs to sites of vascular injury.7,13,14 

Another study from Yu and colleagues investigated the effect of stromal derived factor 1 

α (SDF-1α) to recruit SMCs to vascular scaffolds in a rat carotid model.15 While both 
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agents demonstrated effectiveness in promoting SMC proliferation and migration, the 

synergistic potential of combining these agents is yet to be investigated. 

 The aims of this study were to evaluate the efficacy of PDGF-BB and SDF-1 to 

promote SMC proliferation and migration on electrospun scaffolds at various 

concentrations. We sought to determine if the concentration of the factors had a profound 

effect on SMC proliferation, and if combining optimal concentrations of each factor on the 

same scaffold would yield synergistic SMC proliferation and migration. Ideally, the 

findings of this study can inform the development of a multifunctionalized vascular 

scaffold that is capable of recruiting cells in situ, maintaining patency, and replicating 

physiological function. 
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Materials and Methods 

Cell Culture 

Human aortic smooth muscle cells (HASMCs) (ATCC, Manassas, VT) were 

utilized. Cells removed from liquid nitrogen storage were thawed at 37°C for 1-2 min. Cells 

were then mixed with culture media comprised of 5 mL of Ready-to-Use Smooth Muscle 

Cell Growth Medium 2 (PromoCell GmbH, Heidelberg, Germany) containing all necessary 

culture supplements. Thawed cells were centrifuged for 5 min at 1500 rpm, then 

resuspended in 1 mL of culture media. Cells were plated on culture flasks at a density of 

5000 cells/mL and supplemented with appropriate volumes of culture media and cultured 

at 37°C. Culture media was replaced every 2-3 days and cells were passaged at 60-70% 

confluence. 

 

Scaffold Fabrication 

The fibrous scaffolds were fabricated by a previously optimized electrospinning 

technique.13,16-19 An 18% weight 1:1 PCL/collagen solution was prepared by dissolving 

0.90g PCL powder (DURECT Corporation, Birmingham, AL) and 0.90g collagen (Elastin 

Products, Owensville, MO) in 10 mL of hexafluoro-2-propanol (HFIP) (Sigma-Aldrich) 

and inverting for 48 h before electrospinning.  

Scaffolds were fabricated through the electrospinning of the 1:1 solution of 

PCL/collagen solution on to a 5 cm diameter cylindrical mandrel. Electrospinning was 

conducted at a flow rate of 10 mL/h and with a nozzle distance of 10.5 cm from the 

mandrel, with the system charged at 20 kV.  
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The electrospun sheet on the mandrel was submerged in a crosslinking solution 

comprised of 1-ethyl-3-(3-dimethyalminopropyl)carbodiimide (EDC) (Thermo Scientific, 

Rockford, IL) and N-hydroxysuccinimide (NHS) (Sigma Aldrich) dissolved in 190 proof 

ethyl alcohol (The Warner-Graham Company, Cockeysville, MD) for 4 h at room 

temperature. After drying, the scaffolds were rinsed with dI H2O and a scalpel was used to 

make an incision to peel the electrospun sheet from the scaffold. Squares measuring 1 cm 

× 1 cm were cut from the sheet, after which some scaffolds were set aside for use as the 

control condition and stored for no more than 24 h before experimental use.  

Experimental scaffolds were prepared through the conjugation of factors via 

passive adsorption. For single-factor studies, 6 conditions were prepared, consisting of 

concentrations of (1) 100 ng/mL PDGF-BB (2) 250 ng/mL PDGF-BB, or (3) 500 ng/mL, 

(4) 100 ng/mL SDF-1α, (5) 250 ng/mL SDF-1α, and (6) 500 ng/mL SDF-1α (Table 1). For 

dual-factor studies, 3 conditions were prepared, consisting of concentrations of (1) 100 

ng/mL PDGF-BB, (2) 500 ng/mL SDF-1α, or (3) a combination of 100 ng/mL of PDGF-

BB and 500 ng/mL of SDF-1α (Table 2). Dilutions of experimental factors were prepared 

in phosphate buffered saline (PBS) (HyClone, Logan, UT), and scaffolds were submerged 

and subjected to passive adsorption at 4°C for 8 h. After conjugation, scaffolds were rinsed 

with PBS.  

Prior to use, control and experimental scaffolds were freeze-dried via storage at -

80°C for 30 min, followed by a 7-8 h lyophilization period. Scaffolds were then sterilized 

by ethylene oxide (EO) gas and stored no more than 24 h prior to use. 

 

Scaffold Characterization 
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Small sections of unmodified and factor-conjugated scaffolds from each group 

were imaged with a compact variable pressure scanning electron microscope (SEM) 

(FLEXSEM 1000, Hitachi, Tokyo, Japan). Samples from each testing condition were 

secured on a metallic sample plate with double-sided carbon tape. The sample plate with 

the scaffolds secured was then placed into a gold sputter coater chamber and coated with 

gold using argon gas to manipulate chamber pressure. For each condition, three images 

were taken and 60 fibers per image were selected at random for fiber diameter analysis. 

The average fiber diameter was assessed for each condition and compared to the control to 

evaluate the conservation of fiber morphology following antibody conjugation. 

 

Smooth Muscle Cell Proliferation and Migration Study 

 The study was based on previously described research.13,15 In preparation for 

experiments, adherent HASMCs were removed from flasks with 2-5 mL of 0.05% Trypsin 

ethylenediaminetetraacetic acid (HyClone) for 5 min in a 37°C incubator. After observing 

detachment from the flask with a confocal microscope, Trypsin was neutralized with 5-7 

mL of culture media. The cells were then centrifuged for 5 min at 1500 rpm. Supernatant 

was discarded, and the cell pellet was resuspended in 1 mL of culture media, visualized 

with Trypan blue stain (Gibco Thermo Fisher Scientific), and counted with a 

hemocytometer using a Leica DM IL LED inverted microscope (Leica Microsystems, 

Weltzlar, Germany).  

The 1 cm × 1 cm fibrous scaffolds were placed in a 12-well plate under sterile 

conditions, and HASMCs were seeded onto each scaffold at a concentration of 2 × 105 

cells/scaffold. Scaffolds were incubated for 4 h at room temperature to allow for cellular 



   

112 
 

attachment, after which 1-2 mL of culture media was added to each well. Media was 

changed every 3 days.  Scaffolds were collected at time points of 1 week, 2 weeks, 3 weeks, 

and 4 weeks. Each trial was performed in triplicate.  

At collection, scaffolds were fixed in 10% neutralized buffered formalin (NBF) for 

2 h at room temperature. After thorough washing with PBS, scaffolds were incubated in 

30% sucrose for 24 h at 4°C to prevent ice crystal formation. Scaffolds were embedded in 

optimal cutting temperature (OCT) compound (Leica Biosystems). The samples were then 

cut via cryosection into 15 mm thick sections to provide cross-sectional images of the 

scaffolds. The sectioned samples mounted on glass slides and the coverslip was applied 

with VectaShield containing 4’,6-diamidino-2-phenylindole (DAPI) (Vector Laboratories, 

Burlingame, CA).  

 

Imaging and Histological Analysis 

In each group of samples, both bright field and corresponding fluorescent images 

of the samples were acquired using a Leica DM4000 microscope (Leica Microsystems), 

and these images were merged together to define the boundaries of the cell-seeded 

scaffolds. Cell nuclei, indicated by DAPI staining, were counted for each scaffold. 

 

Statistical Analysis 

SPSS Statistical software was used for data management and statistical evaluations. 

For continuous outcomes, the groups were compared using independent t-tests and one-

way ANOVA with Bonferroni post hoc tests. Significance was considered at p < 0.05.  

Continuous data are reported as mean ± standard deviation. Data were normalized to the 
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mean of the control group. The mean number of cells captured by the control condition 

was defined as 1 to focus on the difference in mean cells captured in the experimental 

groups. Migration was assessed through the manual count of what percentage of cells on 

the scaffold migrated 25%, 50%, 75%, and 100% into the thickness of the scaffold.  
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Results 

 

Scaffold Characterization 

SEM demonstrated that factor conjugation did not alter scaffold architecture (Fig. 

1a). Mean fiber diameter taken after factor conjugation showed no significant change in 

fiber morphology (Fig. 1b). Unmodified scaffolds (N = 180) demonstrated a mean fiber 

diameter of 1.60 ± 0.05 μm, while scaffolds conjugated with 100 ng/mL PDGF-BB, 250 

ng/mL PDGF-BB, 500 ng/mL PDGF-BB, 100 ng/mL SDF-1α, 250 ng/mL SDF-1α, and 

500 ng/mL SDF-1α showed similar fiber diameters (N = 180 for all conditions; 1.66 ± 0.05 

μm, 1.62 ± 0.05 μm, 1.62 ± 0.04 μm, 1.55 ± 0.04 μm, 1.46 ± 0.04 μm, 1.56 ± 0.05 μm, 

respectively) (Fig. 1c). 

 

Single Factor Smooth Muscle Cell Proliferation Study 

 Scaffolds bioconjugated with SMC recruiting factors typically induced a higher 

level of SMC proliferation than unmodified scaffolds. The smooth muscle cell proliferation 

data was normalized to the mean of the control group, which consisted of unmodified 

scaffolds.  

 At the 1-week time point, the mean number of cells present on the control scaffold 

was defined as 1 (N = 3, 1.00 ± 0.58). Compared to the control condition, all experimental 

conditions, including 100 ng/mL PDGF-BB, 250 ng/mL PDGF-BB, or 500 ng/mL, 100 

ng/mL SDF-1α, 250 ng/mL SDF-1α, and 500 ng/mL SDF-1α, demonstrated a greater mean 

number of cells present on the scaffolds (N = 3 for all conditions; 4.89 ± 2.43, 11.07 ± 5.96, 

3.78 ± 0.86, 6.64 ± 3.63, 1.47 ± 0.82, and 5.91 ± 3.68, respectively) (Fig. 2). 
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At the 2-week time point, the mean number of cells present on the control scaffold 

was defined as 1 (N = 3, 1.00 ± 0.61). Compared to the control condition, the experimental 

conditions 100 ng/mL PDGF-BB and 100 ng/mL SDF-1α demonstrated a greater mean 

number of cells present on the scaffolds (N = 3 for all conditions; 2.68 ± 2.23, 2.07 ± 1.92, 

respectively) (Fig. 3). 

At the 3-week time point, the mean number of cells present on the control scaffold 

was defined as 1 (N = 3, 1.00 ± 1.06). Compared to the control condition, the experimental 

conditions 100 ng/mL PDGF-BB, 250 ng/mL PDGF-BB, 100 ng/mL SDF-1α, and 250 

ng/mL SDF-1α, and 500 ng/mL SDF-1α, demonstrated a greater mean number of cells 

present on the scaffolds (N = 3 for all conditions; 1.56 ± 1.52, 1.42 ± 1.17, 3.60 ± 1.17, and 

3.21 ± 1.89, respectively). Furthermore, the condition 500 ng/mL SDF-1α demonstrated a 

higher number of cells than the control condition at a statistically significant level (N = 3, 

4.87 ± 5.92 vs. 1.00 ± 1.06, p = 0.033) (Fig. 4). 

At the 4-week time point, the mean number of cells present on the control scaffold 

was defined as 1 (N = 3, 1.00 ± 0.69). Compared to the control condition, the experimental 

conditions 100 ng/mL PDGF-BB, 250 ng/mL PDGF-BB, or 500 ng/mL, and 250 ng/mL 

SDF-1α demonstrated a greater mean number of cells present on the scaffolds (N = 3 for 

all conditions; 2.61 ± 1.55, 4.97 ± 2.76, 1.45 ± 1.97, and 2.33 ± 1.52, respectively). 

Furthermore, the conditions 100 ng/mL SDF-1α and 500 ng/mL SDF-1α demonstrated a 

higher number of cells than the control condition at a statistically significant level (N = 3 

for both conditions, 7.82 ± 7.31 vs. 1.00 ± 0.69, p = 0.019, and 27.55 ± 40.3 vs. 1.00 ± 

0.69, p = 0.018, respectively) (Fig. 5). 
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Dual Factor Smooth Muscle Cell Proliferation Study 

 Scaffolds bioconjugated with SMC recruiting factors reliably induced a higher level 

of SMC proliferation than unmodified scaffolds. The smooth muscle cell proliferation data 

was normalized to the mean of the control group, which consisted of unmodified scaffolds.  

 At the 1-week time point, the mean number of cells present on the control scaffold 

was defined as 1 (N = 3, 1.00 ± 0.58). Compared to the control condition, all experimental 

conditions, including 100 ng/mL PDGF-BB, 500 ng/mL SDF-1α, and the dual conjugation 

of 100 ng/mL PDGF-BB and 500 ng/mL SDF-1α, demonstrated a greater mean number of 

cells present on the scaffolds (N = 3 for all conditions; 15.89 ± 9.53, 59.93 ± 19.11, and 

4.69 ± 3.52, respectively) (Fig. 6). 

At the 2-week time point, the mean number of cells present on the control scaffold 

was defined as 1 (N = 3, 1.00 ± 0.61). Compared to the control condition, all experimental 

conditions, including 100 ng/mL PDGF-BB, 500 ng/mL SDF-1α, and the dual conjugation 

of 100 ng/mL PDGF-BB and 500 ng/mL SDF-1α, demonstrated a greater mean number of 

cells present on the scaffolds (N = 3 for all conditions; 8.03 ± 4.98, 6.34 ± 1.53, and 9.94 

± 8.57, respectively). Furthermore, the conditions of 100 ng/mL PDGF-BB and the 

combination of 100 ng/mL PDGF-BB and 500 ng/mL SDF-1α demonstrated more cells on 

average than the control condition in a statistically significant way (1.00 ± 0.61 vs. 8.03 ± 

4.98, p = 0.027; 1.00 ± 0.61 vs. 9.94 ± 8.57, p = 0.047, respectively) (Fig. 7). 

At the 3-week time point, the mean number of cells present on the control scaffold 

was defined as 1 (N = 3, 1.00 ± 1.07). Compared to the control condition, all experimental 

conditions, including 100 ng/mL PDGF-BB, 500 ng/mL SDF-1α, and the dual conjugation 

of 100 ng/mL PDGF-BB and 500 ng/mL SDF-1α, demonstrated a greater mean number of 
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cells present on the scaffolds (N = 3 for all conditions; 30.63 ± 13.83, 2.60 ± 2.01, and 5.88 

± 5.90, respectively). Furthermore, the condition of 100 ng/mL PDGF-BB demonstrated 

more cells on average than the control condition in a statistically significant way (1.00 ± 

1.07 vs. 30.63 ± 13.83, p = 0.044) (Fig. 8). 

At the 4-week time point, the mean number of cells present on the control scaffold 

was defined as 1 (N = 3, 1.00 ± 0.69). Compared to the control condition, all experimental 

conditions, including 100 ng/mL PDGF-BB, 500 ng/mL SDF-1α, and the dual conjugation 

of 100 ng/mL PDGF-BB and 500 ng/mL SDF-1α, demonstrated a greater mean number of 

cells present on the scaffolds (N = 3 for all conditions; 107.21 ± 84.67, 12.33 ± 9.03, and 

8.70 ± 4.24, respectively). Furthermore, the conditions of 100 ng/mL PDGF-BB and 500 

ng/mL SDF-1α demonstrated more cells on average than the control condition in a 

statistically significant way (1.00 ± 0.69 vs. 107.21 ± 84.67, p = 0.017; 1.00 ± 0.69 vs. 

12.33 ± 9.03, p = 0.027, respectively) (Fig. 9). 

 

Smooth Muscle Cell Migration Study 

The migration of SMCs into the electrospun scaffold was assessed by examining 

what percentage of cells migrated 25%, 50%, 75%, and 100% into the thickness of the 

scaffold after being seeded on the surface (Fig. 10, Fig. 11). 

 At the 1-week time point, 25% of cells on the control scaffold (N = 3) migrated 

25% into the scaffold, while the remaining 75% of cells migrated 50% into the scaffold. 

Scaffolds treated with 100 ng/mL of PDGF-BB (N = 3) demonstrated 94.4% of cells 

migrating to 25%, 3.25% of cells migrating to 50%, 0.41% of cells migrating to 75%, and 

1.96% of cells migrating to 100% into the scaffold. Scaffolds treated with 500 ng/mL of 
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SDF-1α (N = 3) demonstrated 91.5% of cells migrating to 25%, 6.48% of cells migrating 

to 50%, 0.61% of cells migrating to 75%, and 1.43% of cells migrating to 100% into the 

scaffold. Scaffolds treated with 100 ng/mL of PDGF-BB and 500 ng/mL of SDF-1α (N = 

3) demonstrated 87.8% of cells migrating to 25%, 2.22% of cells migrating to 50%, 4.44% 

of cells migrating to 75%, and 5.56% of cells migrating to 100% into the scaffold (Fig. 

12).  

 At the 2-week time point, control scaffolds demonstrated 78.3% of cells (N = 3) 

migrating to 25%, 8.99% of cells migrating to 50%, 4.64% of cells migrating 75%, and 

8.09% of cells migrating 100% into the scaffold. Scaffolds treated with 100 ng/mL of 

PDGF-BB (N = 3) demonstrated 78.2% of cells migrating to 25%, 7.59% of cells migrating 

to 50%, 11.3% of cells migrating to 75%, and 2.86% of cells migrating to 100% into the 

scaffold. Scaffolds treated with 500 ng/mL of SDF-1α (N = 3) demonstrated 91.0% of cells 

migrating to 25%, 5.98% of cells migrating to 50%, 1.99% of cells migrating to 75%, and 

1.08% of cells migrating to 100% into the scaffold. Scaffolds treated with 100 ng/mL of 

PDGF-BB and 500 ng/mL of SDF-1α (N = 3) demonstrated 75.7% of cells migrating to 

25%, 4.83% of cells migrating to 50%, 2.77% of cells migrating to 75%, and 16.7% of 

cells migrating to 100% into the scaffold (Fig. 13).  

 At the 3-week time point, control scaffolds demonstrated 93.3% of cells (N = 3) 

migrating to 25%, 0.83% of cells migrating 75%, and 5.83% of cells migrating 100% into 

the scaffold. Scaffolds treated with 100 ng/mL of PDGF-BB (N = 3) demonstrated 91.0% 

of cells migrating to 25%, 5.67% of cells migrating to 50%, 3.02% of cells migrating to 

75%, and 0.35% of cells migrating to 100% into the scaffold. Scaffolds treated with 500 

ng/mL of SDF-1α (N = 3) demonstrated 72.6% of cells migrating to 25%, 18.6% of cells 
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migrating to 50%, 6.36% of cells migrating to 75%, and 2.42% of cells migrating to 100% 

into the scaffold. Scaffolds treated with 100 ng/mL of PDGF-BB and 500 ng/mL of SDF-

1α (N = 3) demonstrated 73.3% of cells migrating to 25%, 15.8% of cells migrating to 

50%, 10.4% of cells migrating to 75%, and 0.54% of cells migrating to 100% into the 

scaffold (Fig. 14).  

 At the 4-week time point, control scaffolds demonstrated 75.6% of cells (N = 3) 

migrating to 25%, 17.8% of cells migrating 50%, and 6.67% of cells migrating 100% into 

the scaffold. Scaffolds treated with 100 ng/mL of PDGF-BB (N = 3) demonstrated 91.4% 

of cells migrating to 25%, 5.04% of cells migrating to 50%, 0.83% of cells migrating to 

75%, and 2.74% of cells migrating to 100% into the scaffold. Scaffolds treated with 500 

ng/mL of SDF-1α (N = 3) demonstrated 91.3% of cells migrating to 25%, 4.23% of cells 

migrating to 50%, 2.70% of cells migrating to 75%, and 1.80% of cells migrating to 100% 

into the scaffold. Scaffolds treated with 100 ng/mL of PDGF-BB and 500 ng/mL of SDF-

1α (N = 3) demonstrated 42.3% of cells migrating to 25%, 34.2% of cells migrating to 

50%, 14.0% of cells migrating to 75%, and 9.48% of cells migrating to 100% into the 

scaffold (Fig. 15). 
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Discussion 

 This study affirms that the bioconjugation of SMC-recruiting factors improves 

SMC proliferation and migration on electrospun vascular scaffolds. The findings of this 

study can be combined with the results of other in vitro studies to functionalize our 

previously designed bilayered vascular scaffolds in future experiments.16,20,21 

 The SEM characterization demonstrated the conservation of fiber morphology 

following the bioconjugation of PDGF-BB and SDF-1α at all concentrations. This is an 

essential confirmation, in that the fibers of the microscale outer layer of the previously 

designed bilayer scaffold are optimized to allow for SMC proliferation and 

infiltration.16,20,21 These results ensure that the inherent ability of the scaffold to support 

the growth of SMCs is not compromised, and that the addition of SMC-recruiting factors 

contributes to the efficacy of the current design. 

 The concentrations of PDGF-BB and SDF-1 were selected based on previous 

experiments that were successful in using both factors for SMC recruitment to vascular 

scaffolds.13,15 While the Lee lab demonstrated the efficacy of PDGF-BB in an in vitro 

setting with various fiber and bioconjugation conditions, the Yu lab demonstrated the 

efficacy of SDF-1α in an in vivo setting, making both studies highly useful and promising. 

For this series of experiments, the initial concentration of 100 ng/mL, 250 ng/mL, and 500 

ng/mL were selected based on the previous experimental concentrations of 100 ng/mL of 

PDGF-BB and 500 ng/mL of SDF-1α.13,15 In order to effectively compare the efficacy of 

the factors, concentrations were replicated between both studies, and the concentration of 

250 ng/mL was added to decrease the difference in magnitude. Despite the use of differing 

concentrations, the concentrations from the original studies were the most consistent in 
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outperforming the control conditions. While the reproduction of previously published 

results is encouraging, it delineates the need to further research the binding profiles, 

mechanisms, and cytotoxic effects of each factor to determine why certain concentrations 

of the same factor are preferable to others. 

 The assessment of dual-factor conjugation demonstrated that while scaffolds 

conjugated with both 100 ng/mL of PDGF-BB and 500 ng/mL of SDF-1α demonstrated a 

higher degree of cellular proliferation than unmodified scaffolds, the results also 

demonstrated that dual-conjugated scaffolds did not match or exceed the level of 

proliferation demonstrated by single-factor conjugated scaffolds. This, again, implies the 

need to study the cytotoxic effect of higher concentrations of SMC-recruiting factors in the 

in vitro setting. Notably, the dual-conjugation of factors demonstrated a vast improvement 

in the migration of SMCs into the scaffold, compared to unmodified controls and scaffolds 

conjugated with single factors. By the 4-week time point, over 50% of cells cultured on 

dual-conjugated constructs migrated past farther than 25% into the thickness of the 

scaffold. This confirms the hypothesis that the use of more than one factor can improve the 

infiltration of VSMCs into electrospun scaffolds. Further studies should be conducted to 

determine the chemokinetic mechanism of using multiple factors, so other advantageous 

approaches can be investigated. 

 One major challenge of this study is that a small sample size was used. While all 

experiments were completed in triplicate, more trials would provide better insight to the 

effect of PDGF-BB and SDF-1α on SMCs. Another limitation is that this study differed 

from similar studies in that the scaffold was not heparin-conjugated prior to passive 

adsorption of PDGF-BB and SDF-1α. Previous studies show that the covalent conjugation 
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and activation of heparin on a scaffold surface can function to form electrostatic 

interactions with other bioconjugated factors.13,15,18,22 While the use of heparin could have 

enhanced the association between the scaffold and the SMC-recruiting factors, the 

previously designed vascular scaffold in the Lee lab has established heparin as one of the 

many components that will be included toward the goal of a multifunctionalized TEVG. 

Future studies should also involve the development of a methodology to assess the binding 

efficacy of passive adsorption, possibly through the use of immunohistochemical staining. 

This could confirm whether the presence of heparin has an effect on the amount of 

bioconjugated agents affixed to the scaffold through passive adsorption. As this study was 

a proof-of-concept to determine techniques moving forward, the inclusion or exclusion of 

heparin was irrelevant to the future design of the scaffold. 

 The next stages in this study are to combine these findings with other in vitro studies 

targeted toward endothelial cell capture, anti-thrombotic efforts, and anti-inflammatory 

studies.  
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Conclusion 

 The described study confirms the hypothesis that the use of SMC-recruiting factors 

are more effective in promoting the proliferation and migration of VSMCs in comparison 

to unmodified scaffolds in an in vitro setting. Specifically, single-factor conjugation 

demonstrated an increase in SMC proliferation compared to both unmodified controls and 

dual-conjugated scaffolds, however, the proliferation was limited to cell growth on the 

surface of the scaffolds. While the dual-conjugation of SMC-recruiting factors did not 

demonstrate the same degree of proliferation as single-factor conjugated scaffolds, 

increased migration of SMCs into the scaffold was observed when more than one factor 

was used. This implies that the use of multiple factors has the ability to increase VSMC 

infiltration into electrospun scaffolds when compared with unmodified and single-factor 

modified scaffolds. 
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Table 1. Conditions for SMC-recruiting single-factor conjugation 

Testing Conditions Factor & Concentration of Dilution 

Control Unconjugated 

Condition 1 100 ng/mL PDGF-BB 

Condition 2 250 ng/mL PDGF-BB 

Condition 3 500 ng/mL PDGF-BB 

Condition 4 100 ng/mL SDF-1α 

Condition 5 250 ng/mL SDF-1α 

Condition 6 500 ng/mL SDF-1α 
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Table 2. Conditions for SMC-recruiting dual-factor conjugation 

Testing Conditions Factor & Concentration of Dilution 

Control Unconjugated 

Condition 1 100 ng/mL PDGF-BB 

Condition 2 500 ng/mL SDF-1α 

Condition 3 100 ng/mL PDGF-BB + 500 ng/mL SDF-1α 
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Figure 1. (a) SEM images of unmodified and factor-conjugated scaffolds (magnification ×1.0K). (b) Comparison of mean 

fiber diameter of unmodified vs. factor-conjugated scaffolds. 
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Figure 2. Comparison of SMC proliferation on single-factor conjugated scaffolds at 1-week time point. 
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Figure 3. Comparison of SMC proliferation on single-factor conjugated scaffolds at 2-week time point. 
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Figure 4. Comparison of SMC proliferation on single-factor conjugated scaffolds at 3-week time point. 
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Figure 5. Comparison of SMC proliferation on single-factor conjugated scaffolds at 4-week time point. 
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Figure 6. Comparison of SMC proliferation on single-factor vs. dual-factor conjugated scaffolds at 1-week time point. 
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Figure 7. Comparison of SMC proliferation on single-factor vs. dual-factor conjugated scaffolds at 2-week time point. 
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Figure 8. Comparison of SMC proliferation on single-factor vs. dual-factor conjugated scaffolds at 3-week time point. 
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Figure 9. Comparison of SMC proliferation on single-factor vs. dual-factor conjugated scaffolds at 4-week time point. 
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Figure 10. Migration of SMCs on single-factor vs. dual-factor conjugated scaffolds. 
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Figure 11. Assessment of SMC migration 25%, 50%, 75%, and 100% into the thickness of the scaffold. 
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Figure 12. Comparison of SMC migration into single-factor vs. dual-factor conjugated scaffolds at 1-week time point. 
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Figure 13. Comparison of SMC migration into single-factor vs. dual-factor conjugated scaffolds at 2-week time point. 
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Figure 14. Comparison of SMC migration into single-factor vs. dual-factor conjugated scaffolds at 3-week time point. 
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Figure 15. Comparison of SMC migration into single-factor vs. dual-factor conjugated scaffolds at 4-week time point. 
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Abstract 

Surgical interventions such as bypass grafts are highly utilized in treating vascular disease 

and injury in certain patients. However, one of the principal limitations of long-term graft 

patency is intimal hyperplasia. Inflammatory cells, such as macrophages, are instrumental 

in the development of plaques that compromise graft patency. Antiproliferative agents can 

be used in combination with synthetic vascular grafts, like tissue-engineered vascular grafts 

(TEVGs), and must be assessed for their effect on vascular cell types. This study sought to 

investigate how incorporating antiproliferative agents into electrospinning affects fiber 

morphology, and how the resultant scaffolds affect endothelial cell (EC) and smooth 

muscle cell (SMC) viability while preventing macrophage infiltration. Poly-lactic-co-

glycolic acid (PLGA) fibrous scaffolds were loaded with dexamethasone, sirolimus, or 

paclitaxel. Unmodified scaffolds were compared to drug-loaded scaffolds in regards to the 

effect of drug loading on fiber morphology and the cytotoxic effect on ECs and SMCs. The 

study demonstrated that some antiproliferative agents affect fiber morphology, and some 

have cytotoxicity effects on vascular ECs and SMCs. These outcomes are essential in 

moving forward with the use of antiproliferative agents in drug-loaded fibers of electrospun 

TEVGs. 
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Introduction 

Cardiovascular disease is the leading cause of death globally, and surgical 

interventions are often employed to improve or restore blood flood, preventing crisis.1,2 

Using vascular conduits to redirect blood flow around damaged vasculature is a commonly 

utilized approach in treatment.2,3 Tissue engineered vascular grafts (TEVGs) have emerged 

as a potential solution to addressing the clinical limitations of vascular grafts. However, 

small diameter TEVGS (diameter ≤5 mm) often become occluded shortly after 

implantation due to intimal hyperplasia (IH).4-6 IH results from the inflammatory response 

to vascular injury, and the ingrowth of cells that lead to thickening of the intimal vessel 

layer, and can be observed as early as 2 weeks following vascular reconstruction with a 

graft or stent, or up to 2 years following intervention.7-9 Macrophages, which are integral 

in the inflammatory response to vascular injury, are noted contributors to atherosclerosis, 

and are believed to be primarily responsible for the occurrence of IH in small diameter 

vascular grafts.10-17    

Macrophages and myofibroblasts are two major cell types involved in the 

physiological response to vascular stents that leads to IH.10 Monocytes are a precursor of 

macrophages, and are attracted to sites of vascular injury, before differentiating to 

macrophages which signal and recruit more inflammatory cells to the site.10,15-17 

Macrophages have also been observed to induce differentiation of vascular smooth muscle 

cells (VSMCs) to myofibroblastic phenotypes.18,19 Myofibroblasts also contribute to IH by 

secreting proteins, resulting in hypertrophy of tissue in the intimal layer.18,19 

A common approach to avoiding IH with the implantation of vascular grafts is the 

use of drug-eluting stents (DES).20 DES often consist of metal stents coated with polymers 
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and anti-inflammatory factors, and have been shown to reduce rates of IH compared with 

bare stents.20-22 The anti-inflammatory agents often halt the proliferation of the 

inflammatory cascade and propagation of signals recruiting monocytes to the site.20-22 

Commonly used examples of antiproliferative agents include dexamethasone, paclitaxel, 

and sirolimus. The anti-inflammatory agents function through various mechanisms of 

action to alter the transcription, stability, and viability of inflammatory cells to prevent 

their propagation in vascular injury.21,23-26 

The incorporation of anti-inflammatory agents into the fabrication of TEVGs 

presents an effective approach to overcome the clinical limitations of existing vascular 

conduits, while also addressing the issue of IH. Electrospun vascular grafts offer the unique 

ability to incorporate these agents into the fabrication process.5,6 The Lee Lab has 

previously designed a bilayered electrospun TEVG consisting of poly(ε-caprolactone) 

(PCL) and type I collagen.5,6 The bilayered scaffold consists of a microfiber outer layer 

specialized to allow VSMC infiltration, and a nanofiber inner layer engineered to allow the 

proliferation of an endothelial cell (EC) monolayer.4-6 This multi-layer electrospinning 

approach can be utilized for other polymeric scaffolds capable of optimizing the release of 

anti-inflammatory agents.  

TEVGs can also be fabricated from poly(lactic-co-glycolic acid (PLGA), which 

consists of polylactic acid (PLA) and polyglycolic acid (PGA).27-32 PLGA is a notable 

material for TEVG use, in that based on the ratios of PLA to PGA, the degradation profile 

can be manipulated, allowing for the controlled release of incorporated biological 

factors.27-32  
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Previous unpublished research from the Lee lab has explored the use of TEVGs 

fabricated from electrospun PLGA as possible conduits for the release of dexamethasone, 

paclitaxel, and siroliumus. Projects have been initiated to investigate the addition of a 

PLGA inner layer to the PCL/collagen bilayered scaffold to allow the controlled release of 

antiproliferative agents with the degradation of the PLGA layer. This study contributes to 

that foundation of research, and seeks to investigate how incorporating antiproliferative 

agents into electrospinning affects fiber morphology, and how the resultant scaffolds affect 

SMC and EC viability while preventing macrophage infiltration.  
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Materials and Methods 

Cell Culture  

Immortalized human endothelial (EA.hyc926) cells (ATCC, Manassas, VT) were 

utilized for the cytotoxicity and viability assay. Cells were thawed at 37°C for 1-2 min. 

Cells were then mixed with culture media comprised of 5 mL of Dulbecco’s Modified 

Eagle Medium (DMEM) (HyClone, Logan, UT) supplemented with 10% fetal bovine 

serum (FBS) (Sigma-Aldrich, St. Louis, MO) and 1% Antibiotic-Antimycotic (AA) (GE 

Healthcare Life Sciences Fisher Scientific, Waltham, MA), and centrifuged for 5 min at 

1500 rpm, then resuspended in 1 mL of culture media. Cells were plated on culture flasks 

at a density of 5000 cells/mL and supplemented with appropriate volumes of culture media 

and cultured at 37°C. Culture media was replaced every 2-3 days and cells were passaged 

at 60-70% confluence. 

Human aortic smooth muscle cells (HASMCs) (ATCC) were utilized for the 

cytotoxicity and viability assay. Cells removed from liquid nitrogen storage were thawed 

at 37°C for 1-2 min. Cells were then mixed with culture media comprised of 5 mL of 

Ready-to-Use Smooth Muscle Cell Growth Medium 2 (PromoCell GmbH, Heidelberg, 

Germany) containing all necessary culture supplements. Thawed cells were centrifuged for 

5 min at 1500 rpm, and then resuspended in 1 mL of culture media. Cells were plated on 

culture flasks at a density of 5000 cells/mL and supplemented with appropriate volumes of 

culture media and cultured at 37°C. Culture media was replaced every 2-3 days and cells 

were passaged at 60-70% confluence. 
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Fabrication of Electrospun Vascular Scaffolds 

PLGA solutions were mixed using PLA:PGA ratios of 75:25 (25% weight solution) 

and 65:35 (30% weight solution). Each PGLA solution was comprised for PLA:PGA ratios 

of specified molecular weights. PLGA polymer was dissolved in a 10mL solution 

comprised of 7.5mL of chloroform and 2.5 mL dimethylformamide (DMF). PLGA was 

added to chloroform-DMF solutions at weights of 2.5g (25% PLGA concentration) and 

3.0g (30% PLGA concentration). Solutions were placed on a rotating vial rack for 24 hours 

until the PLGA was fully dissolved into the solution. PLGA fibers were then electrospun 

onto a 5 cm diameter rotating mandrel. The 25% 75:25 PLGA was electrospun from an 

18G needle at a flow rate of 3 mL/h, with the delivering nozzle 10 cm from the mandrel, 

which was charged to 25 kV. The 30% 65:35 PLGA was electrospun from an 18G needle 

at a flow rate of 10 mL/h, with the delivering nozzle 20 cm from the mandrel, which was 

charged to 25 kV.  

Experimental drug-loaded vascular scaffolds were fabricated through the 

aforementioned steps, with dexamethasone, paclitaxel, or sirolimus added directly to the 

2.5 mL of DMF prior to combining all other reagents. For 30% weight solutions, 150 mg 

of the antiproliferative drugs were added, and for 25% weight solutions, 125% of the drugs 

were added. 

Prior to use, control and experimental scaffolds were freeze-dried via storage at -

80°C for 30 min, followed by a 7-8 h lyophilization period. Scaffolds were then sterilized 

by ethylene oxide (EO) gas and stored no more than 24 h prior to use. 
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Scaffold Characterization 

Small sections of unmodified and factor-conjugated scaffolds from each group 

were imaged with a compact variable pressure scanning electron microscope (SEM) 

(FLEXSEM 1000, Hitachi, Tokyo, Japan). Samples from each testing condition were cut 

from sheets of PLGA and secured on a metallic sample plate with double-sided carbon 

tape. The sample plate with the PLGA scaffold secured was then placed into a gold sputter 

coater chamber and coated with gold using argon gas to manipulate chamber pressure. 

After PLGA samples were coated with gold their fiber morphology was then evaluated 

using SEM. For each condition, three images were taken at 300×, 600×, and 1000× 

magnification from three samples per testing condition, and 60 fibers per image were 

selected at random for fiber diameter analysis. The average fiber diameter was assessed for 

each condition and compared to the control to evaluate the conservation of fiber 

morphology following drug loading. 

 

Cytotoxicity and Viability Assay 

The 1 cm × 1 cm fibrous scaffolds from all groups were placed in a 12-well plate 

under sterile conditions, and EA.hyc926 cells and HASMCs were seeded onto each 

scaffold at a concentration of 2 × 105 cells/scaffold. Scaffolds were incubated for 4 h at 

room temperature to allow for cellular attachment, after which 1-2 mL of culture media 

was added to each well. At 60-70% confluence, a live/dead cell viability assay (Thermo 

Fisher Scientific, Rockford, IL) was utilized to assess the toxicity of antiproliferative 

agents to vascular cells. 20 µL of ethidium bromide and 5 µL of calcein. 100 μL of calcein 

were combined in 10 mL of phosphate buffered saline (PBS) (Hyclone, Logan, UT). The 
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solution was added to well plates containing each the of sample in triplicate and scaffolds 

were incubated for 1 h at room temperature. Immediately following incubation, fluorescent 

images of the samples were acquired using a Leica DM4000 microscope (Leica 

Microsystems, Weltzar, Germany).  

Images with clear cell boundaries were uploaded into ImageJ cell counting 

software, where they were converted to an 8-bit image, then underwent the threshold 

process, with an upper limit of 40 and a lower limit of 255. For each image, the threshold 

parameters were recorded at which the cells were visible. The images were then converted 

to a binary black and white image. The “fill holes” function was performed to ensure the 

scale bar in the lower right-hand corner was not included in the count. Additionally, the 

“watershed” function was utilized to create 1-pixel divisions between cells to allow for 

counting. Size inclusion criteria was for particles up to 8000 pixels2. Images without clear 

cell boundaries were counted manually. Viability was assessed for each image by 

normalizing the mean of dead cells for each condition to 1, and assessing the ratio between 

live and dead cells. 

 

Statistical Analysis 

SPSS Statistical software was used for data management and statistical evaluations. 

For continuous outcomes, the groups were compared using independent t-tests and one-

way ANOVA with Bonferroni post hoc tests. Significance was considered at p < 0.05.  

Continuous data are reported as mean ± standard deviation.  
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Results 

Scaffold Characterization 

 SEM demonstrated that the loading of fibers altered the scaffold architecture 

minimally for the 75:25 PLGA fibers, but demonstrated significant difference in mean fiber 

diameter in the 65:35 PLGA fibers. (Fig. 1). Mean fiber diameter of 75:25 scaffolds taken 

after drug loading showed no significant change in fiber morphology, except for when 

modified with dexamethasone (Fig. 2). Unmodified 75:25 PLGA scaffolds (N = 180) 

demonstrated a mean fiber diameter of 2.16 ± 0.45 μm, while scaffolds drug loaded with 

paclitaxel and sirolimus showed similar fiber diameters (N = 180 for both conditions; 1.99 

± 0.47 μm and 1.96 ± 0.46 μm, respectively) (Fig. 2). Compared to the control condition, 

the 75:25 PLGA scaffolds drug loaded with dexamethasone demonstrated a statistically 

significant difference in mean fiber diameter (2.16 ± 0.47 μm vs 2.27 ± 0.45, p = 0.020) 

(Fig. 2). Unmodified 65:35 PLGA scaffolds (N = 180) demonstrated a mean fiber diameter 

of 1.05 ± 0.39 μm, while scaffolds drug loaded with dexamethasone, paclitaxel, and 

sirolimus showed a statistically significant change in fiber diameters (N = 180 for all 

conditions; 2.13 ± 0.88 μm, 3.29 ± 0.86 μm, and 1.91 ± 0.67 μm, respectively, with p < 

0.001 for all groups) (Fig. 3). 

 

Cytotoxicity and Viability Assay 

 Images showing live/dead staining of EA.hyc926 cells demonstrate that in all 

experimental conditions, there was a greater concentration of living cells than dead cells 

(Fig. 4). When exposed to unmodified 75:25 PLGA scaffolds, EA.hyc926 cells 

demonstrated a mean live:dead ratio of 5.07 live cells for every dead cell (N = 3, 5.07 ± 
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2.26 (83.53%)), while cells exposed to scaffolds drug loaded with dexamethasone, 

paclitaxel, and sirolimus demonstrated live:dead ratios of 7.05:1, 2.90:1, and 8.68:1, 

respectively (N = 3 for all conditions; 7.05 ± 1.47 (87.57%), 2.90 ± 1.98 (74.37%), and 

8.68 ± 1.76 (89.67%), respectively). Similarly, when EA.hyc926 cells were exposed to 

unmodified 65:35 PLGA scaffolds, they demonstrated a mean live:dead ratio of 6.41 live 

cells for every dead cell (N = 3, 6.41 ± 2.17 (86.51%)), while cells exposed to scaffolds 

drug loaded with dexamethasone, paclitaxel, and sirolimus demonstrated live:dead ratios 

of 15.52:1, 1.95:1, and 9.83:1, respectively (N = 3 for all conditions; 15.52 ± 6.49 

(93.95%), 1.95 ± 0.95 (66.05%), and 9.83 ± 2.34 (90.77%), respectively). For both 75:25 

PLGA and 65:35 PLGA, scaffolds drug-loaded with paclitaxel showed a higher ratio of 

living cells to dead cells, but demonstrated a lower mean of live cells in relation to dead 

cells compared with unmodified controls. (Fig. 5).  

Similarly, images of live/dead staining of HASMCs also demonstrate that in all 

conditions, a higher concentration of living cells was seen in comparison to dead cells (Fig. 

6). When cultured on unmodified 75:25 PLGA scaffolds, HASMCs demonstrated a mean 

live:dead ratio of 11.76 live cells for every dead cell (N = 3, 11.76 ± 6.00 (92.16%)), while 

cells exposed to scaffolds drug loaded with dexamethasone, paclitaxel, and sirolimus 

demonstrated live:dead ratios of 10.74:1, 2.52:1, and 21.32:1, respectively (N = 3 for all 

conditions; 10.74 ± 4.38 (91.49%), 2.52 ± 1.29 (71.56%), and 21.32 ± 10.82 (95.52%), 

respectively). HASMCs cultured on 75:25 PLGA scaffolds loaded with dexamethasone 

and paclitaxel demonstrated a higher ratio of live cells to dead cells, however the mean of 

live cells compared to dead cells was less than that demonstrated by the control condition, 

and statistically significant in the paclitaxel group (11.76 ± 6.00 vs. 10.74 ± 4.38; 11.76 ± 
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6.00 vs. 2.52 ± 1.29, p < 0.05, respectively). HASMCs exposed to unmodified 65:35 PLGA 

scaffolds demonstrated a mean live:dead ratio of 32.33 live cells for every dead cell (N = 

3, 32.33 ± 14.78 (97%)), while cells exposed to scaffolds drug loaded with dexamethasone, 

paclitaxel, and sirolimus demonstrated live:dead ratios of 22.07:1, 10.39:1, and 35.44:1, 

respectively (N = 3 for all conditions; 22.07 ± 6.49 (95.66%), 10.39 ± 2.40 (91.22%), and 

35.44 ± 1.35 (97.25%), respectively). Again, HASMCs cultured on 65:35 PLGA scaffolds 

loaded with dexamethasone and paclitaxel demonstrated a higher ratio of live cells to dead 

cells, however the mean of live cells compared to dead cells was less than that demonstrated 

by the control condition, and statistically significant in the paclitaxel group (32.33 ± 14.78 

vs. 22.07 ± 6.49; 32.33 ± 14.78 vs. 10.39 ± 2.40, p < 0.05, respectively). Also, HASMCs 

cultured on 65:35 PLGA scaffolds loaded with sirolimus demonstrated a higher ratio of 

live cells to dead cells, and also a higher mean of live cells compared to dead cells 

compared to that demonstrated by the control condition in a statistically significant way 

(32.33 ± 14.78 vs. 35.44 ± 1.35, p < 0.05) (Fig. 7). 
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Discussion 

 This series of studies confirms the hypothesis that drug-loading electrospun fibers 

with antiproliferative drugs does not have any harmful on vascular cell types, such as ECs 

and SMCs. Furthermore, this may be a viable approach for use in TEVGs, and may function 

in preventing IH secondary to inflammatory cell infiltration. Dexamethasone, paclitaxel, 

and sirolimus are all worthy of consideration for future studies and applications. 

 The SEM characterization presented the challenge that the drug loading of PLGA 

fibers contributes to significant changes in the fiber morphology in comparison to 

unmodified scaffolds. Fibers loaded with dexamethasone showed a statistically significant 

difference in fiber mean diameters for both ratios for scaffold preparations, and every drug-

loaded condition showed a statistically significant difference in fiber mean diameter in the 

65:35 PLGA fibers. While this verifies that the addition of the antiproliferative drugs 

changes fiber morphology, it is unclear if this finding is relevant to the desired application 

of this scaffold design. The PLGA layer is designed to act as an inner layer in multilayered 

scaffolding system, in which the degradation profile optimizes the controlled release of 

antiproliferative agents. Previously unpublished research from earlier experiments in this 

study examined the release profiles of various ratios of PLGA loaded with dexamethasone 

as a model for drug-loaded fibers. These results showed that dexamethasone was released 

in a controlled fashion over the course of 45 days. At 45 days of observation, 80% of the 

initial amount of loaded dexamethasone had been released from 75:25 PLGA scaffolds and 

65:35 PLGA scaffolds. These findings may infer that the changes in fiber morphology 

study are inconsequential, as long as the release profile of the antiproliferative agent is 

effective in its purpose. Unlike the previously described macro- and nanoscale 
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PCL/collagen layers specialized for cell deposition, proliferation, and migration, the only 

functional purpose of the PLGA layer is drug delivery, so conservation of fiber 

arrangement and organization may be inconsequential. 

 The results of the live/dead stain confirm that the loading of scaffolds with anti-

inflammatory agents has no cytotoxic effect on the viability of ECs and SMCs. 

Unpublished data from prior studies confirms that dexamethasone, paclitaxel, and 

sirolimus have antiproliferative effects on macrophages in an in vitro setting, but the effects 

of these agents on ECs and SMCs needed to be examined. While all of the groups showed 

a higher ratio of live cells to dead cells after drug loading, some groups showed a decrease 

in this ratio in comparison with the control. Notably, cells grown on scaffolds loaded with 

paclitaxel consistently demonstrated a statistically significant difference in the ratio of live 

cells to dead cells compared to the unmodified scaffolds. While there is no reason to believe 

paclitaxel has any serious effect on cell viability, it may be inferred that dexamethasone 

and sirolimus are alternatives, strictly speaking from a cell viability perspective. Overall, 

this verifies that the use of dexamethasone, sirolimus, and paclitaxel in electrospun 

vascular grafts may be safe for use, and will not compromise the proliferation, migration, 

and viability of cell types necessary for long-term physiological success of the TEVG. 

However, further studies are needed to determine the proliferative, antiproliferative, and 

cytotoxic effects of dexamethasone, paclitaxel, and sirolimus on non-inflammatory cells, 

and what mechanisms are involved in these outcomes. 

 The results of this study may be instrumental on expanding upon the existing 

bilayered scaffold design, and could be a future component in a trilayered scaffold upon 

further experimentation and in vitro testing. 
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Conclusion 

 The aforementioned experiments demonstrate the benefits of the use of 

antiproliferative agents to prevent inflammatory cell infiltration in electrospun TEVGs. 

While dexamethasone, sirolimus, and paclitaxel may cause some variation to PLGA fiber 

morphology, this may be inconsequential to their efficacy as anti-inflammatory agents. 

Furthermore, these drugs have no notable effect on vascular ECs and SMCs, and are 

compatible with use in a vascular setting.  
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Figure 1. SEM images of unmodified and drug-loaded scaffolds (magnification ×1.0K).  
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Figure 2. Comparison of mean fiber diameter of 75:25 PLGA control vs. drug-loaded scaffolds. 
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Figure 3. Comparison of mean fiber diameter of 65:35 PLGA control vs. drug-loaded scaffolds. 
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Figure 4. Live/dead staining of EA.hyc926 cells on 65:35 PLGA control vs. drug-loaded scaffolds. 
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Figure 5. Comparison of mean live EA.hyc926 cells compared to dead cells when cultured on unmodified PLGA control vs. 

drug-loaded scaffolds. 
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Figure 6. Live/dead staining of HASMCs on 65:35 PLGA control vs. drug-loaded scaffolds. 
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Figure 7. Comparison of mean live HASMCs compared to dead cells when cultured on unmodified PLGA control vs. drug-

loaded scaffolds. 
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Abstract 

The development of tissue-engineered vascular grafts (TEVGs) for clinical use is an 

ongoing effort toward long-term vascular conduits in patients with cardiovascular disease. 

To assess the function of engineered scaffolds, effective preclinical models are necessary 

to predict translation to clinical use. This study seeks to utilize a rat model to assess the 

structure and function of an acellular electrospun scaffold, as well as the optimal time 

points for explantation and observation. Electrospun tubular vascular scaffolds were 

fabricated with a 1:1 poly(ε-caprolactone) (PCL)/collagen blend solution. Scaffolds were 

surface modified by conjugating heparin. Acellular scaffolds were implanted as a carotid 

artery interposition graft in rats, while the contralateral artery was preserved to serve as a 

native control. Rats were sacrificed at 1 week, 3 weeks, and 8 weeks, at which time the 

patency was assessed and the explanted scaffold was analyzed. The experiments examining 

the use of acellular electrospun scaffolds in a rat carotid arterial interposition model suggest 

the described scaffold fabrication approach, as well as the employed surgical technique, 

are appropriate for this setting. Furthermore, the time points of 1 week and 3 weeks are 

suitable for examining the formation of an endothelial monolayer on the surface of the 

implanted graft. 
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Introduction 

 Cardiovascular disease (CVD) is the leading cause of death globally, and 

unfortunately represents a collection of often fatal ailments that could be treated and 

alleviated with preventative care.1,2 While many focus on the heart when discussing CVDs, 

blood vessels play an integral role in the health, function, and maintenance of the 

cardiovascular system. Peripheral vascular disease (PVD), as well as coronary artery 

disease (CAD), lead to some of the worst outcomes in cardiovascular health, thus vascular 

health is incredibly important in preventing mortality and morbidity in CVD.3 

 In advanced cases of CVD, surgical intervention is often utilized to improve or 

restore perfusion.4-6 For many vascular interventions, autologous vessels from the patient 

are the preferred conduit for bypasses and repairs.7 In cases where autologous vessels are 

unavailable for use, synthetic vessels fabricated from Dacron or polytetrafluoroethylene 

(PTFE) are among the most popular alternatives.7 Other options, such as decellularized 

xenografts or cryopreserved cadaveric homografts, are often used.8,9 Synthetic grafts, 

however, often have challenges maintaining patency in the setting of small-diameter 

vessels, and require intervention or replacement relatively soon after intervention to 

improve or restore blood flow.7,10,11 

 Tissue engineered vascular grafts (TEVGs) are a lucrative substitute to existing 

synthetic conduits for surgical use. Many efforts in fabricating TEVGs involve seeding a 

scaffold with autologous cells, maturing the construct in a bioreactor, and implanting the 

tissue-engineered vessel into the patient.7 While this approach ensures host compatibility, 

prolonging function, it is a very time intensive process. Recently, advancements in the field 

of in situ tissue engineering offer novel approaches to expediting the process of 
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cellularizing a vascular scaffold.12 Previous research has established that for the success of 

small-diameter vascular grafts, the presence of endothelial cells (ECs) on the luminal 

surface and smooth muscle cells (SMCs) in the vessel wall contribute to the patency and 

anti-thrombotic properties of the graft.12 

 In order to adequately examine the potential success of a scaffold designed to 

cellularize inside the physiological environment, a preclinical animal model is the most 

feasible way to assess structural stability and function. Animal studies are a useful 

experimental setting for TEVGs, as the physiological pressure and flow coupled with the 

living microenvironment present factors that are difficult to replicate in vitro.13,14 

 This study aimed to analyze the structural stability and patency of small-diameter 

electrospun vascular scaffolds in a rat model. The acellular scaffolds were modified with 

heparin to prevent thrombosis, and implanted as a carotid artery interposition graft. This 

preliminary animal model sought to establish time points for sacrifice to observe 

endothelialization and smooth muscle growth, as well as safety of an acellular scaffold for 

in vivo use.  
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Materials and Methods 

Scaffold Fabrication 

The fibrous scaffolds were fabricated by a previously optimized electrospinning 

technique, along with preliminary assessments of scaffold inner diameter and wall 

thickness15-19 A 5% weight 1:1 PCL/collagen solution was prepared by dissolving 0.25g 

PCL powder (DURECT Corporation, Birmingham, AL) and 0.25g collagen (Elastin 

Products, Owensville, MO) in 10 mL of hexafluoro-2-propanol (HFIP) (Sigma-Aldrich, 

St. Louis, MO) and inverting for 24 h before electrospinning.  Scaffolds were fabricated 

through the electrospinning of the 1:1 solution of PCL/collagen solution on to a 1.0 mm 

diameter cylindrical mandrel. Electrospinning was conducted at a flow rate of 3 mL/h for 

and with a nozzle distance of 10 cm from the mandrel charged at 25 kV for 15 min. 

The scaffolds were submerged in a crosslinking solution comprised of EDC and 

NHS dissolved in 190 proof ethyl alcohol for 4 h at room temperature. The scaffolds were 

then covalently conjugated with heparin. A reaction buffer consisting of EDC, NHS, and 

heparin sodium salt from porcine intestinal mucosa (Sigma-Aldrich) dissolved in MES 

with was prepared and activated at 37°C for 30 min. The scaffolds were then submerged 

in the activated heparin reaction buffer and incubated for 4 h at room temperature. 

Scaffolds were then submerged in the aforementioned termination buffer for 1 h at room 

temperature. This process was followed by washing as previously described with two 

washing buffers. After heparin conjugation, some scaffolds were preserved as control 

conditions, cut to approximately 3 cm, and preserved in dI H2O at 4°C for no more than 

24 h before use. 
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Prior to implantation, scaffolds were freeze-dried via storage at -80°C for 30 min, 

followed by a 7-8 h lyophilization period. Scaffolds were then sterilized by ethylene oxide 

(EO) gas before animal surgeries. 

 

Scaffold Characterization 

 Small cross-sections of the heparin-conjugated scaffolds were imaged with a 

compact variable pressure scanning electron microscope (SEM) (FLEXSEM 1000, 

Hitachi, Tokyo, Japan). Samples were secured on a metallic sample plate with double sided 

carbon tape. The sample plate with the scaffolds secured was then placed into a gold sputter 

coater chamber and coated with gold using argon gas to manipulate chamber pressure. For 

samples from three different scaffolds, three images were taken of each scaffold wall, and 

three measurements in each image were taken at random for wall thickness. The average 

wall thickness was assessed for each scaffold and compared to the others to evaluate the 

conservation of fiber morphology and consistency of the electrospinning protocol.  

 

Animal Model 

 Male Sprague Dawley rats, approximately 8 weeks old and/or 250 g (Charles River 

Laboratories, Wilmington, MA), were used for the study. The rats were housed in diads 

and received standard care conditions and diet. 6 rats received vascular scaffolds 

conjugated with heparin only, examined at 3 separate time points (2 rats were sacrificed 

after 1 week, 2 rats were sacrificed after 3 weeks, and 2 rats were sacrificed after 8 weeks). 

Animal studies were conducted with approval and supervision of the Wake Forest School 



   

174 
 

of Medicine Institutional Animal Care and Use Committee (IACUC). IACUC and NIH 

guidelines were followed for the care and utilization of all animal subjects. 

 

Cadaver Implantation 

 Prior to the in vitro implantation of the scaffolds, sample scaffolds were implanted 

into rats sacrificed following other unrelated studies. This served to ensure scaffold 

thickness was appropriate for a rat carotid interposition model. 

 

In vivo Implantation 

 The rats were placed under general anesthesia with isoflurane and remained 

anesthetized for the entirety of the surgical procedure. The rats were placed in a dorsal 

position, and surgical site was shaved. A longitudinal skin incision was made over the 

lateral midline on either side, or in the midline of the neck. The subcutaneous tissue and 

platysma muscle were elevated to expose underlying muscles, and the sternocleidomastoid 

muscle and omohyoid muscles were excised to expose the carotid artery. Muscle excision 

was performed by electrocautery to prevent bleeding. The carotid artery was dissected and 

freed from surrounding structures and clamped proximally and distally. Approximately 2 

cm of the carotid artery was excised in each animal, and the experimental scaffolds were 

anastomosed in an end-to-end fashion with non-absorbable sutures. Suturing was 

performed by making three equally spaced interrupted sutures, with continuous running 

suture in between each interrupted suture. After administration of heparin, the clamps on 

the native carotid were released, and additional sutures were added if needed to halt any 
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additional bleeding. Patency and the return of blood flow was confirmed. The surgical site 

was closed with 3-0 to 5-0 absorbable sutures in accordance with standards of practice.  

 Following surgery, animals were monitored for recovery, pain, and wound healing. 

The rats received meloxicam and buprenorphine in the days following the procedure to 

treat any associated pain. At the aforementioned time points, the animals repeated the 

surgical procedure to retrieve the implants. After patency was confirmed, grafts were 

explanted, fixed and processed. The contralateral native carotid was also explanted, fixed, 

and processed as a control comparison. The animals were euthanized through bilateral 

thoracotomy.  

 

Histological Analysis 

 Retrieved scaffolds were fixed in 10% neutralized buffered formalin for 7-8 hours 

and stored in 70% ethanol until tissue processing. After processing, scaffolds were 

sectioned and embedded into paraffin blocks. Slides were prepared with 5 µm thick 

sections, deparaffinized, and stained through various techniques to visualize different 

components of the tissue.  

Cartilage and smooth muscle were examined through hematoxylin and eosin (HE) 

staining and Masson’s trichrome staining (MTS). The HE stain was performed with a Leica 

Autostainer XL (Leica Biosystems, Weltzar, Germany), and coverslips were applied with 

MM24 mounting media (Leica). For the MTS, slides were incubated in Bouin’s fixative 

overnight at room temperature, washed in running tap water for 5 min, and rinsed in 

deionized (dI) H2O three times. Slides were then stained with Weigert’s iron hematoxylin 

working solution for 10 min, washed in running tap water for 10 min, and rinsed in dI H2O 
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three times. Then, slides were stained with Biebrich scarlet-acid fuchsin solution for 3 min 

and rinsed in dI H2O 4 times. Next, slides were differentiated in phosphomolybdic-

phosphotungstic acid solution for approximately 15 min, drained briefly, and then stained 

in aniline blue solution for 5 min. After rinsing in dI H2O 6 times, slides were differentiated 

in 1% acetic acid solution for 2 min, then dehydrated through 95% ethyl alcohol, absolute 

ethyl alcohol, and cleared in xylene. Coverslips were applied with MM24 mounting media.  

The EC coverage and SMC presence in the transplanted constructs were examined 

with an immunohistochemical stain (IHC) using anti-vonWillebrand factor (vWF) 

antibody at a dilution of 1:200 (Dako Agilent Technologies, Santa Clara, CA) to identify 

ECs, and α-smooth muscle actin (SMA) antibody at a dilution of 1:200 (Santa Cruz 

Biotechnology, Dallas, TX) to identify SMCs. After deparaffinization, slides went through 

an antigen retrieval process with citrate buffer (pH 6.0, Dako Agilent Technologies). 

Following antigen retrieval, sections on slides were covered with approximately 200 μL 

serum-free protein blocker (Dako Agilent Technologies) for 15 min, followed by 200 μL 

of the aforementioned primary antibodies for 1 h. After washing with phosphate buffered 

saline (PBS) (HyClone, Logan, UT), sections were incubated in the dark with fluorescent 

secondary antibody for 30 min. Coverslips were applied with VectaShield mounting media 

containing DAPI (Vector Laboratories, Burlingame, CA) to visualize cell nuclei. Sections 

stained without the primary antibodies were used as negative controls. Fluorescent images 

of the were captured with a Leica DM 4000 B compound microscope (Leica Microsystems, 

Weltzar, Germany), and images were overlaid with Olympus CellSens Software (Olympus 

Scientific Solutions, Waltham, MA).  
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Statistical Analysis 

SPSS Statistical software was used for data management and statistical evaluations. 

For continuous outcomes, the groups were compared using independent t-tests and one-

way ANOVA with Bonferroni post hoc tests. Significance was considered at p < 0.05.  

Continuous data are reported as mean ± standard deviation.  
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Results 

 

Scaffold Characterization 

 

 SEM demonstrated that the electrospinning technique employed to fabricate the 

tubular scaffolds was replicable and produced closely comparable results between 

scaffolds (Fig. 1a). Among the three scaffolds analyzed for wall thickness, there was no 

significant change in wall thickness between trials (Fig. 1b). The three trials of the 

aforementioned electrospinning protocol yielded scaffolds with mean wall thicknesses of 

139.88 ± 3.95 (N = 9), 139.41 ± 3.46 (N = 9), and 140.58 ± 6.21 (N = 9), with no significant 

difference between any scaffold (Fig. 1b). 

 

Rat Carotid Arterial Interposition Model 

 The transplanted constructs demonstrated adequate continuity in inner diameter and 

wall thickness with the native vessel (Fig. 2). Post-surgical assessment of the anastomoses 

showed no evidence of leakage. The 1-week and 3-week subjects demonstrated patency 

prior to explantation. However, the 8-week group demonstrated occlusion in the vascular 

graft at explantation. The failure of patency at 8 weeks did not affect the survival of the 

animals.  

 

Histological Analysis 

 At the 1-week time point, the retrieved scaffolds demonstrated some deposition of 

tissue onto the lumen of the graft. The HE stain, when compared with the native vessel, 
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showed the presence of nuclei on the luminal surface of the graft. While tissue on the 

luminal surface appeared pink in the HE stain, results of the MTS showed red staining, 

disproving the presence of collagenous fibers in the lumen, and indicating another tissue 

type (Fig. 3). While the IHC was inconclusive for the presence of SMCs at 1 week, there 

was a positive expression of vWF on the luminal surface that was absent in the negative 

control group, indicating some degree of endothelialization. The vWF expression in 

retrieved scaffolds, on gross appearance, was thicker and less defined that the expression 

in the native vessel. Also, the organization of nuclei in the retrieved scaffolds is not as 

organized as in the native vessel (Fig. 4). 

 The 3-week time point also demonstrated deposition of tissue onto the scaffold. The 

HE stain and MTS showed a layer of tissue on the luminal surface. The MTS indicated red 

tissue, implying the tissue was of muscular or keratinic origin, or represented cytoplasm 

staining of another kind of tissue. Notably, the layer appeared to be thicker than the 

endothelial monolayer seen in the staining of the native vessel (Fig. 5). Again, the IHC was 

inconclusive for the presence of SMCs, as the α-SMA stain revealed diffuse expression, 

with no obvious delineation of smooth muscle tissue, as was seen in the native vessel. 

However, vWF staining was positive for expression not seen in the negative control, 

indicating the possible presence of endothelialization. While the 3-week scaffold showed 

a discontinuous degree of possible endothelialization, the gross appearance of the stain was 

more consistent to the shape and pattern of the monolayer seen in the native vessel in 

comparison to 1-week results. Additionally, the nuclei indicated by DAPI staining are 

organized in a way more analogous to the native vessel when compared to the 1-week 

results. In one of the scaffolds, there is strong vWF expression where smooth muscle tissue 
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would be expected, indicating either ectopic endothelialization as a result of the vascular 

implant, or the development of vascular networks in the scaffold initiated by native 

mechanisms (Fig. 6). 

 At the 8-week time point, a great deal of cellularization was observed on the luminal 

surface of the vessel, as well as within the vessel itself. Again, the HE stain and MTS 

demonstrated that nuclei were deposited onto the vascular lumen in a fashion that was 

thicker than what was observed in the native vessel. However, the outermost layer in 

Scaffold 2 was grossly similar the endothelial monolayer observed in the native tissue (Fig. 

7). The IHC showed positive expression of both vWF and α-SMA in the scaffold, compared 

to no expression in the negative control. While both experimental scaffolds showed vWF 

expression in a way that was very consistent with the endothelial monolayer observed in 

the native vessel, both scaffolds also showed strong vWF expression within the scaffold 

wall. Both scaffolds also demonstrated strong staining of α-SMA, indicated a developed 

smooth muscle layer within the scaffold (Fig. 8). While the SMCs in the experimental 

scaffold seemed to be less organized than those in the native tissue, the DAPI-stained nuclei 

grossly appeared to be more consistent with native organization and depth from the lumen 

(Fig. 9).   

  

 

 

 

  



   

181 
 

Discussion 

 This study, though preliminary and limited in power, implies that the acellular 

vascular scaffolds are safe for use in examining endotheliazation up to 3 weeks. Due to 

graft occlusion at 8 weeks, more time points and assessments are needed to determine the 

mechanism of occlusion, as well as the optimal time point for termination of studies if 

patency cannot be guaranteed past a certain point.  

 The SEM characterization verified that the electrospinning parameters to fabricate 

tubular, small-diameter scaffolds were replicable and consistent. Ideally, any future 

modifications to the scaffold design will optimize structural stability, while minimizing 

wall thickness to allow for optimal continuity with native vessels. The scaffold design 

utilized has been previously used by the Lee Lab in preclinical models. The results of a 

large animal study were recently published, confirming that the bilayered scaffold (the 

inner layer of which was utilized for this experiment) maintained patency and demonstrated 

appropriate tissue formation and physiological function after 6 months implanted in 

sheep.19 Notably these scaffolds were seeded with autologous ECs and SMCs prior to 

implantation, and matured in a bioreactor. Also, due to the significant different in inner 

diameter of those scaffolds compared to the ones utilized for this study, the scaffolds 

designed for sheep were better suited for mechanical testing prior to and following 

implantation. The small size of the scaffolds designed for use in rats makes tensile testing 

and examination of muscle contractility especially difficult, and limits the ability to analyze 

important aspects of the graft.  

 The implantation surgery was successful, and can be replicated in future iterations 

of the study. The combined use of interrupted sutures with running sutures in between 
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prevents tension caused by the difference in diameter between the scaffold and native 

vessel. The cuff technique has been considered to compensate for size discrepancies, and 

will continue to be considered for future studies.  

 The histological analysis was helpful, but limited in scope as there were only 2 

subjects for each time point. In regards to examining the process of endothelialization, 1 

week and 3 weeks may be optimal time points, as they would allow observation of how 

quickly a surface modified scaffold is capturing or inducing migration of native ECs. 8 

weeks is ideal for determining the formation of smooth muscle tissue in the scaffolds, 

however the lack of patency at that time point is concerning. Future iterations of the study 

will need to examine more time points between 3 weeks and 8 weeks to pinpoint the cause 

of graft occlusion. The use of ultrasound with small probes specialized for rat vessels would 

be useful moving forward. Furthermore, the small size of the scaffold presents challenges 

in obtaining optimal sectioning for slides and staining. Longitudinal and cross-sectional 

views of experimental scaffolds would be ideal, but may require more specialized 

techniques and methodologies to optimize section and staining.  

 While the immediate plans for this study involve testing surface modified scaffolds 

in healthy rats, an eventual setting for this study could include animal models that are bred 

with conditions such as diabetes, hypertension, or other cardiovascular disease models. 

Rats would be especially useful in this endeavor, as many relevant models exist, including 

spontaneously hypertensive rats, diabetic hypertensive rats, and many other specialized 

breeds that could be used.20 In future studies, these rat models could provide some insight 

to the function of functionalized TEVGs in patients with complex comorbidities. 
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 The results of this preliminary animal model present some limitations, but many 

useful considerations moving forward. The scaffold design and surgical technique are 

appropriate for the setting, however the in vivo monitoring and post-surgical analyses could 

be improved to ascertain more information about the scaffold prior to sacrifice. Also, a 

larger number of animals can produce more reliable results and may present trends in 

scaffold suitability. 
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Conclusion 

 The experiments examining the use of acellular electrospun scaffolds in a rat 

carotid arterial interposition model suggest the described scaffold fabrication approach, as 

well as the employed surgical technique, are appropriate for this setting. Furthermore, the 

time points of 1 week and 3 weeks are suitable for examining the formation of an 

endothelial monolayer on the surface of the implanted graft. Further strategies and methods 

are needed to assess patency in vivo, and mechanisms of graft occlusion between 3 and 8 

weeks. Longer time points will be needed to assess smooth muscle tissue formation in the 

scaffold, however this is secondary to ensuring the well-being, comfort, and survival of the 

animal subjects. 
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Figure 1. (a) SEM images of three-dimensional tubular scaffolds (magnification ×500). (b) Comparison of mean wall thickness 

between samples. 
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Figure 2. Rat carotid arterial interposition model implantation. 
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Figure 3. HE stains and MTS of native and experimental scaffolds at 1 week of implantation. 

 

  



   

190 
 

Figure 4. IHC stains of native and experimental scaffolds at 1 week of implantation (Blue = DAPI for nuclei, Red = vWF for 

ECs). 
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Figure 5. HE stains and MTS of native and experimental scaffolds at 3 weeks of implantation. 
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Figure 6. IHC stains of native and experimental scaffolds at 3 weeks of implantation (Blue = DAPI for nuclei, Red = vWF for 

ECs). 
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Figure 7. HE stains and MTS of native and experimental scaffolds at 8 weeks of implantation. 
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Figure 8. IHC stains of native and experimental scaffolds at 8 weeks of implantation (Blue = DAPI for nuclei, Green = vWF for 

ECs, Red = αSMA for SMCs). 
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Figure 9. IHC stains of native and experimental scaffolds at 8 weeks of implantation (Blue = DAPI for nuclei, Green = vWF for 

ECs, Red = αSMA for SMCs). 
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Chapter 6 

Summary and Conclusions 

 The summation of these studies describe the efforts to combine several aspects of 

vascular tissue engineering to create optimal multifunctionalized scaffolds. In combination 

with previous research in the Lee lab, our design seeks to combine novel and efficacious 

aspects of all vascular scaffold fabrication approaches. The existing heparinized multilayer 

design is biocompatible, biodegradable, and designed to prevent early graft stenosis. The 

cell capture, surface modification, and drug loading efforts described in Chapters 2-5 

delineate our efforts in surface modification and bioconjugation to optimize each layer and 

surface of that design. Ideally, this optimized, multifunctionalized scaffold will be used in 

preclinical studies, towards use as an in situ vascular scaffold in clinical practice. 

 

Chapter 2 

 In Chapter 2 we established reliable methodology and study design parameters of 

our endothelial cell capture ambitions. This was a necessary undertaking, in that the 

methodology to analyze our results needed to support the processing of large amounts of 

data in a reasonable time frame. Furthermore, in the use of microfluidic devices in cell-

capture studies, there are numerous applications. The necessitates specific flow conditions 

to mimic the target tissue or organ system for each experiment, as well as the development 

of conditions that are designed to effectively address the objectives of the study. For our 

proof-of-concept cell capture study, we needed to ensure that the flow rate and duration 

allowed for adequate cell capture, while allowing for discernment between the performance 

of different experimental groups.  
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The microfluidic cell capture studies affirmed the findings in the literature that 

antibody-conjugated scaffolds were more efficacious in the capture of circulating 

endothelial cells than unmodified controls. While the replication of known data is 

encouraging, it is the establishment of synergy in the use of multiple surface-immobilized 

antibodies that is most promising. The dual-antibody conjugation study demonstrated that 

the use of more than one bioconjugated antibody was especially effective in homing ECs, 

which could be instrumental in the future design of off-the-shelf scaffolds. 

While results are promising, the translational ability of this project would benefit 

from future studies involving the use of incubators to examine long-term behavior of 

captured ECs, and bioreactor studies to mimic physiological flow and pressure. Ideally, the 

microfluidic capture study performed under dynamic conditions in an incubator would 

allow us to determine how the captured cells behave days to weeks after the initial capture. 

We would be able to determine if the captured cells remain attached and begin to proliferate 

on the scaffold surface to form a monolayer, or if over time the dynamic conditions would 

cause the sloughing off of captured cells or bioconjugated antibodies. If the scaffolds could 

not retain cell adhesion and proliferation under low-pressure conditions that did not 

replicate the same flow velocity or shear stress of a vessel in vivo, the scalability and 

translation of this project would have to be reconsidered. However, if the formation of a 

monolayer was observed in a microfluidic setting, the next logical step would be a three-

dimensional scaffold in a bioreactor study under physiological flow conditions to examine 

the same questions in monolayer formation vs. the ability of ECs to adhere and proliferate 

under dynamic conditions. As previously stated, an eventual transition to the use of human 

ECs, such as HUVECs, would be ideal. Combined with the results of Chapter 5, the 
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eventual examination of a three-dimensional tubular scaffold modified with antibodies in 

a rat model would be especially valuable in determining the ability of our antibody-

conjugated scaffolds to capture and induce EC monolayer formation in vivo, as previous 

literature demonstrates that ECs can be effectively homed in vivo through antibody 

immobilization.1-6 Furthermore, dual-antibody immobilization to promote synergistic EC 

capture has been demonstrated in different applications and settings, which is promising 

for the potential of these studies.7,8 Moving forward, verification of our scaffold design and 

approach, and assessment of the effect of dual conjugation is a necessary next step. 

 

Chapter 3 

 Chapter 3 provided valuable information about the use of SMC-recruiting factors 

to induce smooth muscle cell proliferation and migration into electrospun scaffolds. While 

the initial single-factor studies replicated results from established published studies, the 

confirmation of the hypothesis is promising in that the results are replicable and reliable.  

 The single-factor studies demonstrated that for most time points and conditions, 

SMC-recruiting factors would yield a higher average number of cells proliferating on the 

scaffolds. This is interesting because the purpose of these agents is to be chemokinetic and 

induce movement of SMCs from one area to another. However, seeded cells remained 

primarily on the surface of the scaffolds, though proliferated rapidly. This speaks to the 

dual function of PDGF-BB and SDF-1α of promoting cellular proliferation in addition to 

cell migration through various mechanisms.9-12 

 The dual-factor conjugation study was surprising in that the proliferation of the 

SMCs, while higher than the unmodified condition, was notably less compared to single-
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factor studies. This, paired with the fact that higher concentrations of PDGF-BB showed 

lesser levels of proliferation than lower concentrations, implies there may be some 

concentration-related antiproliferative effect of the SMC-recruiting factors on SMCs. The 

fact the higher concentrations tend to out-perform control conditions diminishes concerns 

of cytotoxicity, the decreased efficacy to promote proliferation with increasing 

concentrations is something to be examined in future studies. However, the dual-factor 

conjugation demonstrated a significant difference in the migration of the SMCs into the 

scaffold. Future studies should examine which outcome is better for long-term success of 

TEVGs, the increased proliferation of SMCs, or the increased migration of cells into the 

scaffold.  

 

Chapter 4 

 While the Chapter 4 studies were clarifying and expanding on previous research, 

they offered valuable insights into the implications of experimental results. The differing 

fiber morphologies before and after drug-loading posit the question of that findings 

relevance to the proposed function of the PLGA drug-loaded layers. However, it is 

established that dexamethasone, paclitaxel, and sirolimus are safe for use with vascular 

cells.  

 Previous research established that the PLGA ratio concentrations of 75:25 and 

65:35 were most efficacious in the timed release of antiproliferative agents from the 

electrospun fibers as a result of degradation. Furthermore, the antiproliferative nature of 

these agents was demonstrated in an in vitro setting through the exposure of macrophages 

to dexamethasone, sirolimus, and paclitaxel in concentrated solutions derived from the 
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outcomes of the release studies. It was vital to examine these results in the setting of the 

effect of the agents on ECs and SMCs. Despite confirmed anti-inflammatory action of the 

drugs, we needed to ensure the mechanism of action did not have deleterious effects on the 

cell types we want to populate our scaffold in an in situ fashion. The potential effects of 

dexamethasone, paclitaxel, and sirolimus when incorporated into electrospun fibers needed 

to be assessed, even though drug-eluting stents are successful options for clinical use.13-20 

 As described in Chapter 4, the scaffold characterization demonstrated through SEM 

imaging that the addition of the antiproliferative drugs had a significant change on the 

diameter of the electrospun fibers. While fiber morphology is incredibly important for the 

PCL/collagen nanostructure and microstructure for cellular deposition, infiltration, and 

growth, this is less of a consideration for the drug-loaded fibers. As previously stated, the 

purpose of the PLGA fibers to degrade and release the drugs over time, so the fiber 

diameter and morphology may be of negligible importance when considered alongside the 

function and purpose of that electrospun layer. The cytotoxicity studies demonstrate that 

there may be some concern for the effect of paclitaxel on ECs and SMCs, however further 

studies would be needed to determine if this would impact the overall recruitment of cells 

to a functionalized scaffold.  

 A future study in development that could offer valuable insight to the efficacy of 

the drug-eluting TEVG design is an assay to assess the prevention of macrophage 

migration. While wound healing assays are common and useful, they often primarily apply 

to adherent cells.21 The macrophages utilized by our lab in previous studies are suspension 

cells, and this would be an inappropriate and difficult assay to use for our cell population. 

Furthermore, there are many migration and invasion assays involving chambers or wells 
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that can be used with suspension cells.22 Unfortunately, these assays primarily examine 

migration in response to a migration inducing agent, and may not be appropriate for anti-

migration studies. Currently, the development of an assay to examine natural migration of 

suspension cells compared with an anti-migratory setting is underway. This may involve 

the use of permeable membranes, but more investigation into literature and existing assays 

are required. Another option is the use of a subcutaneous rat model in order to examine the 

ability of unmodified scaffolds and drug-eluting scaffolds to inhibit inflammatory response 

post-implantation. The examination of scaffolds as subcutaneous implants is well explored 

in literature, and many of these studies include methods and assays of assessing 

inflammation over time at the implantation sites.23,24 Permeable membrane studies along 

with subcutaneous studies will be reviewed moving forward to determine the best way to 

demonstrate the ability of our drug-loaded scaffolds to prevent infiltration of macrophages 

and inflammatory cell types. 

 

Chapter 5 

 The rat studies described in Chapter 5 served as a preliminary examination of the 

structural integrity and biocompatibility of our scaffold design, as well as the ability to 

utilize our scaffold with a proposed surgical implantation approach. For the purposes of 

feasibility, the study was successful in determining that the scaffolds are promising for 

implantation in rat carotid arteries as an interposition graft up to 3 weeks. Unfortunately, 

patency was compromised by the 8-week time point, and despite the absence of any 

detrimental effects on the subjects, the mechanisms of occlusion must be investigated to 

ensure optimal use of the rat model. Another purpose of the preliminary rat study was to 
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determine the best ways to assess patency and tissue deposition onto the scaffolds 

following explantation. The analysis of such small samples presented many challenges, 

and while histological results at all time points were promising, further methodologies are 

needed to examine the scaffolds in vivo and after studies are terminated. 

 One consideration for future studies prior to using functionalized scaffolds is the 

optimization of in vivo imaging. While an ultrasound machine with appropriate sizing for 

rat vessels was available, protocols for use were not well established, and deeper 

fundamental training with the imaging instruments would be needed before the techniques 

can be meaningfully applied to rat studies. 

 Future studies should include more subjects in order to increase the power of the 

results, as well as allow for more tissue to examine different approaches to processing 

results post-explantation. Many options are available for testing larger vessels, such as our 

labs previous use of organ bath studies and tensile testing for sheep carotid scaffolds.25 

However, the immense size difference in vessel and scaffold diameter in rat carotids make 

some approaches in assessing tissue function on explanted scaffolds incredibly difficult. 

Relevant literature suggests the use of size-appropriate ultrasonography, digestion of tissue 

for assessment of protein content based on Western blots, elastin assays, and other size-

appropriate mechanical evaluations.26 These techniques will be researched for use in future 

studies.  

 

Limitations and Future Directions 

Moving forward with the information garnered in Chapter 2, counting 

methodologies may need to be reassessed for different cell types, such as HUVECs or 
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EA.hyc926 cells.  Furthermore, the counting methodology may be affected by the 

electrospinning of different materials. For example, there may be different beading profiles 

in PCL/collagen scaffolds as opposed to PLGA scaffolds, and scaffold type may affect cell 

morphology upon capture. In regards to the microfluidic flow device, changes to flow rate 

and duration should be made to more closely mimic physiological conditions in future 

studies. These considerations are vital in the next phases of the cell capture trials. 

The Chapter 2 results are promising, but require further investigation into the 

binding profiles of the antibodies used, as well as the ability for the antibodies to maintain 

covalent binding to the scaffold under physiological pressure and flow conditions. 

Furthermore, studies are needed to examine the formation of an endothelial cell monolayer 

following initial capture to ensure that captured cells are not lost in dynamic circulation. 

The SMC migration studies from Chapter 3 offer insight into ways to recruit native 

SMCs into vascular grafts. However, further studies are needed to determine why the 

optimal concentrations differ between factors through better understanding of their binding 

profiles, chemotactic signaling, and potency. 

The drug-eluting TEVG study described in Chapter 4 is promising, yet requires 

more investigation on the importance of fiber morphology on the existing multilayered 

scaffold design. Furthermore, the possibility of antiproliferative drugs causing cytotoxicity 

to vascular cell types needs to be explored in depth, to assess the feasibility of this approach 

and which drugs are ideal. 

The animal studies described in Chapter 5 give an optimistic perspective about 

using a rat carotid interposition model to evaluate small diameter constructs. Future in vitro 

and preclinical studies will need to examine the effects of combining all of the 
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aforementioned aspects into a single multifunctionalized tissue engineered vascular graft. 

The interaction of certain factors could be highly synergistic, opposing in action, or toxic 

to the vascular cells we seek to recruit in situ. 

The insights from these studies are valuable to the field of vascular tissue 

engineering, and present practical approaches to improving outcomes for patients requiring 

surgical intervention. These efforts will hopefully expedite the healing time, improve the 

patency and longevity of implanted vascular grafts, and most importantly improve the lives 

and functional ability of the patients we seek to help with our research. 
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________________________________________________________________________ 

PUBLICATIONS & ABSTRACTS 

 

West, Lauren. “Nutritional manipulation of HIV/AIDS: The effects of ergothioneine and 

cultural complementary and alternative medicines on HIV.” Thesis. The University of 

North Carolina at Greensboro, 2015. 

 

Amirehsani, Karen A., Jie Hu, Debra C. Wallace, Zulema A. Silva, Sarah Dick, Lauren 

N. West-Livingston, and Christina R. Hussami. "US Healthcare Experiences of Hispanic 

Patients with Diabetes and Family Members: A Qualitative Analysis." Journal of 

community health nursing 34, no. 3 (2017): 126-135. 

 

West-Livingston, Lauren N., Sang Jin Lee, Young Min Ju, and Hyeongjin Lee. 

"Development of a Multifunctionalized Vascular Scaffolding System to Induce In Situ 

Endothelialization." Journal of Vascular Surgery 69, no. 1 (2019): e6-e7. 

 

West-Livingston, Lauren N., Jihoon Park, Sang Jin Lee, Anthony Atala, and James Yoo. 

“The Role of the Microenvironment in Controlling the Fate of Bioprinted Stem Cells.” 

Chemical Reviews, Under Review. 

________________________________________________________________________ 

OTHER SPEECHES & PRESENTATIONS 

 Panelist at the 2017 NC Health Professions Diversity Conference – March 2017 

 Panelist at Beta Nu Zeta Debutante Career Workshop – January 2018 

________________________________________________________________________ 

RESEARCH EXPERIENCE 

 

WAKE FOREST SCHOOL OF MEDICINE | WAKE FOREST INSTITUTE FOR 

REGENERATIVE MEDICINE 

Doctoral Dissertation Research | July 2017 – Present 

My dissertation research aims to construct a multi-functional vascular scaffold that has the 

capability to endothelialize and induce smooth muscle cell migration in situ. This project 

will evaluate the utility of in situ vascular tissue engineering to provide platform 
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technologies for rehabilitation of patients recovering from severe and devastating 

cardiovascular diseases.  

Contact: Dr. Sang Jin Lee | sjlee@wakehealth.edu 

 

WAKE FOREST SCHOOL OF MEDICINE 

Independent Research Project | August 2015 – Present 

Currently administering an IRB-approved multi-faceted approach to evaluate learning 

environment, implicit bias, microaggressions, stereotype threat, and intergroup anxiety 

between peers in medical education. Collecting data via surveys at set points and 

longitudinally to investigate student perspectives on learning environment and existing 

implicit bias. The research goal is to use the data aggregated from multiple approaches to 

assess the effectiveness of the current curriculum in cultivating cultural awareness, as well 

as develop cultural awareness trainings in order to reduce microaggressions, instances of 

mistreatment, and behaviors rooted in implicit biases.  

Contact: Dr. Brenda Latham-Sadler | blsadler@wakehealth.edu 

 

UNIVERSITY OF NORTH CAROLINA AT GREENSBORO DEPARTMENT OF 

CHEMISTRY AND BIOCHEMISTRY  

Graduate Student Pursing M.S. in Biochemistry | August 2013 – May 2015 

Abstract: The use of complementary and alternative medicine in minority populations in 

individuals infected with HIV is prevalent and these cultural practices require laboratory 

confirmation to determine effectiveness. The manipulation of HIV via nutritional 

supplementation could provide insight to the efficacy of cultural remedies. Ergothioneine, 

a compound derived from mushrooms and a naturally occurring amino acid, was used as a 

positive control due to its confirmed ability to decrease HIV promoter-driven gene 

expression via inhibition of the NF-kB transcription factor. Four herbal remedies, which 

are purported to prevent or treat HIV infection by Black and Latino HIV patients and 

uninfected individuals, were also tested for antiviral properties. Ergothioneine, Hypoxis 

hemerocallidea, Sutherlandia frutescens, Opuntia ficus-indica, and Uncaria tomentosa 

were liquefied and used to prepare serial dilutions. The dilutions were used to treat CEM-

GFP cells in cytotoxicity assays to determine ideal concentrations for treatments, that alone 

(i.e. in the absence of virus) had minimal effects on GFP expression. Once concentrations 

of each treatment were elected, CEM-GFP cells were cultured in the presence of the 

dilutions, followed 24 hrs. later by HIV infection and monitoring for GFP expression. In 

this system, increased GFP fluorescence signifies stimulation of HIV replication, and 

decreases in GFP fluorescence signifies inhibition of HIV replication. The results 

suggested that ergothioneine, Hypoxis hemerocallidea, and Sutherlandia frutescens 

prevented HIV proliferation post-infection while Opuntia ficus-indica and Uncaria 

tomentosa both stabilized cells prior to infection and inhibited HIV proliferation post-

infection. 

Contact: Dr. Ethan Will Taylor | ewtaylor@uncg.edu 

 

UNIVERSITY OF NORTH CAROLINA AT GREENSBORO SCHOOL OF NURSING 

– Greensboro, NC 

Graduate Assistantship: Lead Research Assistant for the Teamwork in Research and 

Intervention to Alleviate Disparities Center | August 2012 – May 2015 
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Held several roles in an NIH funded intervention that tested the feasibility and initial 

efficacy of a family-based intervention to enhance self-management and improve 

metabolic control and health-related quality of life in Hispanic adults with type 2 diabetes.  

Duties included developing English and Spanish modules for the class component of the 

study, as well as conducting participant interviews in Spanish. I was also assigned to be 

the lead research assistant in data collection of participants during clinical sessions and was 

in charge of training and managing newly hired research assistants. Also managed data 

entry into SPSS and comparison reports for accuracy.  

Contact: Dr. Debra Wallace | debra_wallace@uncg.edu 

 

BENFEY RESEARCH LAB – Durham, NC 

Research Assistant | May 2010 – May 2012 

Completed an independent study focusing on molecular biology in root system architecture 

and a mutagenesis screen with the research goal was to validate the hypothesis that a novel 

gene regulator in expression is also responsible for endodermal differentiation in vascular 

plants.  In addition to the longitudinal mutagenesis research study, also assisted in several 

other experiments in the lab, particularly a Root System Architecture project that included 

the imaging and analysis of corn and rice roots to test hypotheses on growth patterns and 

chemical signaling between plants.   

Independent Research Paper available upon request 

Contact: Louisa Liberman | lml21@duke.edu  
 

RUBIN PSYCHOLOGY LAB – Durham, NC 

Research Assistant | Sept. 2009 – May 2012 

Was responsible for transcribing and coding memories.  Most coding focused on the 

division of episodic (short term, situational) and semantic (long term, permanent) 

memories and the identification of specific instances of each. Episodic and semantic 

memory were coded and matched with MRI scans to regions of brain responsible for this 

type of memory. Also worked with post-traumatic stress patients to document traumatic 

life events.  Using audio recordings and transcriptions, members of the lab worked to 

develop a system for rating the severity of traumatic events, as no standardized rating 

system exists. 

Contact: Nicole Feeling | nefeeling@gmail.com 

 

DUKE HOSPITAL EMERGENCY MEDICINE – Durham, NC 

Emergency Medicine Data Technician and Research Assistant | May 2010 – December 

2011 

Patient intake and screening for infectious disease studies. Also assisted in the collection 

and processing of samples for studies, conducting interviews, and filling out the necessary 

paperwork. Primarily collected and processed samples for a research project with the goal 

of developing blood biomarkers for identifying infections in emergency medicine settings. 

Also worked with the abstraction of data into online formatting and organization of existing 

data. 

Contact: Weiying Drake | weiying.gao@duke.edu 
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________________________________________________________________________

PROFESSIONAL EXPERIENCE 

 

THE PRINCETON REVIEW – Greensboro, NC/ Burlington, NC/ Durham, NC/ Chapel 

Hill, NC 

SAT Instructor and Tutor, ACT Instructor and Tutor, MCAT Biology Instructor, MCAT 

Organic Chemistry Instructor, MCAT Physics Instructor (Pending certification for GMAT, 

GRE, MCAT CARS, and LSAT) 

May 2013 – October 2018 

Contact: Crystal Justice | cjustice@review.com  

 

ARISTOTLE CIRLE – Greensboro, NC 

Private Tutor 

January 2013 – May 2013 

 

CONE HEALTH, LEBAUER HEARTCARE – Greensboro, NC 

Clinical Research Associate/ EPIC Abstraction Specialist 

May 2012 – January 2013 

Contact: Angel K. White | angel.white@conehealth.com 

 

AMERICA READS AND COUNTS – George Watts Montessori School, Durham, NC 

Tutor, ESL Tutor 

September 2008 – January 2011 

Contact: Pat Nobles | pnobles@duke.edu, (919) 684-4377 

 

FRENCH FAMILY SCIENCE CENTER – Durham, NC 

Laboratory Assistant 

July 2009 – September 2009 

Contact: Stacey Smalls-Everett | severett@duke.edu, (919) 613-8174 

________________________________________________________________________ 

LEADERSHIP, DEVELOPMENT, & COMMUNITY ENGAGEMENT 

 

WAKE FOREST JOURNAL OF SCIENCE AND MEDICINE 

Special COVID-19 Issue Perspectives Assistant Editor | April 2020 - Present 

 

TISSUE ENGINEERING AND REGENERATIVE MEDICINE INTERNATIONAL 

SYMPOSIUM 

Student and Young Investigator Section Newsletter Editor | February 2020 – Present 

 

STUDENT DEISGN TEAM – MEDICINE AND PATIENTS IN SOCIETY 

Student Consultant to Course Directors | June 2019 – Present  

 

LATINO MEDICAL STUDENT ASSOCIATION 

Chair of Community and Physician Outreach | March 2016 – May 2017 

General Body Member | July 2015 – Present 
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STUDENT NATIONAL MEDICAL ASSOCIATION AT WAKE FOREST SCHOOL 

OF MEDICINE 

Co-President, Co-Director of Excellence Banquet |September 2016 – February 2017 

Twin Cities Medical Society Liaison | January 2019 – December 2019 

General Body Member | July 2015 – Present 

 

SOCIETY FOR VASCULAR SURGERY 

Social Media Ambassador | January 2019 – Present   

 

THE PARENTING PATH OF WINSTON-SALEM (FORMERLY EXCHANGE/SCAN) 

Parents and Teens Communication Group – Teen Group Facilitator | August 2017 – 

January 2020 

 

WAKE FOREST SCHOOL OF MEDICINE OFFICE OF ADMISSIONS 

Admissions Interviewer/ Multiple Mini Interview Rater for Admissions | June 2017 – 

Present 

 

OFFICE OF MEDICAL EDUCATION AND STUDENT AFFAIRS AT WAKE FOREST 

SCHOOL OF MEDICINE 

Medical Education Student Ambassador | February 2017 - Present 

 

FAMILY SERVICES, INCORPORATED 

Domestic Violence and Sexual Assault Crisis Line Volunteer | February 2017 – December 

2019 

 

STUDENT GOVERNMENT ASSOCIATION OF WAKE FOREST SCHOOL OF 

MEDICINE 

Cultural Awareness Representative for Class of 2019 | September 2015 – Present  

 

UNDERGRADUATE MEDICAL EDUCATION CURRICULUM COMMITTEE AT 

WAKE FOREST SCHOOL OF MEDICINE 

Professionalism Subcommittee Member | October 2015 – Present  

 

DELIVERING EQUAL ACCESS TO HEALTHCARE CLINIC AT WAKE FOREST 

SCHOOL OF MEDICINE 

Executive Director of Public Relations | January 2016 – February 2017 

Volunteer and Spanish Interpreter | September 2015 – Present 

 

COLLEGE LAUNCH FOR LEADERSHIP & SUMMER IMMERSIONS MEDICINE 

INSTITUTE 

Clinical Simulation Manager and Volunteer Coordinator | Summer 2017, Summer 2018 

Guest Speaker for Students | Fall 2017, Fall 2018 

Saturday Summit Volunteer | January 2017 – August 2019 
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SHARE THE HEALTH COMMUNITY FAIR 

Spanish Interpreter for Patients, Mental Health Station Leader | January 2016, January 

2017, January 2018 

 

HEALTHCARE EXPLORERS SUMMER CAMP 

Co-Program Director and Counselor | Summer 2016 

 


