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Lack of a viable vascular graft for the replacement of diseased small diameter blood 

vessels (< 4 mm) has encouraged the development of a self-repairing tissue engineered 

vascular graft (TEVG) as a promising alternative source. Although many different 

fabrication approaches have been devised to generate TEVGs using both natural and 

synthetic biomaterials, a functional TEVG that can serve as an effective replacement of 

diseased small-diameter blood vessels (< 4 mm) is still elusive mainly due to concerns 

associated with thrombosis and intimal hyperplasia. One approach to improve the clinical 

outcome of vascular grafts is to develop a 3D biomimetic scaffold that provides the essential 

physicochemical cues (i.e., compositional, topographical) to modulate cellular response (i.e., 

cell phenotype, endothelialization, de novo elastic matrix production) and thereby aid in 

tissue repair and remodeling. This approach entails the development of a novel 3D scaffold 

that provides an aligned collagen platform to guide smooth muscle cell (SMC) orientation 
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and insoluble elastic matrix (i.e., native form of elastin) to promote SMC contractility and 

thereby prevent overproliferation and hence alleviate concerns with intimal hyperplasia. In 

addition, the scaffold must comprise of a smooth luminal side to support the formation of a 

continuous endothelium that is essential to prevent thrombosis. Most existing biofabrication 

methodologies to generate vascular scaffolds (e.g., extrusion, electrospinning) have limited 

scope because of the inability to incorporate insoluble elastic matrix within the aligned 

collagen framework due to the disparity in the size of the needle and insoluble elastin 

particles. Therefore, there is a need for an alternative biofabrication strategy to generate a 

3D biomimetic scaffold with both structural similarity (i.e., aligned collagen) and 

compositional similarity (i.e., presence of insoluble elastic matrix) with native vessels.  

The overarching goal of this dissertation is to assess the feasibility of an 

electrochemical fabrication technique to develop a functional insoluble-elastin containing 

biomimetic TEVG for the replacement of diseased small diameter blood vessels. Towards 

this goal, the work performed in the current study entailed three main tasks: 1) to assess the 

effects of insoluble elastic matrix incorporation on the mechanical properties of 

electrochemically aligned collagen (ELAC) fibers and smooth muscle cell (SMC) response; 

2) to determine the feasibility of the electrochemical fabrication technique for the generation 

of a biomimetic elastin-containing 3D bi-layered vascular scaffold; and 3) to design a 

dynamic perfusion-based co-culture system to simultaneously culture SMCs and endothelial 

cells (ECs). In the first task, two different types of elastin, soluble and insoluble, were 

incorporated into ELAC fibers, and the effect of elastin incorporation on fiber mechanics 

and SMC response was investigated. Results showed that incorporation of elastin (both 

soluble and insoluble) decreases the mechanical strength and stiffness of ELAC fibers (p < 
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0.05). However, real-time polymerase chain reaction (PCR) results showed a significant 

upregulation of contractile markers (-smooth muscle actin (-SMA), and calponin; p < 

0.05) in SMCs cultured on insoluble elastin incorporated ELAC fibers compared to those 

with soluble elastin and the control (collagen only) suggesting that insoluble elastin is 

capable of inducing contractility in SMCs. In the second task, the electrochemical fabrication 

technique was modified to generate an insoluble elastin containing 3D bi-layered scaffold 

and the effect of electrochemical process parameters on scaffold morphology and mechanics 

was assessed. Further, SMCs were statically seeded on the outer surface of the scaffold, and 

the effect of insoluble elastin incorporation on SMC phenotype was assessed. Lastly, EC 

functionality on the scaffold lumen surface was investigated. Polarized light microscopy and 

confocal images revealed that insoluble elastic matrix incorporation maintains the overall 

alignment of collagen fibrils in ELAC, and this aligned topography guides SMC orientation 

on the outer layer of the scaffold. Real-time PCR results showed that insoluble elastic matrix 

incorporation triggers higher expression of contractile markers (-SMA, calponin, and 

smooth muscle myosin heavy chain; p < 0.05) in SMCs. Further, immunofluorescence 

results showed that ECs express functional marker (eNOS) when cultured on the scaffold.  

In the third task, a perfusion flow bioreactor culture system was designed in which SMCs 

and human umbilical vein endothelial cells (HUVECs) were co-cultured in a dynamic culture 

environment, and their viability was assessed. Live/dead assay results showed that cell 

viability was maintained post-culture and indicating that the designed reactor system has the 

potential to be used to validate the functionality of the electrochemically fabricated elastin-

containing bi-layered scaffold. Overall, the results from the current study suggest that the 

electrochemical fabrication technique is a viable method for the generation of a functional 
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TEVG with potential to be used as a vascular graft for the replacement of diseased small 

diameter vessels.
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Chapter 1 

Introduction 

1.1 Background 

Coronary arteries disease (CAD) accounts for 1 in every 7 deaths in the 

United States [1]. The main cause of the disease is atherosclerosis, a condition where 

plaque builds up on the vessel wall resulting in the obstruction of blood flow which 

can trigger a heart attack. Clinical treatment of mild CAD entails the use of a catheter 

or a coronary stent to help relieve the occlusion site. However, for severe cases, 

bypass surgery is needed to redirect blood flow using an autologous saphenous vein 

graft.   It has been estimated that over 600,000 bypass surgeries are performed 

annually resulting in over 300 billion dollars in health care expenditures [1]. 

Although autografts are the current gold standard to replace occluded vessels, it has 

been reported that greater than 30% of patients do not have a viable graft due to 

systemic vascular disease [2]. In addition, autografts are associated with limitations 

such as donor site morbidity and the need for multiple surgeries. The use of allografts 

or xenografts can help circumvent some of the limitations associated with autografts, 

but concerns with disease transmission and immune rejection limit their widespread 

use [3]. Synthetic grafts made using polyethylene terephthalate (PET) or expanded 

poly(tetrafluoroethylene) (ePTFE) serve as effective replacements, but these are 
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viable only for large diameter vessels (> 4 mm) because of problems such as 

thrombosis caused by poor luminal endothelialization and intimal hyperplasia caused 

by mechanical mismatch with native vessel [4,5].  

The tunica media layer of the native blood vessel is comprised of an aligned 

network of collagen and elastic fibers. While collagen provides cell binding sites and 

overall support to the vessel wall, insoluble elastic matrix is known to play a critical 

role in controlling graft mechanics (i.e., expansion and contraction of the vessel), 

modulating SMC phenotype and promoting de novo elastic matrix production. Over 

the past few decades, vascular tissue engineering has garnered significant attention 

as a promising approach for the development of a functional, self-repairing tissue-

engineered vascular graft (TEVG) for use as an alternative to autografts for the 

replacement of diseased small-diameter vessels (< 4 mm). The roles of a TEVG are 

to serve as a temporary support for blood flow, and to provide a bioactive niche to 

promote the attachment and growth of vascular cells (i.e., SMCs, ECs), and to 

stimulate the generation of a cell-synthesized de novo extracellular matrix (ECM). 

This cell-synthesized matrix needs to continue to provide mechanical support and 

normal vessel function after the original graft has degraded. In the vascular tissue 

engineering realm, collagen and elastin have been used in several studies to generate 

a biomimetic multi-layered tissue-mimicking vascular scaffold that resembles the 

physicochemical properties of the native vessel and hence can provide the essential 
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cues to vascular cells for the generation of a functional TEVG. However, most 

existing scaffolds use elastin in soluble (digested) form, which lacks the essential 

microfibrillar components of native elastin [6,7]. Insoluble elastic matrix (i.e., native 

form of elastin) is important because components of elastic fibers, in addition to 

elastin, provide cell and growth factor binding sequences that can significantly 

impact the cellular response and ECM generation [8,9]. Further, several studies have 

generated fibers composed of collagen and elastin [10,11], but few attempt to also 

recapitulate the aligned topography of the ECM found in native blood vessels [12]. 

Electrospinning, extrusion, and freeze drying are three of the most common methods 

employed for producing elastin incorporated collagen scaffolds; however, each of 

these has limitations. For instance, while electrospinning has been performed with 

soluble forms of elastin [7], it is not feasible to incorporate insoluble elastic matrix 

within electrospun collagen fibers due to the disparity in the size of needle and the 

insoluble elastin particles. Freeze-drying is most commonly employed for the 

development of multi-layered scaffolds using collagen and insoluble elastic matrix 

[13-16]. However, the orientation of collagen and elastic fibers within these scaffolds 

is not similar to that found in native vessels. Thus, there is a need for an alternative 

method to produce collagen fibers with tissue level alignment, and also allow for the 

incorporation of insoluble elastic matrix to recreate both the compositional and 
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topographical features of the native artery and thereby aid in the development of a 

viable TEVG for the replacement of diseased small-diameter vessels. 

In this study, a novel biofabrication scheme was developed to fabricate a 3D 

insoluble elastin-containing bi-layered collagen scaffold for vascular applications. 

Electrochemical biofabrication methodology, a pH driven isoelectric focusing based 

collagen alignment method [17], was modified to allow for the incorporation of 

insoluble elastic matrix within the electrochemically aligned collagen (ELAC) 

framework and to generate a highly compact smooth collagen tubular lumen. 

Insoluble elastic matrix incorporated ELAC fibers were wrapped around the electro-

compacted collagen lumen layer to generate a bi-layered scaffold that mimics the 

topographical (i.e. aligned collagen) and compositional (i.e. insoluble elastic matrix) 

aspects of native vessel and hence can provide the essential physicochemical cues to 

modulate vascular cell response and enhance cell-mediated de novo elastic matrix 

production. The current study seeks to assess: 1) the effects of insoluble elastic 

matrix incorporation on the mechanical properties of ELAC fibers and vascular SMC 

response, 2) the feasibility of the electrochemical fabrication method to generate an 

insoluble elastic matrix incorporated biomimetic bi-layered vascular scaffold, and 3) 

the viability of SMCs and HUVECs co-cultured in a perfusion-based bioreactor 

culture system.      
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1.2 Hypotheses 

The overall goal of this project is to develop a functional biomimetic TEVG for the 

replacement of diseased small diameter blood vessels in bypass surgery. Towards this goal, 

the current study synthesized an electrochemically fabricated elastin containing bi-layered 

scaffold and investigated the effects of insoluble elastic matrix incorporation on scaffold 

functionality by assessing vascular cell response. In this study, three different hypotheses 

were tested:  

1) The electrochemical fabrication technique can be employed to generate a functional 

insoluble elastin-containing bi-layered vascular scaffold.  

2) The incorporation of insoluble elastic matrix in the bi-layered scaffold can induce 

contractile phenotype in SMCs. 

3) SMC and HUVEC viability is maintained in the bioreactor culture environment.  

1.3 Research Objectives 

To validate these hypotheses, the current study was divided into three separate tasks: 

In the first task, the effect of insoluble elastic matrix incorporation on the mechanical 

properties of ELAC fibers and SMC phenotype was assessed (Chapter 3). For this task, 

insoluble elastin and soluble elastin were electrochemically incorporated into ELAC fibers, 

and the presence of elastin in the fibers was confirmed via fluorescence imaging. Tensile 

tests were performed to determine the effect of elastin incorporation on the mechanical 



 

6 
 

properties of ELAC fibers. Rat SMCs were seeded on all fibers and the effects of elastin 

incorporation on SMC response were assessed via cell metabolic activity (Alamar Blue 

assay), cell morphology (confocal imaging), and cell phenotype (real-time PCR and 

immunofluorescence). 

In the second task, the feasibility of the electrochemical fabrication method to 

generate an elastin-containing bi-layered vascular scaffold was assessed (Chapter 4). In this 

study, the electrochemical technique was employed to first generate a pure collagen lumen 

by using cylindrical electrodes. Next, insoluble elastic matrix incorporated ELAC fibers 

were wound around the outside of collagen lumen in two different orientations (i.e., 

circumferential and longitudinal) to generate bi-layered tubular scaffolds. Rat SMCs were 

statically seeded on the outer surface of the scaffold while HUVECs were statically seeded 

onto the lumen surface. The effect of insoluble elastic matrix incorporation on the alignment 

of ELAC fibers was assessed via scanning electron microscopy (SEM) and polarized light 

microscopy. In addition, ring tests and dynamic cyclic tensile tests were performed to 

determine the effect of insoluble elastic matrix incorporation on the mechanical properties 

of the scaffolds (both single layer and bi-layered). For the cell studies, SMCs and HUVECs 

were statically seeded and cultured on scaffold and the effect of insoluble elastic matrix 

incorporation on SMC response was investigated via assessment of cell morphology 

(confocal imaging), cell metabolic activity (Alamar Blue assay), and cell phenotype (real-

time PCR). In addition, the functionality of HUVECs cultured on collagen lumen was 

assessed via immunofluorescence imaging. 
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In the third task, the effect of dynamic culture condition on the viability and 

morphology of SMCs and HUVECs was investigated (Chapter 5). For this study, a perfusion 

flow bioreactor system was designed such that two cell types (e.g. SMCs and HUVECs) can 

be co-cultured simultaneously. Culture media from reservoir was pumped through scaffold 

lumen via a peristaltic pump, generating a dynamic flow condition to the culture. For cell 

study, SMCs were statically seeded on the scaffolds and allowed for attachment and growth 

for 7 days under flow condition. The effect of dynamic culture condition on the viability of 

SMCs and HUVECs was assessed via live/dead assay. 

  



 

8 
 

Chapter 2 

Literature Review 

2.1 Coronary Artery Disease and Treatment Modalities 

2.3.1. Coronary artery disease 

Coronary artery disease (CAD), a branch of cardiovascular disease, is the leading 

cause of mortality in the United States and worldwide. It can affect people of all ages and 

sexes but is more common in elderly people and patients with high cholesterol. The CAD is 

known to account for 1 in every 7 deaths in the United States according to the American 

Heart Association (AHA). Approximately 15.5 million people were affected by CAD in 

2012 and the number is expected to rise 18% by 2030 [18]. CAD also causes a burden in 

medical treatment with an estimation of $10 billion was spent in the treatment of CAD 

between 2012 and 2013 alone [19].  

CAD is caused by atherosclerosis, a condition in which plaque builds up over time 

on the artery wall and restricts the flow of blood. In the severe case, plaques harden and 

rupture, causing injury to the vessel wall. In response to the injury, platelets from blood stick 

to the injured vessel wall, creating blood clots and blockages and eventually lead to heart 

attack. There are several factors that cause plaque development on the vessel wall such as 

high amount of sugar, fats and cholesterol in the blood, smoking, and high blood pressure.   

 



 

9 
 

2.3.2. Treatment modalities and clinical challenges 

In the initial stage of CAD where plaque starts to build up on the vessel wall, balloon 

angioplasty or coronary stent may be used to address the symptoms of CAD. In the first case, 

a catheter with a balloon at its tip will be inserted into the narrowing artery segment. The 

balloon is then inflated to compress the plaque against the vessel wall to make way for blood 

flow. However, patients treated with balloon angioplasty are associated with risks of 

restenosis at the treatment site with the high in-stent restenosis rate of 63% [20]. In the 

second case, a metal mesh stent will be placed at the blockage site to expand the artery, 

alleviating blood flow and relieving chest pain that is associated with the blockage of blood 

flow. The stent can also be coated with biocompatible materials, anticoagulants, 

corticosterioids, and antimiotic agents to prevent scar tissues on artery wall from 

overgrowing, thereby, reducing the restenosis rate to less than 10% [21,22].  

For the severe blood occlusion case, bypass surgery is needed to redirect the blood 

flow away from the blockage. Currently, there are over 500,000 bypass surgery cases being 

performed each year [1]. Bypass surgery involved the implantation of a secondary vessel to 

bypass the occluded site in the coronary artery. The vessel used for bypass surgery can be 

an autologous, an allogenic, or a xenogenic vessel, or can be an artificial vessel (or conduit). 

The use of autologous vessels has low risks of complication and immune rejection due to the 

use of the patient’s own tissues (i.e. arm veins, saphenous veins, or mammalian arteries). 

However, more than 30% patients do not have suitable autologous tissues for transplantation 

and the occurrence of donor site morbidity have greatly hindered the use of autologous 
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vessels [2]. On the other hand, the use of allogenic and xenogenic grafts have risks of disease 

transmission and immune rejection. Another option approved by the Food and Drug 

Administration (FDA) for use in bypass surgery is prosthetic vascular conduit made from 

synthetic materials such as polyethelene terephthalate (PET) or expanded 

poly(tetrafluoroethylene) (ePTFE). However, these conduits have limitations as they are 

only feasible for use in larger diameter blood vessels (> 4 mm) such as human femoral artery 

and ascending aorta. When used as a replacement for smaller diameter vessels (< 4 mm) 

such as human coronary artery and superficial temporal artery, synthetic conduits have been 

reported to cause complications including thrombosis and intimal hyperplasia [2,5].  One of 

the known causes of thrombogenicity in synthetic conduits is the lack of endothelialization 

in the luminal surface of the conduits due to poor attachment of endothelial cells on the 

conduit inner wall. This, in turn, causes blood clots and secondary blockages. To address 

this problem, anticoagulants such as heparin are used to coat on the luminal surface of the 

conduit (i.e. Gore’s Propatent® vascular conduit) to promote endothelialization. However, 

such conduits are only available in large size artery only [4,23]. In addition, hyperplasia is 

known to occur when there is a mismatch in mechanical compliance between the conduit 

and the native vessel, especially at the anastomosis. This usually occurs when the material 

made of the conduit is stiff compare to the native vessel and leads to an abnormal shear stress 

at the anastomosis. In response to this abnormal shear stress exerted on the vessel wall, 

vascular smooth muscle cells (SMCs) become overproliferative and generate more scar 

tissues resulting in the thickening of the vessel wall [23]. Because of these aforementioned 

limitations, the patency rates of prosthetic vascular conduits remain fairly low for small 
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diameter vessel with primary patency rate (12 months) of 28% and long-term expected 

patency rate (5 years) only as high as 39% [24,25].  

2.2 Native Arteries 

2.2.1 Overall structure of native arteries 

 

Figure 2.1 Structure of human native artery 

The arteries are one of the key components of the cardiovascular system. 

Together with veins and capillaries, they act as a “pipeline” system to transport blood 

from the heart to other organs (via arteries) and from the organs back to the heart (via 

veins), and by this circulation, deliver oxygen and minerals necessary for human 

organs to function. The arteries range from large diameter vessels (> 4 mm) such as 

thoracic aorta and carotid, which receive blood directly from the heart valve, 
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branching out to medium and smaller diameter vessels (< 4 mm) such as iliac and 

coronary arteries and eventually to capillaries where blood diffuses out into organs. Native 

human artery consists of three main layers (Figure 2.1). Together, these three layers 

contribute to the overall function of artery in the transportation of blood in the body: 

The tunica intima forms the inner most part of the artery and comes in direct contact 

with blood. It is composed of a basement membrane primarily made up of collagen type IV, 

which hosts a continuous monolayer of endothelial cells (ECs) oriented along the streamline 

of blood [26]. This EC monolayer is responsible for (i) secreting anti-thrombogenicity agents 

that repel platelet attachment on the vessel wall, (ii) preventing coagulation of blood cells 

and regulating blood clotting, (iii) releasing nitric oxide (NO), an agent that helps in relaxing 

smooth muscle and aids in vascular dilation, and (iv) regulating permeability of the tunica 

intima, which allows for oxygen and minerals exchange [27]. 

The tunica media forms the middle layer of the artery and consists of 

circumferentially aligned collagen type I and type III fibrils and insoluble elastic matrix. 

Multiple dense layers of SMCs also orient circumferentially in accordance with the 

extracellular matrix (ECM). The circumferential orientation of the ECM and SMC in tunica 

media is necessary for the vessel to withstand the circumferential stress induced by blood 

pressure [28]. SMCs are known to generate elastic fibers, which form the elastic lamellae (in 

elastic arteries) and internal elastic lamina (in muscular and elastic arteries) that separate the 

tunica media from the tunica intima. Because of multiple layers of SMC present in the tunica 

media, this layer possesses the largest amount of elastin, which makes up around 30-50% of 
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the artery’s dry weight and is responsible for providing elasticity and compliance necessary 

for the contraction and dilation of artery during normal function [29,30]. SMCs in a native 

artery have two main phenotypes: synthetic and contractile phenotypes. During the 

proliferation stage, SMC possesses a synthetic phenotype and has very low expression of 

contractile markers such as -smooth muscle actin (-SMA or Acta2), calponin (Cnn1), and 

smooth muscle myosin heavy chain (SMMC or Myh-2), but can express high level of 

proliferation (synthetic) markers such as thrombospondin (Thbs2) and vimentin (VIM). Upon 

reaching confluence, SMCs are known to switch to a more mature and quiescent contractile 

phenotype. In this stage, high expression of -SMA, calponin, and SMMC can be observed. 

In TEVGs, it is desirable for SMCs to express a more contractile phenotype upon confluence 

to avoid hyperproliferation into the tunica intima, which can result in thickening of the vessel 

wall and lead to intimal hyperplasia. 

The tunica externa or tunica adventitia is the outermost layer in the artery. It is 

mainly composed of collagen type I & III and is populated with fibroblasts. Because of the 

high strength and stiffness of collagen type III (average stiffness modulus of 1200 MPa) [31], 

this layer provides rigidity, overall physical support to the artery and prevents wall rupture. 

The fibroblasts in this layer generate loose connective tissue that connects to those 

neighboring blood vessels, small nerves, and other organs. By this mechanism, this layer 

helps in anchoring the artery in place and provides passages for nerves, lymphatic vessels, 

and capillaries [27]. 
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2.2.2 Roles of collagen and elastin in blood vessel 

Collagen is a major protein present not only in blood vessels, but also in other tissues 

and organs. It contributes up to 30% out of all proteins in human tissue [32]. In blood vessels, 

fibrous collagen types I and III are mostly present in the tunica media and tunica adventitia, 

while collagen type IV is found in the basement lumen. Rigid mechanical properties of the 

fibrous collagen types I and III provide the vessel with the ability to withstand high strain 

and resist wall rupture during normal function. Collagen type IV is incapable of forming 

fibrils but can form a sheet-like structure that provides binding sites for ECs [33]. In addition, 

collagen plays a major role in regulating cellular signals and behavior through cellular 

receptors, improving cell attachment, proliferation, migration, and differentiation. Some 

examples for such receptors include integrins, which are responsible for cell adhesion, and 

proteoglycans, which signal cellular differentiation [30,34].  

Elastin, along with collagen, is another major ECM protein in blood vessels. Native 

elastin in blood vessels consist of the soluble tropoelastin and microfibrillar network (e.g. 

fibrillin) stabilized via desmosine (or isodesmosine) crosslinks to generate insoluble elastic 

matrix. These elastic fibers reside mostly in the tunica media of the blood vessel and are 

capable of extending up to 150% of their original length [2]. Therefore, they provide 

excellent compliance to the vessel to expand and contract. In addition, insoluble elastic 

matrix is a critical component in inducing the regeneration of a remodeled elastic matrix by 

SMCs. Kielty et al showed that SMCs when attached to a pre-established fibrillin matrix 

will produce more fibrillin-1 to reconstruct de novo elastic matrix [35]. Furthermore, recent 

studies have been shown that SMCs that bind to insoluble elastic matrix express more -
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SMA, calponin, and other contractile markers which suggests the role of native elastin in 

inducing contractile phenotype in SMCs, and possibly preventing them from 

hyperproliferating [8,9,36,37].  

2.3 Vascular Tissue Engineering 

The limitations in the clinical treatment of CAD have motivated the development of 

a functional, self-repairing TEVG as an alternative source for bypass surgery. The most 

important attributes required from a TEVG are robust mechanical properties to provide 

support during blood flow and physicochemical cues that can stimulate cell attachment, 

proliferation, and scaffold remodeling for the regeneration of new vessels. Development of 

a biomimetic scaffold that mimics the composition, structure, and mechanical properties of 

the native vessel is a promising approach that can potentially aid in the generation of a 

functional TEVG. Mechanical properties of the scaffold (e.g., elastic modulus, burst 

pressure) are important to ensure its resistance to rupture and kinking under shear strain 

during normal arterial function. Further, it is important to match the compliance of the 

scaffold with that of the vessel to prevent abnormal shear stress at the anastomosis, and 

thereby limit neointimal hyperplasia. In addition, vascular scaffold should have the ability 

to support cell attachment and proliferation to promote the regeneration of new vessel to 

replace the degraded existing scaffold. In addition, recent studies in vascular tissue 

engineering also stress the importance of cellular alignment to better mimic the native ECM. 

An example for cellular alignment in native vessel can include the tunica media where 

multiple layers of circumferentially aligned SMCs are responsible for the construction of 
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elastic matrix in arteries [27]. In another example, an intact and aligned endothelial lining 

can produce anti-thrombogenic agents to prevent blood clots and platelet adhesion [38].   

In vascular tissue engineering, there are three major types of biomaterials that can 

be used to generate TEVGs: natural polymers, synthetic polymers, and composite materials 

between natural and synthetic polymers. In addition, there are various methods that can be 

employed to fabricate TEVGs. The following subsection summarizes some of the most 

common biomaterials and fabrication techniques in vascular tissue engineering. 

2.3.1. Biomaterials 

2.3.1.1 Natural polymers 

Natural polymers such as collagen, elastin, fibrin, and chitosan are native ECM 

proteins found in living tissues. Of these, collagen and elastin are the two major proteins 

found in blood vessels. Natural polymers are biocompatible, cytocompatible, and generally 

do not cause chronic inflammation response in recipients so they are considered as a suitable 

choice for the development of TEVGs. However, common limitations associated with these 

polymers are fast biodegradation in vivo, which contributes to the low patency rate of TEVGs 

made from natural polymers. In addition, some natural polymers such as collagen type I can 

cause blood clots and required additional treatment to prevent platelet adhesion (e.g. heparin 

coating). Further, weak mechanical properties and low burst pressure (less than 10 mmHg) 

compared to scaffolds constructed with synthetic polymers are also major concern [2,39]. 

Most scaffolds made of natural polymers are usually accompanied by crosslinking strategies 

to improve the mechanical properties of the scaffold. 
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Collagen: As the major protein of native arteries, the collagen molecules are 

composed of 3 subunits of -chains that fold up into a triple helix structure. Each -chain 

mainly consists of glycine (33%), proline and hydroxyproline (25%) amino acids. The 

excellent biocompability, high degree of cell attachment, and good biomechanical support 

mark the important role of collagen in vascular tissue engineering. Early vascular tissue 

engineering studies that used collagen based biomaterial include the work of Wienberg and 

Bell, where they constructed simple tubular vascular graft made of multiple layers of 

collagen gel [40]. While the microscopic structure of the graft cultured with endothelial cells 

mimicked the lumen layout in native vessel, the mechanical properties of the graft itself were 

very weak. Because of that, different crosslinking strategies were developed to improve the 

mechanical properties of collagen-based vascular grafts. These crosslinking strategies 

include chemical crosslinking (e.g. glutaraldehyde, EDC/NHS, genipin), enzymatic 

reactions, or photochemical crosslinking (e.g. riboflavin, Bengal) [1,41]. However, burst 

pressure for collagen based TEVGs remains very low with maximum burst pressure of 225 

mmHg compared to 2000 mmHg ranges in native arteries [2,42]. 

Gelatin: Gelatin is derived from collagen by denaturing the triple helix structure but 

still retains the original amino acid groups such as glycine and proline. It is similar in 

characteristics to collagen, and thus, it can support high degrees of cell adhesion, 

proliferation, and functionality [38,43,44]. Because of that, gelatin has been used as an 

alternate source for collagen in coating the surface of artificial vascular conduits (i.e. Dacron) 

to improve cellular attachment [44,45].  However, gelatin has a relatively low melting point 

(~35C) that renders it unstable to be used as a main biomaterial for TEVGs. Gelatin is 
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generally used in combination with other polymers (composite materials) in the fabrication 

of TEVGs [46,47].  

Elastin: Elastin composes up to 50% dry weight of the native arteries and is the main 

source for elasticity and compliance in blood vessels [29]. In addition, elastin plays important 

roles in regulating vascular cell response and in promoting the remodeling of cell-

synthesized elastic matrix. Because of its soft mechanical properties, elastin is rarely used 

alone to fabricate TEVGs. Rather, elastin has been used in combination with both natural 

and synthetic polymers to improve the compliance of TEVGs and regulate cellular response 

[35,48]. 

Fibrin: Fibrin is a native component of blood and undergoes fibrinogen 

polymerization to form a fibrillar network that can support cell attachment, proliferation, and 

migration. Hence, it is suitable as a biomaterial for TEVGs. One of the advantages of fibrin-

based TEVGs is immune rejection can be avoided in in vivo studies since fibrin material can 

be extracted from autologous blood [49]. In addition, vascular cells attached to fibrin-based 

scaffold tend to deposit a rich collagen matrix that improves the mechanical strength of the 

regenerated tissue. However, as fibrin is a major component in blood clots, more research 

on fibrin degradation needs to be performed to ensure that the degraded products from fibrin 

do not generate thrombosis formation due to cascade coagulation [38]. 

Chitosan and silk fibroin: The feasibility of other natural polymers such as chitosan 

and silk in vascular tissue engineering has been investigated and applied in various studies 

[50-52]. Relatively weak mechanical properties of chitosan when compared to other 
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polymers have limited its application in the development of TEVGs. Silk fibroin possesses 

good mechanical properties, slow degradation rate, and low immunogenicity, making it a 

good choice for TEVG biomaterial. However, burst pressure strength for silk fibroin-based 

TEVG is only 811 mmHg compared to 2000 mmHg in native arteries [53].   

2.3.1.2 Synthetic polymers 

Biodegradable synthetic polymers have the mechanical advantage over natural 

polymers in that the mechanical properties of synthetic polymers can be tunable to yield 

good tensile strength and elastic modulus. Their limitations, however, are low degree of 

cellular attachment, slow proliferation rate, and inflammatory response due to the 

degradative cascades [2,38,39]. Examples of biodegradable synthetic polymers that are 

commonly used as biomaterials for TEVGs include poly--caprolactone (PCL), poly(lactic 

acid) (PLA), poly(glycolic acid) (PGA), and elastomeric segmented polyurethanes (PU).  

PCL: PCL and its copolymers (P(LLA-CL) and PLCL) have reliable mechanical 

properties, especially their elastic elongation. In addition, PCL is biocompatible with most 

tissue engineering applications, has suitable melting temperature (55-60 C), and a slow 

degradation rate. PCL-made TEVG was reported to degrade 18 months post-implantation in 

rat abdominal aorta [54]. These advantages make PCL an ideal biomaterial for vascular 

tissue engineering applications. However, PCL-based scaffolds have suboptimal cellular 

attachment due to lack of cell binding sites. Mo et al observed an absence of 

endothelialization in the luminal surface of implanted electrospun P(LLA-CL) vascular 
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scaffold and inflammation response at the implant site was also noted in Roh et al’s study 

[55,56]. These limitations lower the patency of PCL-based TEVGs in in vivo studies. 

PGA: PGA is the polymerization product of glycolide. PGA fibers have high tensile 

strength and stiff modulus with a high burst pressure of 2150 mmHg [2]. PGA and its 

copolymer, PLGA, have a rapid degradation rate compared to PCL. PGA-made vascular 

graft completely degraded in 6 months [57]. Although PGA scaffolds are capable of 

promoting rich collagen type I and elastic matrix deposition from SMCs, they also have low 

degree of cellular attachment [2]. Furthermore, implanted electrospun PGA scaffolds 

showed sign of fibrotic formation at the implant site suggests an unsuitable matrix structure 

for the regeneration of vascular blood vessel [58]. 

PLA: Compared to PGA, PLA is more hydrophobic and degrades slower. It also 

makes good biomaterials due to good tensile strength and limited deformation [38]. 

However, a pure PLA-made graft is very stiff compared to small diameter arteries, especially 

coronary arteries with modulus of 1.8 MPa [59].  

PU: The degradable PUs have long been used in prosthetic vascular conduits as an 

alternate source for ePTFE and PET [4]. The modified elastomers derived from PUs such as 

polyester urethane (PEUU) and polyurethane urea (PUU) are biodegradable and have been 

used to fabricate TEVGs. PEUU has been shown to possess a good tensile strength and be 

able to promote endothelialization as well as SMC proliferation [24,60]. However, signs of 

thrombosis formation at the lumen site are also noted [61].   
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2.3.1.3 Composite materials 

Because both natural and synthetic biomaterials have disadvantages that limit their 

effectiveness for vascular tissue engineering applications, studies have been sought to 

modify the properties of these materials by blending them together in hope that they can 

complement each other. For example, He et al blended collagen with PLLA/PCL for their 

electrospun scaffold resulting in scaffold composed of nanofibers that supported the 

attachment and proliferation of endothelial cells [62]. Likewise, tropoelastin was 

incorporated into PCL solution in Wise et al’s work to develop an electrospun elastin/PCL 

small diameter vascular scaffold that has a relatively similar compliance and tensile modulus 

with the human internal mammalian artery as well as support the attachment and 

proliferation of endothelial cells [63]. However, the patency of implanted scaffolds made of 

blended biomaterials depends strongly on the ratio at which natural polymer and synthetic 

polymer are blended. For example, loss of graft integrity after implant was reported when 

adding high collagen concentration into electrospun collagen/chitosan/PCL vascular graft; 

more work is needed to determine the exact ratio of blended materials to be able to attain a 

viable graft with long-term patency [23]. 

2.3.2. Fabrication methodologies 

2.3.2.1 Acellular vessels 

Decellularization is the process of removing mammalian cells and other connective 

tissues from the pre-harvested vessel via mechanical abrasion, enzymatic digestion, or 

chemical surfactant treatment [39]. The resulting acellular vessel can then be used as scaffold 
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for further cell seeding in vitro or implanted directly in vivo to study the interaction of cells 

with the scaffold. Decellularized vessels usually are from xenogenic or allogenic sources 

such as rat aortic conduit, porcine abdominal carotid, or human umbilical artery. The 

advantage of this type of scaffolds is that they retain major native proteins (e.g. collagen, 

elastin) and the three-dimensional microstructure of the blood vessels which support cell 

attachment, proliferation, migration and enhance cell-biomaterial interaction. However, 

decellularized materials may be associated with limitations such as immunogenicity, 

inflammatory response, and viral disease transmission from host to recipient if they are not 

processed correctly [64]. In addition, decellularization can cause muscle tone loss resulting 

in tight matrix structure organization and collapsing of pores, which can lead to low degree 

of cell migration and ingrowth [65,66].  

2.3.2.2 Electrospinning 

Electrospinning is a common method in the tissue engineering field and has been 

applied to develop tissue-engineered scaffold for skin, tendon, cartilage, and blood vessels 

due to the ability to produce soft fibers that resemble native structure of most tissues. The 

process operates under very high voltage (> 10,000V) in order for the charge-induced acid-

soluble solution to overcome surface tension and be pushed out of a syringe pump, 

compacted, and collected on a rotating receiver electrode. Electrospinning can be applied 

with all types of biomaterials. The advantages of this method are the ability to control fiber 

diameter to the submicron scale by modulating the electrospinned solution concentration and 

the ability to produce aligned fiber meshes in vascular scaffolds by varying the rotary speed 
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of the receiver electrode. However, because of the nature of an electrospun mesh where 

layers of fibers can overlay with each other, the pore size of electrospun scaffold can be 

relatively narrow, which limits cell migration. Furthermore, electrospinning is not feasible 

when applied for insoluble substances such as insoluble elastic fibers due to the limitations 

of the syringe pump needle [65]. Electrospinning of elastin or elastin-blended biomaterials 

usually involves homogenizing elastin in a strong acidic solution to create an acid-soluble 

solution. This homogenization process may denature the substance, especially for elastic 

fibers since the microfibrillar network (attachment site for SMC) usually is lost upon 

homogenization. 

2.3.2.3 Extrusion 

Extrusion or wet spinning is another method to produce fibrous material for the 

fabrication of TEVGs. Extrusion involves the use of high pressure from the syringe pump to 

force the polymer solution to come out as fibers that are collected in a buffer bath. Although 

extrusion can be applied in both natural and synthetic polymers to generate aligned fibers, 

when it comes to natural polymers, Pins et al reported that the core of extruded collagen 

fibers is poorly organized [67]. Furthermore, extrusion is not feasible when applied for 

insoluble substances such as the insoluble elastic matrix (native component in blood vessel) 

[68]. Cave et al’s extruded fibers made of elastin-mimetic proteins lack the other 

microfibrillar components of native elastic fibers (e.g. fibrillin) that are present in native 

vessels [69]. 
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2.3.2.4 Lyophilization / Freeze-Drying 

Freeze-drying is one of the earlier fabrication methods in vascular tissue 

engineering. The technique follows the principle of lyophilization, which involves freezing 

of the polymeric solution at low temperature (-200 C). The ice crystals formed from the 

freezing process are subsequently sublimated (vacuum drying) to generate a highly porous 

scaffold, capable of supporting a high degree of cell migration. The pore size can be 

controlled by varying temperature and direction of freezing [13]. The advantage of this 

method over electrospinning and extrusion is the ability to incorporate both soluble and 

insoluble substances in the fabrication of TEVGs. In vascular tissue engineering, Daamen et 

al were able to incorporate both insoluble and soluble elastin in collagen to generate freeze-

dried vascular scaffolds which enhanced angiogenesis and elastic fiber formation upon 

implant in Sprague-Dawley rats [70]. In addition, Ryan and O’Brien generated a freeze-dried 

scaffold network from collagen and insoluble elastin and found that the presence of insoluble 

elastin, while it reduces the stiffness of collagen scaffold, induces contractility in human 

SMCs [37]. However, because freeze-dried scaffolds lack internal alignment, they have 

relatively weak biomechanics and usually require crosslinking strategies to improve the 

mechanical strength [14].  

2.3.2.5 Cell-derived extracellular matrices (ECM) 

As an alternative source for xenogenic and allogenic acellular vascular vessels, 

which usually suffer from heterogeneity, cell-derived ECM vascular grafts have gained 

interests in the field. In this technique, cells are allowed to growth to fully confluent and the 
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ECM sheet secreted by cells is collected and rolled into tubular shape using a mandrel to 

generate vascular scaffold [71]. The construct is usually matured in a bioreactor system 

before used in in vitro or in vivo studies. The benefits of cell-derived ECM scaffold are that 

it retains all native components (i.e. collagen and elastin) capable of promoting cellular 

response and possesses complex yet organized structure that mimics some aspects of native 

blood vessel [72]. Because of that, the mechanical properties of cell-derived ECM vascular 

scaffold can be comparable to native arteries. TEVG grown from human SMCs developed 

by Quint et al has a burst pressure of 1600 mmHg, comparable to human saphenous vein 

[66]. In addition, cell source can be extracted from autologous tissues to avoid inherent 

heterogeneity. However, the time for developing a fully mature vascular graft can take 

months depending on cell/tissue culture time and downstream processes; moreover, 

regulatory challenges limit the use of cell-derived TEVGs in a clinical study [72].    

2.3.2.6 3D printing 

Emerging as the new technology in the field of tissue engineering, 3D printing has 

the potential to reconstruct the microstructure of arteries. Similarly to commercial printers, 

3D printing operates based on a computer-aid-design 3D-layout of patient’s organ or tissue 

which is sent to the 3D printer to “print” out layer-by-layer of bioink (composed of 

biomaterials with or without cells) in a three-dimensional structure. The advantage of 3D 

printing in tissue engineering is its potential to reconstruct the hierarchical microstructure of 

the tissues that other fabrication methods have yet to achieve. There are four methods of 3D 

printing: stereolithography (SLA), selective laser sintering (SLS), fused deposition modeling 
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(FDM), and pressure based extrusion (PBE) [73]. The first two methods, SLA and SLS, 

operate using laser-based devices to polymerize raw monomers into functional biomaterials. 

SLA uses photopolymerization (e.g. UV/visible light) principle to solidify the liquid 

monomer while SLS uses a CO2 laser to increase temperature of a powder-based raw material 

in order to form solid biomaterial via sintering. The last two methods, FDM and PBE, use 

extrusion to generate biomaterials. FDM first melts the polymer and then extrudes it through 

a nozzle into a collecting resin bath while PBE uses differential pressure to forcibly drive 

the polymer out of a nozzle connected to a syringe pump [73]. In vascular tissue engineering, 

3D printing has been successfully used to reconstruct the microvascular network including 

functional cells [74-76], but has not yet been able to construct the three-layer structure of the 

coronary artery to be used in bypass surgery. According to Mosadegh et al, it is not possible 

for the current 3D printers to alternately print different layers precisely to the submicron 

scale and seed multiple cell types to mimics the hierarchical three-layer structure of the artery 

since each layer has different materials, mechanical properties, as well as different cell types 

to support the overall function of the artery [73]. Because of this, 3D printing is usually 

accompanied with other techniques (i.e. electrospinning) to fabricate multi-layered TEVGs 

[77]. 

2.3.3. Cells 

Cells play the key role in the synthesis of the de novo tissues. Depending on the cell 

types, different components of ECM can be reproduced. For example, collagen-rich de novo 

tissue is synthesized from the culture of fibroblasts or vascular SMCs [78,79]. In addition, 
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elastic matrix reproduction is achieved from the culture of vascular SMCs [80]. Because of 

this, the abilities to recruit cells and promote cell attachment, proliferation, and maturation 

are critical aspects of TEVGs. Cell sources can either be xenogenic or allogenic. Most 

commonly employed cells to study the interaction between graft-cells and cell-cell in 

vascular tissue engineering are vascular ECs and vascular SMCs. Other cell types can also 

be used, such as fibroblasts and mesenchymal stem cells [81].      

2.3.3.1 Vascular endothelial cells 

The lining of vascular ECs forms the basement membrane of blood vessels. Acting 

as the interface between blood flow and vessel wall, the vascular ECs play a key role in 

ensuring the smooth function of vessel and blood flow. The vascular ECs are known for 

secreting tissue factors, thrombin inhibitors, and receptors for protein C activation to prevent 

coagulation and thrombosis [82], guaranteeing the smooth flow of blood. They also provide 

nitric oxide, prostacyclin, endothelin, and endothelial-derived hyperpolarizing factor to 

regulate vascular tone, ensuring smooth constriction and dilation of the vessel. In addition, 

ECs regulate host defense by producing chemokines ( and ), cytokines and growth factor 

(granulocyte macrophage CSF, IL-1, and IL-6) to signal immune and inflammation response 

[83].  

2.3.3.2 Vascular smooth muscle cells 

The vascular SMCs predominantly populate in the tunica media of the artery. They 

are responsible for the synthesis of multiple layers of elastic matrices that provide elasticity 

and compliance for the blood vessel. In native arteries, SMCs possess two phenotypes: 
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synthetic and contractile phenotypes. However, SMCs mostly present in their mature stage 

or contractile phenotype in healthy vessel. In this stage, SMCs have a “fusiform” 

morphology and express high level of contractile markers such as -smooth muscle actin 

(-SMA), calponin, and smooth muscle myosin heavy chain [84]. When injury happens to 

the vessel due to disease or trauma, through cell signaling, SMCs will switch to their 

synthetic phenotype and start to proliferate and secrete new ECM in an attempt to heal the 

vessel wall. During their active stage where cell proliferation and migration continuously 

happen, SMCs possess a “hill-and-valley” like morphology and have very low expression of 

contractile markers, but can express high level of proliferative markers such as 

thrombospondin and vimentin [84]. It is ideal for SMCs to switch back to their contractile 

phenotype and cease proliferation once the vessel is healed because overproliferation of 

SMCs can lead to thickening of vessel wall causing intimal hyperplasia. In addition, 

hyperproliferation of SMCs may lead to SMCs invade the tunica intima and disrupt the lining 

of ECs.  

2.3.4. Bioreactor 

Similar to all living tissues in human body, blood vessels undergo various types of 

mechanical stress and strain from normal contraction and dilation. Thus, native cells in blood 

vessels are also exposed to constant radial and circumferential cyclic stress from these 

functions and tend to organize themselves as well as express their phenotypes according to 

the stresses they are exposed to, in turn influencing protein expression and matrix 

organization via cellular signals. Therefore, for the past few decades, bioreactors have aided 
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the vascular tissue engineering field by providing a dynamic culture environment that best 

mimics the native environment inside human body for the development of artificial vascular 

constructs [85].  

Depending on the cell source as well as the type of stress they are exposed in the 

native environment, the design for bioreactor can be varied. For example, a continuous 

monolayer of ECs is important in all TEVGs because this layer is known to generate anti-

thrombogenic agents that prevent platelet adhesion, inhibit thrombosis, and allow smooth 

flow of blood. ECs, which lie in the basement membrane (tunica intima) of blood vessel, 

come directly in contact with blood so they are constantly exposed to the different stress and 

strain created by the blood flow as well as the expansion and contraction of the blood vessel 

and align along the longitudinal axis of the vessel inner wall. Thus, bioreactors used to 

culture ECs usually have a perfusion flow system to create shear stress from the continuous 

flow of culture media [86,87]. Isenberg et al have been able to achieve a longitudinally 

aligned EC layer using a pulsatile perfusion flow bioreactor [88]. On the other hand, SMCs 

align circumferentially around the native vessel in the tunica media, and are known to 

generate elastic matrix that provide compliance and elasticity for the vessel. Because of their 

orientation, they experience circumferential cyclic stress and strain directly from the 

contraction and dilation of the blood vessel. Therefore, bioreactors used for dynamic culture 

of SMCs usually generate cyclic strain to the vessel to induce the circumferential alignment 

of SMCs around the scaffold surface, thereby, improving the mechanical strength and 

compliance of the scaffold through de novo matrix generated post-culture [89-91].  
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2.3.5. Challenges in vascular tissue engineering 

Although many fabrication strategies have been developed and assessed in the field 

of vascular tissue engineering for the past two decades, a functional TEVG for the 

replacement of small-diameter vessels (< 4mm) has yet to be realized. The major concerns 

associated with TEVGs post implantation can include occlusion, loss of long-term structural 

integrity, and the inability to remodel mature, intact ECM that mimics the native tissue to 

continue to support blood flow once the graft degrades [23].  

Occlusion in a small-diameter vascular graft (< 4 mm) is usually caused by 

thrombosis and/or intima hyperplasia. Thrombosis occurs during short-term implant and is 

usually due to lack of a functional endothelial layer on the lumen surface which causes 

coagulation of cascades and platelets adhesion on the vessel wall [38]. Long-term implanted 

grafts have concern for intima hyperplasia that is caused by hyperproliferation of cells on 

the scaffold leading to thickening of vessel wall and narrowing of the lumen. There are 

multiple causes for cell hyperproliferation, but one direct cause can be traced to the abnormal 

shear stress at the anastomosis, which triggers cell proliferation and produces more ECM at 

the site. This abnormal shear stress is caused by either mismatching in mechanical properties 

between the graft and vessel or suture placement at the anastomosis site [23].  

Loss of structural integrity of graft during long-term implant is usually due to fast 

degradation of graft biomaterial. This is mostly found in natural polymer-based (or ECM-

based) vascular grafts where the graft material degrades too quickly and the remodeled ECM 

has yet to mature that leads to eventual graft rupture [92]. 
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  A mature and rigid remodeled ECM is critical in vascular tissue engineering in 

order to continue support blood flow as the TEVG degrades. The de novo ECM needs to 

mimic the surrounding native vascular tissue in order to provide the best support. To attain 

such ECM, functionality of native blood vessel cells is important. Various studies have 

stressed the importance of SMC in providing contractility and depositing native ECM 

components for the graft, thereby enhancing graft biomechanics [23,93,94].    

2.3.6. Proposed strategies for tissue engineered vascular scaffold 

To attain a TEVG that best mimics compositional and structural aspects of the native 

artery, graft properties needed to be controlled to achieve 1) a circumferentially aligned 

collagen and elastin containing pre-established ECM to guide cellular attachment, 

orientation, and differentiation as well as provide compliance necessary to cope with 

hemodynamic forces during normal artery function and 2) smooth luminal surface to 

promote the development of a functional endothelial layer inside the lumen to avoid platelet 

adhesion that can lead to thrombosis. Cells tend to align themselves according to the 

orientation of the ECM they bind to via contact guidance [95]. Furthermore, the presence of 

a pre-established insoluble elastic matrix can regulate the phenotype of SMC, by inhibiting 

the pro-synthetic tendency and promoting their contractile phenotype, and generate 

remodeled elastic matrix [8,9,35,37].  

Aside from modulating graft properties, dynamic seeding and culturing conditions 

are necessary. Several studies have shown that the mechanical properties of ECM-based 

scaffolds can be significantly improved compared to that of native vascular tissue upon 
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maturing under dynamic conditions [89-91]. The reason for this is because dynamic culture 

can provide some aspects of normal hemodynamic forces the cells being exposed in the 

native condition, inducing them to deposit and enhance the de novo ECM best mimics that 

of native tissue.  

Modulating cell-cell interaction is also worth consideration. The trend in vascular 

tissue engineering nowadays is to develop a TEVG that is composed of a circumferentially 

aligned SMCs layer surround a continuous intact endothelial layer. Aside from other 

important functions that have been mentioned above for SMCs and ECs, the presence of 

SMCs is also known to regulate ECs, inducing them to express more angiogenic factors [68]. 

2.4 Electrochemical Focusing Technique 

The electrochemical focusing method was developed in 2008 based on the principles 

of isoelectric focusing to generate an aligned collagen bundle for tendon repair [96,97]. The 

method relies on the amphoteric nature of collagen molecule that enables it to assume either 

a positive or negative charge under a pH gradient. In this method, dialyzed collagen solution 

is loaded between two electrodes. A small electric field (a few volts) is introduced to trigger 

a pH gradient between the electrodes (pH 4 at anode and pH 11 at cathode) [98]. Under this 

pH gradient, the collagen molecules that are close to the anode gain a positive charge, and 

those close to the cathode gain a negative charge. Due to the similarity in electric charge 

between the collagen molecules and the electrodes, the collagen molecules are pushed away 

from the two electrodes and align along the isoelectric point of collagen (~ pH 9) where the 

net charge is zero generating an aligned collagen matrix (Figure 2.2). 
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Figure 2.2 Isoelectric focusing principle to align collagen molecules 

The electrochemical fabrication method is an enabling technology that can be 

employed to develop different shapes of collagen matrices, from highly aligned collagen 

bundles for tendon application, compacted transparent round sheets for corneal application, 

to other complex shapes [98-101]. In addition, this technique is not limited to collagen alone, 

but can also be used with other linear polymers such as chitosan and keratin. Furthermore, it 

is feasible to incorporate a second component (soluble and/or insoluble) within an aligned 

matrix using this technique. It has been previously shown that secondary components such 

as glycosaminoglycans, hydroxyapatite, decorin, soluble and insoluble elastin, and bioactive 

glasses can be stably incorporated within the electrochemically aligned collagen (ELAC) 

fibers [9,102,103].  

Because of those aforementioned advantages of the electrochemical focusing 

technique, in the current study, this fabrication scheme is applied to generate an 

electrochemically compacted tubular shape collagen matrix and used as the inner layer 
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(lumen) for the development of a 3D bi-layered scaffold. In addition, the technique is 

employed to incorporate insoluble elastin into ELAC fibers to generate elastin incorporated 

electrochemically aligned collagen fibers (Col-IE). The composition of insoluble elastin 

content in Col-IE fiber is kept at 40-50 wt % to mimic the composition of native vessel 

[29,30,104]. The Col-IE fiber is then used to wind around the outer surface of the collagen 

lumen, creating the second layer for the bi-layered scaffold. 
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Abstract 

Application of tissue engineered vascular grafts (TEVGs) for the replacement of 

small diameter arteries is limited due to thrombosis and intimal hyperplasia. Previous studies 

have attempted to address the limitations of TEVGs by developing scaffolds that mimic the 

composition (collagen and elastin) of native arteries to better match the mechanical 

properties of the graft with the native tissue. However, most existing scaffolds do not 

recapitulate the aligned topography of the collagen fibers found in native vessels. In the 

current study, based on the principles of isoelectric focusing, two different types of elastin 

(soluble and insoluble) were incorporated into highly oriented electrochemically aligned 

collagen (ELAC) fibers and the effect of elastin incorporation on the mechanical properties 

of ELAC fibers and smooth muscle cell (SMC) phenotype was investigated. The results 
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indicate that elastin incorporation significantly decreased the modulus of ELAC fibers to 

converge upon that of native vessels. Further, a significant increase in yield strain and 

decrease in Young’s modulus was observed on all fibers post SMC culture compared to 

before culture. Real-time PCR results showed a significant increase in the expression of -

SMA and calponin on ELAC fibers with insoluble elastin suggesting that incorporation of 

insoluble elastin induces contractile phenotype in SMCs after 2 weeks of culture on ELAC 

fibers.  Immunofluorescence results showed that calponin expression increased with time on 

all fibers. In conclusion, insoluble elastin incorporated ELAC fibers have the potential to be 

used for the development of a functional TEVG for the repair and replacement of small 

diameter arteries. 

3.1    Introduction 

Coronary artery disease (CAD) is associated with high mortality accounting for 1 in 

7 deaths in the United States each year [105]. Transplantation of autologous blood vessels is 

the current gold standard for arterial reconstruction. However, greater than 30% of patients 

lack a suitable donor site due to systemic vascular disease [2,106]. Non-degradable synthetic 

grafts such as Dacron and PTFE are suitable for large-diameter vascular grafts (> 5 mm), but 

fail due to thrombosis and intimal hyperplasia when applied to small-diameter vascular grafts 

(5-years patency was as low as 39%) [25]. Tissue-engineered vascular grafts (TEVGs) for 

large vessels have demonstrated promise as an alternative treatment option in the clinic; 

however, attempts to engineer small-diameter vascular grafts using TEVGs have thus far 
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been unsuccessful due to compliance mismatch with native tissue and intimal hyperplasia 

[107-110]. 

To address the limitations of existing TEVGs, there is a need to develop scaffolds 

that better mimic the composition, structure and function of native arteries. Mimicking the 

elastomeric properties provided by the elastic fibers in the medial layer of the native artery 

is especially important.  Two different types of elastin have been studied in the literature – 

insoluble elastin and soluble elastin. Insoluble elastin is the native form of elastin that 

contains the components of the microfibrillar scaffold (e.g. fibrillin) that cells typically 

attach to in the native artery. On the other hand, soluble elastin is degraded form of elastin 

without any non-elastin components. Elastic fibers have been shown to modulate the 

phenotype of smooth muscle cells (SMCs) bound to the fibers in the native vessel [35]. The 

alignment of the extracellular matrix also plays a key role in controlling the extension and 

contraction of blood vessels [2,48]. Development of scaffolds that compositionally and 

structurally mimic the intima media of the native blood vessels will provide both an aligned 

collagen platform to guide cell attachment and orientation, and functional elastin that can 

potentially promote elastic matrix production.  

Several studies have generated fibers composed of collagen and particular forms of 

elastin [10,11], but to the best of our knowledge no studies have attempted to recapitulate 

the aligned topography of collagen and elastic fibers found in native blood vessels. 

Electrospinning and extrusion are two of the most common methods employed for producing 
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aligned collagen fibers; however, each of these has limitations. For instance, while 

electrospinning has been performed with soluble forms of elastin [6,7], it is not feasible to 

incorporate insoluble elastin (native form) within electrospun collagen fibers due to the size 

of the particles. Collagen extrusion generates aligned fibers [67], but the core of these fibers 

is poorly organized [69]. Further, extrusion has not been used to produce elastin incorporated 

collagen fibers.  Decellularization of the native artery is another method that has been used 

to develop vascular scaffolds due to the advantage that structural features of the native artery 

can be maintained [111]. However, decellularized arteries have typically had concerns with 

cell migration and ingrowth because of limited, small pores. Some modified decellarization 

strategies (i.e., removing collagen or elastin) provide larger pore space [65], but this causes 

some important aspects of native composition to be lost. Therefore, there is a need for an 

alternative processing method that produces collagen fibers with tissue level alignment, and 

also allows for the incorporation of insoluble elastin to recreate both the compositional and 

topographical features of the native artery.  

In this study, based on the principles of isoelectric focusing, an electrochemical 

fabrication methodology was employed to synthesize electrochemically aligned collagen 

(ELAC) fibers incorporated with soluble or insoluble elastin. Unlike other collagen 

alignment methods, the electrochemical process allows for the incorporation of a second 

component within the aligned collagen core. This second component could be either soluble 

or insoluble. Although the electrochemical process has been previously used to synthesize 

pure collagen fibers for tendon tissue engineering applications [96,97,111-113], the current 
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study is the first attempt to incorporate elastin within aligned collagen fibers. The hypotheses 

of the current study are that 1) incorporation of elastin will reduce the modulus and improve 

compliance of ELAC fibers, and 2) elastin incorporation will provide compositional and 

topographical cues to smooth muscle cells (SMCs) and thereby promote a more contractile 

vascular cell phenotype. Two different types of elastin (soluble and insoluble) were 

investigated in the study. Monotonic tensile tests were performed to assess the effect of 

elastin incorporation on fiber mechanics. SMC phenotype was assessed via real-time PCR 

and immunofluorescence. 

3.2    Materials and Methods 

3.2.1 Materials 

Acid soluble collagen type I (Purecol, 3.1 mg/ml) was purchased from Advanced 

BioMatrix, Inc. (San Diego, CA); fluorescence-labeled soluble elastin (HP59), soluble 

elastin (ES12), and insoluble elastin (ES60) were purchased from Elastin Products 

Company, Inc. (Owensville, MO). Soluble elastin purchased from Elastin Products 

Company is purified elastin fragments generated from digestion of insoluble elastin (ES60) 

using oxalic acid treatment. Alamar Blue, Trizol reagent, SyberGreen©, AlexaFluor 

phalloidin-488, and Alexa633-labeled secondary antibodies were purchased from Life 

Technologies (Carlsbad, CA). DMEM high glucose culture media, Triton X-100, ethanol, 

and formaldehyde were purchase from Fisher Scientific (Waltham, CA). All other chemical 

were purchased from Sigma Aldrich unless noted otherwise.  
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 3.2.2 Synthesis of elastin-incorporated ELAC fibers 

Elastin incorporated ELAC fibers were synthesized by adopting a previously 

published protocol with slight modifications [97,112]. Briefly, two separate stock solutions 

of elastin (soluble and insoluble; 200 mg/ml) were prepared by dissolving soluble elastin and 

suspending insoluble elastin in ultrapure water. Composite mixtures of elastin (either soluble 

or insoluble) and dialyzed collagen at a ratio of collagen:elastin = 60:40 (w/w) were loaded 

between the two stainless steel wire electrodes and an electric field of 3V was applied for 30 

min. The electric field induces the formation of a pH gradient between the electrodes [98]. 

Due to the amphoteric nature of collagen, the presence of a pH gradient triggers the collagen 

molecules close to the anode to gain a positive charge and the ones close to the cathode to 

gain a negative charge. The repulsive forces from the like charged electrodes results in self-

aggregation of collagen molecules along the isoelectric point (pI) to form a highly dense 

electrochemically aligned collagen (ELAC) fiber.  During the alignment process, the elastin 

molecules/particles get entrapped within the aligned collagen to form elastin incorporated 

ELAC fibers.  Collagen only fibers were synthesized by following a similar protocol but 

without the addition of elastin. Elastin only fibers were not used as control because it was 

not feasible to recover pure elastin fibers after the electrochemical process. After the 

alignment process, the fibers were incubated in phosphate buffered saline (PBS) at 37 °C for 

6 hours to promote fibril formation. The fibers were classified into three groups: collagen-

soluble elastin (Col-SE), collagen-insoluble elastin (Col-IE), and collagen only (Col). 
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3.2.3 Confirmation of elastin incorporation into ELAC fibers 

In order to visually confirm the incorporation of soluble elastin within ELAC fibers, 

Col-SE fibers were synthesized using FITC-labeled soluble elastin and imaged under a 

fluorescence microscope (Zeiss). Further, Col-SE fibers were incubated in PBS at 37 °C for 

1 week. At periodic intervals (day 1 and day 6), the fibers were imaged to confirm the 

presence and stable incorporation of soluble elastin.  

 Insoluble elastin particles tend to autofluorescence under the DAPI filter set [114]. 

Therefore, autofluorescence imaging of Col-IE fibers was performed to confirm the 

incorporation and distribution of insoluble elastin within ELAC fibers. 

3.2.4 Isolation of rat aortic SMCs 

Smooth muscle cells were isolated from abdominal aorta of Spraque-Dawley rats 

with an IACUC approved protocol [115].  The adventitia and luminal endothelial cells were 

removed prior to digestion with a collagenase and elastase solution. Cells were grown in 

culture flasks, and cell’s contractile phenotype was assessed with immunofluorescence 

imaging for SMC markers (e.g. calponin) to confirm the purity of the cell population. 

3.2.5 Culture of rSMCs on elastin-incorporated ELAC fibers 

Rat aorta SMCs (rSMCs) were cultured on elastin incorporated ELAC fibers to 

determine the effect of elastin incorporation on fiber mechanical properties post culture, cell 
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morphology, cell proliferation and cell phenotype. Briefly, 3 cm long ELAC fibers (w or w/o 

elastin) were sterilized in 70% ethanol, washed in PBS and placed individually in each well 

of an ultralow attachment 24 well plate (Corning). Passage-3 rSMCs were seeded onto the 

fibers at a density of 10,000 cells/well and cultured up to 14 days. Culture medium used was 

composed of Hyclone Dulbecco's Modified Eagle Medium (DMEM) high glucose 

supplemented with 10% FBS, 1% pencillin/streptomycin and 1% L-glutamine. Culture 

medium changes were performed every 3 days. 

3.2.6 Mechanical assessment of elastin-incorporated ELAC fibers 

The effect of elastin incorporation on the mechanical properties of ELAC fibers 

before and after culture was determined using Q800 dynamic mechanical analyzer (TA 

Instruments). ELAC fibers (w and w/o elastin; N = 17/group) were cut into 3 cm long 

samples and glued onto transparency sheets at both ends using a medical grade adhesive 

(Loctite 4851). ELAC fibers were not allowed to dry onto a surface during and after synthesis 

to ensure that the cylindrical cross-section of the fibers is maintained. Cross-sectional area 

in wet state was determined by hydrating the samples in PBS and measuring the diameter of 

each sample under an inverted microscope (Zeiss). Following this, the fibers were mounted 

onto the fixtures of a fiber/film tension clamp and loaded in wet state at a rate of 0.01 N/min 

until failure. The load and displacement data were recorded and the yield stress and yield 

strain was determined. The Young’s modulus was computed by calculating the slope of the 

steepest region of the stress-strain curve using DataFit (Oakdale Engineering).  
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The mechanical properties of the fibers after two weeks of culture (N = 16-20/group) 

was determined by following a similar protocol and testing the fibers immediately after 

removing the fibers from the culture plate. 

3.2.7 Effect of elastin incorporation on cell morphology and proliferation 

The effect of elastin incorporation on cell morphology was assessed via cell 

cytoskeleton staining using Alexafluor 488 phalloidin at days 1 and 14. Briefly, ELAC fibers 

(w and w/o elastin; N = 3/group/time point) were washed with PBS and fixed with 3.7% 

formaldehyde in PBS for 15 min. After fixation, the fibers were washed with PBS and 

incubated in permeabilization buffer (0.2% Triton X-100 in PBS) for 10 min. Following this, 

the fibers were washed with PBS and incubated in blocking buffer (1% bovine serum 

albumin (BSA) in PBS containing 0.05% Triton X-100) for 45 min at room temperature. The 

cell cytoskeleton was then stained with a working solution of AlexaFluor 488-Phalloidin 

(1:25 in 1x PBS) at room temperature for 20 min. Following the staining procedure, the 

fibers were washed and high quality images were taken using a Nikon C1Si multi-spectral 

confocal microscope. 

In order to assess the effect of elastin incorporation on cell proliferation, an Alamar 

blue assay (Life Technologies) was performed following manufacturer’s instructions. 

Briefly, at periodic intervals (days 1, 4, 7, 10 and 14), ELAC fibers (w and w/o elastin; N = 

3/group/time point) were incubated with Alamar blue mix (culture medium + 10% Alamar 

blue) for two hours at 37 ºC. Following this, 100 µl aliquots from each well were transferred 



Reprinted from Nguyen, T.U., Bashur, C.A., and Kishore, V. Biomedical Materials, 

11(2), 025008  

 

44 
 

to a 96-well plate in triplicate and the fluorescence was measured at an excitation wavelength 

of 555 nm and emission wavelength of 595 nm using an M2e Spectramax plate reader 

(Molecular Devices). Cell number was quantified by using a standard curve of fluorescence 

measurements generated using known number of cells. 

3.2.8 Effect of elastin incorporation on SMC phenotype via real-time PCR 

The effect of elastin incorporation on rSMC phenotype was assessed using real-time 

PCR. At periodic intervals (days 3 and 14), total RNA from ELAC fibers (w and w/o elastin; 

N = 6/group/time point) was extracted using Trizol and quantified using RiboGreen assay 

by following the manufacturer’s instructions. Next, 10 ng of RNA was used to synthesize 

cDNA by using the High Capacity cDNA Reverse Transcription Kit (Life Technologies). 

Real-time PCR was performed on MyiQ™ qPCR system (Bio-Rad, CA) with Power SYBR 

Green Master Mix (Life Technologies) and by using primers for genes specific for the 

contractile (α-SMA (Acta2) and calponin (Cnn1)) and synthetic (thrombospondin (Thbs2)) 

phenotype of smooth muscle cells. Primer sequence for these genes was obtained from 

Bashur et al. and is included in Table 3.1 [115]. The relative fold change in target gene 

expression was calculated by using the 2^(-Ct) method by normalizing the target gene 

expression to 18S (Rn18s) and relative to the expression on collagen only fibers at day 3. 
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Table 3.1 Primer sequence used for real-time PCR 

 

3.2.9 Effect of elastin incorporation on calponin expression via 

immunofluorescence 

Protein-level expression of calponin on ELAC fibers (w and w/o elastin; N = 

6/group/time point) was qualitatively assessed via immunofluorescence. At periodic 

intervals (days 7 and 14), the fibers were fixed and permeabilized with 3.7% formaldehyde 

and 0.1% Triton X-100 solution. Following this, the fibers were blocked with buffer 

containing 1% BSA in PBS and 0.05% Triton X-100.  Rat SMCs were stained with rabbit 

anti-rat calponin antibody (Abcam, San Francisco, CA; 1:200 dilution) and incubated at 4ºC 

overnight. Following this, the rSMCs were stained with AlexaFluor 633-labeled secondary 

antibody (1:1000 dilution) for 1 hour at room temperature and washed twice with 1X PBS.  

Finally, the fibers were mounted on a glass-slide and imaged under the microscope (Zeiss).  

The images were processed using ImagePro Plus 7.0 software (Media Cybernetics, MD) by 

applying the same brightness and contrast settings for all the images. 
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3.2.10 Statistical analyses 

Each experiment was performed twice and the data were combined to attain the total 

sample size per experiment. Results are expressed as mean ± standard error. Statistical 

analyses were performed by using Mann-Whitney U test (Minitab) and the significance 

criterion was set at p < 0.05. 

3.3   Results 

3.3.1 Confirmation of elastin incorporation into ELAC fibers 

Fluorescence imaging of Col-SE fibers confirmed that soluble elastin can be 

uniformly incorporated within the ELAC fibers (Figure 3.1B). On the other hand, collagen 

only fibers (w/o soluble elastin) showed little to no fluorescence (Figure 3.1A). Fluorescence 

images of Col-SE fibers at day 6 (post incubation in PBS) showed that the fluorescence 

intensity was maintained indicating that soluble elastin can be stably incorporated within 

ELAC fibers (Figure 3.1C). 
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Figure 3.1 Fluorescence-based imaging for the confirmation of soluble elastin incorporation within 

ELAC fibers. (A) Collagen-only fiber, (B) Col-SE fiber (day 1), (C) Col-SE fiber (day 6). Scale bar: 

100 m 

Autofluorescence imaging of Col-IE fibers with the DAPI filter set confirmed the 

incorporation of insoluble elastin into ELAC fibers (Figure 3.2). Further, the insoluble 

elastin particles were uniformly distributed throughout the length of the ELAC fiber. 

Collagen only fibers (w/o insoluble elastin) did not show any autofluorescent particles 

(figure not shown).  
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Figure 3.2 Autofluorescence imaging using a DAPI filter for the confirmation of insoluble elastin 

incorporation within ELAC fibers. Scale bar: 100 m 

Together, these results confirm that both soluble elastin and insoluble elastin can be 

incorporated within the ELAC fibers by simply mixing the elastin with the collagen solution 

during the electrochemical fabrication process. 

3.3.2 Mechanical assessment of elastin incorporated ELAC fibers before culture 

The average cross-sectional areas of collagen, Col-SE and Col-IE fibers were 

comparable (p = 0.46) at 0.026 mm2, 0.035 mm2, and 0.032 mm2, respectively, suggesting 

that incorporation of elastin did not change the cross-sectional area of the ELAC fibers. 

Figure 3.3A shows representative stress-strain curves of Collagen only, Col-SE and 

Col-IE fibers before and after culture. While the stress-strain curves of all three fibers before 

culture showed a linear relationship between stress and strain (elastic region) followed by 

failure, the fibers after culture showed an extended toe region prior to the elastic region of 
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the stress-strain curve. Yield stress of collagen only fibers before culture was 3.3 fold higher 

than Col-SE fibers before culture (p < 0.0001) and 2 fold higher than Col-IE fibers before 

culture (p = 0.0003) (Fig. 3.3B). When comparing the two types of elastin, the yield stress 

of Col-SE fibers before culture was lower than Col-IE fibers before culture, although this 

was not statistically significant (p = 0.0782). It is important to note that while the strength of 

Col-SE fibers and Col-IE fibers were not statistically different, the Col-SE fibers felt 

significantly weaker than Col-IE fibers during manual handling of the fibers. Specifically, 

many of the Col-SE fibers broke when recovering the fibers post synthesis from the 

electrochemical cell suggesting that they were very weak.  On the other hand, Col-IE fibers 

remained intact during the recovery process. 

The Young’s modulus data followed a similar trend as the yield stress (Figure 3.3D). 

Young’s modulus of collagen only fibers before culture was 5-fold higher than Col-SE fibers 

before culture (p = 0.0006) and 2.5 fold higher than Col-IE fibers before culture (p = 0.0075). 

When comparing the two elastin types, the Young’s modulus of Col-SE fibers before culture 

was lower than Col-IE fibers before culture although this finding was not statistically 

significant (p = 0.1964). 

The yield strain data was comparable between all groups suggesting that the 

incorporation of elastin had no effect on the extensibility of collagen only fibers before 

culture (Figure 3.3C). Together, these results indicate that elastin incorporation decreases 

the strength and stiffness of collagen only fibers before culture. 
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Figure 3.3 Mechanical assessment of elastin-incorporated ELAC fibers before and after culture. (A) 

Typical stress-strain curve for all fiber types before and after culture, (B) yield stress, (C) yield strain, 

and (D) Young’s modulus. (* indicates p < 0.05 when comparing Col-SE fibers or Col-IE fibers with 

the collagen-only fibers before and after culture separately; # indicates p < 0.05 when comparing Col-

SE fibers and Col-IE fibers before and after cell culture separately; ϯ indicates p < 0.05 when 

comparing individual fiber types between before and after culture) 
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3.3.3 Mechanical assessment of elastin incorporated ELAC fibers after culture 

The effect of elastin incorporation on the mechanical properties of the cell-

synthesized remodeled matrix was assessed by performing mechanical tests on ELAC fibers 

after two weeks of culture (Figure 3.3). The results followed a similar trend as observed with 

the before-culture fibers. Specifically, the yield stress and Young’s modulus of Col-SE fibers 

after culture was 2.6-fold (p = 0.0091) and 3.1-fold (p = 0.0091) lower, respectively, 

compared with the collagen-only fibers after culture (Figure 3.3B and 3.3D). Further, the 

yield stress and Young’s modulus of Col-IE fibers after culture also appeared to be lower 

than collagen-only fibers after culture, although these results were not statistically significant 

(p > 0.05). The yield strain was comparable between all groups (Figure 3.3C). When 

comparing the two elastin fibers, the Young’s modulus of Col-IE fibers after culture was 

significantly higher than the Col-SE fibers after culture (p = 0.023). 

When comparing the mechanical properties of the fibers before and after culture, the 

yield stress of the after culture Col-SE, Col-IE and collagen-only fibers was 1.9-fold (p = 

0.0213), 1.7-fold (p = 0.0038), and 2.4-fold (p = 0.0001) lower than before culture Col-SE, 

Col-IE and collagen-only fibers, respectively, suggesting that all fibers become weaker after 

culture. In contrast, yield strain of Col-SE, Col-IE, and collagen-only fibers after culture 

significantly increased (p < 0.0001) compared to their respective counterparts before culture. 

The Young’s modulus of Col-SE fibers after culture and Col-IE fibers after culture was 8.6-

fold (p < 0.0001) and 5.3-fold (p < 0.0001) lower compared with Col-SE fibers and Col-IE 
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fibers before culture, respectively. Together, these results indicate that while the yield stress 

and modulus of the fibers decrease after culture, yield strain increases suggesting that the 

fibers after culture are more compliant. 

3.3.4 Effect of elastin incorporation on morphology and proliferation of rSMCs 

Cell morphology on collagen only and elastin incorporated ELAC fibers were 

assessed via cell cytoskeletal staining. At day 1, some degree of preferential cellular 

alignment along the length of the fiber was observed on collagen only fibers (Figure 3.4A). 

No such alignment was observed on elastin incorporated ELAC fibers (Figure 3.4B and 

3.4C). Further, cell morphology on Col-SE and Col-IE fibers was comparable. By day 14, a 

confluent cell layer was observed on all fibers suggesting that cell proliferate well on ELAC 

fibers with and without elastin (Figure 3.4D-F). Further, a high degree of cellular alignment 

was observed on all three fiber types at day 14.  

 Results from Alamar blue assay for cell proliferation were in agreement with the 

visual observations from cell cytoskeletal staining and showed that elastin incorporation 

maintained cell proliferation on ELAC fibers (Figure 3.4G). 
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Figure 3.4 ((A)-(F)) Cell cytoskeletal staining for the assessment of cell morphology via confocal 

microscopy. Scale bar: 100 m. (G) Alamar blue assay results for cell proliferation on elastin-

incorporated ELAC fibers 

3.3.5 Assessment of cell phenotype via real-time PCR 

The expression of α-SMA and calponin was investigated to assess the effect of 

elastin incorporation on the contractile phenotype of rSMCs (Figure 3.5A and 3.5B). 
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Thrombospondin expression was evaluated to assess the synthetic phenotype of rSMCs 

(Figure 3.5C). Real-time PCR results showed that α-SMA expression on collagen-only fibers 

was comparable between days 3 and 14 (p = 0.3785; Figure 3.5A). However, the expression 

of α-SMA increased significantly from day 3 to day 14 on Col-SE (p = 0.0453) and Col-IE 

fibers (p = 0.0051). When comparing between groups at day 14, α-SMA expression was 

significantly higher on Col-IE fibers compared with collagen-only fibers (p = 0.0051). A 

similar increase in α-SMA expression was observed on Col-SE fibers compared with 

collagen-only fibers, however this result was not statistically significant (p = 0.0927). 

Furthermore, α-SMA expression on Col-SE and Col-IE fibers was comparable (p = 0.6889). 

 

Figure 3.5 Assessment of cell phenotype via real-time PCR. (A) -SMA, (B) calponin, and (C) 

thrombospondin. (* indicates p < 0.05 when comparing gene expression on Col-SE fibers or Col-IE 

fibers with the control group (collagen-only fibers) per experimental time point; ϯ indicates p < 0.05 

when comparing gene expression on individual fiber type between time points) 

Calponin expression followed a similar trend as the α-SMA expression on all groups 

(Figure 3.5B). While calponin expression was comparable between day 3 and day 14 on 

collagen-only fibers (p = 0.2980), calponin expression increased significantly with time on 
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Col-SE fibers (p = 0.0051) and Col-IE fibers (p = 0.0051). When comparing between groups 

at day 3, calponin expression appeared to be lower on Col-SE fibers (p = 0.1282) and Col-

IE fibers (p = 0.0927) compared to collagen only fibers. However, by day 14, calponin 

expression on Col-IE fibers was significantly higher compared to collagen only fibers (p = 

0.0453).   

 Thrombospondin expression increased significantly between day 3 and day 14 for 

all three types of fibers (p < 0.05; Figure 3.5C). However, when comparing the different 

groups, thrombospondin expression was comparable (p > 0.05). Together, these results 

indicate that incorporation of insoluble elastin into ELAC fibers induces contractile 

expression in rSMCs. 

3.3.6 Assessment of calponin expression via immunofluorescence 

Immunofluorescence results for the protein-level expression of calponin showed that 

calponin expression was comparable on all three fibers at days 7 and day 14 (Figure 3.6). 

Since the autofluorescence of insoluble elastin particles tend to bleed over onto the far-red 

channel, the DAPI channel was included during image processing to clearly differentiate 

between calponin staining and the background from insoluble elastin particles (Figure 3.6C 

and 3.6F).      
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Figure 3.6 Assessment of protein-level calponin expression via immunofluorescence. ((A), (D)) 

Collagen-only fiber, ((B),(E)) Col-SE fiber, and ((C),(F)) Col-IE fiber. The faint blue regions in the 

Col-IE fibers images are the autofluorescence of insoluble elastin particles. Scale bar: 100 m 

3.4   Discussion 

The electrochemical process for the alignment of collagen molecules was first 

developed in 2008 for the synthesis of highly aligned pure collagen fibers for tendon tissue 

engineering applications [97]. Based on the principles of isoelectric focusing, the 

electrochemical alignment process is a simple and cost-effective process that can be carried 

out with minimum equipment (collagen, wire electrodes and a low voltage power supply) at 

physiological conditions and in the absence of corrosive solvents. Further, the 

electrochemical process allows for the incorporation of an insoluble or soluble second 

component (e.g. glycosaminoglycans, hydroxyapatite), within the aligned collagen network 
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[99,102]. While the feasibility of the electrochemical process to synthesize collagen-based 

hybrid materials has been previously shown, this is the first study that incorporates elastin 

(both soluble and insoluble) with collagen in the electrochemical process to synthesize 

tissue-mimicking elastin-incorporated aligned collagen fibers.  

The native artery is mainly comprised of collagen and elastin. While collagen helps 

in maintaining the structural integrity of the blood vessel, elastin provides compliance to 

allow for expansion and contraction of the vessel during the cardiac cycle. Elastic fibers in 

the media layer of the blood vessel are not just elastin but also consist of the microfibrillar 

scaffold components (e.g. fibrillin). The microfibrillar scaffold components play an 

important role in elastin organization and cellular response in blood vessels.  In the current 

study, elastin was incorporated (soluble or insoluble) at a concentration of 40% by weight 

(collagen:elastin, 60:40 w/w) to closely mimic the composition of native vessel [104]. 

Further, the insoluble elastin used in this study was not in the form of discrete fibers but 

instead as particles (< 37 µm) isolated from bovine neck ligament. These insoluble elastin 

particles mimic native elastic fiber composition. Fluorescence-based microscopy confirmed 

the incorporation, uniform distribution and stability of soluble (Figure 3.1) and insoluble 

elastin (Figure 3.2) within ELAC fibers. While several studies have attempted to recapitulate 

the composition and structure of native arteries by developing scaffolds using collagen and 

elastin [6,7,13,116], more work is needed to fully understand the effect of soluble elastin and 

insoluble elastin on scaffold mechanics and smooth muscle cell response. Due to the inability 

of some of the common methods (e.g. extrusion, electrospinning) to incorporate insoluble 
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elastin within a collagen scaffold, most studies have employed freeze-drying to develop 

collagen scaffolds with insoluble elastin for vascular applications [13-16]. Buttafoco et al., 

synthesized scaffolds using collagen and insoluble elastin via freeze-drying and showed that 

incorporation of insoluble elastin significantly increased the strain recovery of the collagen 

scaffolds [13]. Although freeze-drying allows for the incorporation of insoluble elastin, the 

collagen fibers within these scaffolds are randomly oriented and do not mimic the 

circumferential aligned collagen structure of the native vessel. Development of a scaffold 

with aligned collagen fibers can improve the mechanical properties of the scaffold and also 

promote cell adhesion and orientation via contact guidance [95,117]. 

 Results from the mechanical tests before culture showed that the yield stress and 

Young’s modulus of ELAC fibers decreased significantly upon elastin incorporation while 

the yield strain was maintained at around 13-15% (Figure 3.3). Specifically, the Young’s 

modulus decreased from around 10 MPa for collagen only fibers to around 2 MPa on Col-

SE and Col-IE fibers suggesting that elastin incorporation reduces the stiffness of ELAC 

fibers. These results are in agreement with Daaman et al., who showed that the tensile 

strength and elastic modulus of freeze-dried collagen scaffolds decreased upon elastin 

incorporation [15]. One possible reason for the decrease in yield stress and modulus of elastin 

incorporated ELAC fibers may be partial disruption of collagen alignment upon elastin 

incorporation during the electrochemical process. A similar finding was reported in a 

previous study that showed disruption in collagen alignment upon incorporation of high 

amounts of decorin within ELAC fibers [102]. Previous studies have employed crosslinking 
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to improve the baseline strength and modulus of freeze-dried collagen-elastin scaffolds [13-

15]. Although a similar approach may be employed with elastin incorporated ELAC fibers, 

crosslinking can negatively impact the cellular response in vitro and the host response if 

implanted in the body [64].  In addition, the decrease in modulus of ELAC fibers upon elastin 

incorporation may be beneficial as the value converges upon those of native human coronary 

arteries (1.8 MPa) [59]. 

When comparing the mechanical properties of the fibers before and after culture, a 

decrease in yield stress and Young’s modulus and an increase in yield strain were observed 

on all fibers (Figure 3.3).  The significant increase in strain and the presence of an extended 

toe region after culture suggests that the fibers have gained compliance post culture, which 

is beneficial and can allow for better integration of the graft with damaged arteries. A 

possible reason for the decrease in modulus might be that although the cells may have 

degraded the extracellular matrix and synthesized a new matrix, they were not yet able to 

fully reorganize and mature the tissue. Longer term cultures may allow the cells to deposit a 

more organized and mature matrix and thereby improve the strength and modulus of the 

fibers after culture. 

Cell cytoskeleton staining results at day 1 showed that while the SMCs on collagen-

only fibers were oriented along the long axis of the fibers, no such preferential orientation 

was observed on Col-SE and Col-IE fibers (Figure 3.4A-C). The lack of cellular orientation 

on Col-IE and Col-SE fibers may be because the alignment of collagen is disrupted upon the 
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addition of a second component (elastin) during the electrochemical process. We have 

previously observed that incorporation of decorin had a similar effect and significantly 

altered the alignment of collagen within ELAC fibers [102]. However, by day 14, a confluent 

cell layer of highly oriented cells was observed on all fibers, suggesting that the remodeled 

matrix may be better aligned and that the cells can sense the underlying matrix and align and 

orient along the long axis of the fibers via contact guidance (Figure 3.4D-F). Buijtenhuijs et 

al., have reported similar findings and showed that cells on collagen-elastin fibers of freeze-

dried scaffolds orient along the long axis of the fibers [14]. 

  

SMCs exhibit a spectrum of phenotypes ranging from synthetic (proliferative) to 

contractile (mature) [84]. We found that cells will proliferate on all fibers (Figure 3.4G), 

which will allow for tissue growth and maturation. Thrombospondin, a marker for synthetic 

SMCs [118-120], was found to increase on all three fibers with time, confirming that cells 

proliferate on all fibers between day 3 and day 14 (Figure 3.5C). This increase in 

thrombospondin is indicative of the fact that the SMCs on all fibers are somewhere between 

the synthetic and contractile phenotype spectrum. However, it is imperative that SMCs 

maintain a contractile phenotype upon maturation since uncontrolled proliferation of SMCs 

can result in thickening of the blood vessel walls and thrombosis. Results of the current study 

showed that while the expression of contractile phenotype markers (α-SMA and calponin) 

was comparable between day 3 and day 14 on collagen-only fibers, a significant increase in 

contractile phenotype expression was observed on Col-IE fibers between day 3 and day 14 
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(Figure 3.5A and 3.5B). More importantly, expression of α-SMA and calponin on Col-IE 

fibers was significantly higher compared to collagen only fibers at day 14, suggesting that 

incorporation of insoluble elastin induces contractile phenotype in SMCs. These results are 

in agreement with a recent study that showed incorporation of insoluble elastin into freeze-

dried collagen scaffolds resulted in an upregulation of contractile phenotype markers in 

SMCs [37]. 

Future studies will focus on modulating the concentration of elastin incorporated 

with ELAC fibers and assessing its effect on SMC response. Subsequent studies can also 

focus on developing tubular scaffolds that mimic the tunica media of the blood vessel by 

first fabricating a tubular lumen via the electrochemical process using cylindrical electrodes 

placed in a concentric fashion and then winding the Col-IE fibers circumferentially around 

the lumen [99]. Overall, Col-IE fibers have considerable potential to be used in the 

development of a functional TEVG for the replacement of small-diameter arteries. 

3.5   Conclusions 

The current study demonstrates that both soluble and insoluble elastin can be 

incorporated within ELAC fibers at a composition similar to native arteries. Furthermore, 

elastin incorporation reduces the modulus of ELAC fibers to converge upon that of native 

coronary arteries (1.8 MPa) [59]. Additionally, real-time PCR results show that 

incorporation of insoluble elastin into ELAC fibers induces contractile phenotype in SMCs, 

suggesting that cells can sense the composition and topography of ELAC fibers. Overall, 
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elastin-incorporated ELAC fibers have considerable potential to be used for the development 

of TEVGs for vascular tissue engineering applications. 
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Abstract 

Biomimetic tissue-engineered vascular grafts (TEVGs) have immense potential to 

replace diseased small-diameter arteries (< 4 mm) for the treatment of cardiovascular 

diseases. However, biomimetic approaches developed thus far only partially recapitulate the 

physicochemical properties of the native vessel. While it is feasible to fabricate scaffolds 

that are compositionally similar to native vessels (collagen and insoluble elastic matrix) 

using freeze-drying, these scaffolds do not mimic the aligned topography of collagen and 

elastic fibers found in native vessels. Extrusion-based scaffolds exhibit anisotropic collagen 

orientation but these scaffolds are compositionally dissimilar (cannot incorporate insoluble 

elastic matrix). In this study, an electrochemical fabrication technique was employed to 
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develop a biomimetic elastin-containing bi-layered collagen scaffold which is 

compositionally and structurally similar to native vessels and the effect of insoluble elastin 

incorporation on scaffold mechanics and smooth muscle cell (SMC) response was 

investigated. Further, the functionality of human umbilical vein endothelial cells (HUVECs) 

on the scaffold lumen surface was assessed via immunofluorescence. Results showed that 

incorporation of insoluble elastin maintained the overall collagen alignment within 

electrochemically aligned collagen (ELAC) fibers and this underlying aligned topography 

can direct cellular orientation. Ring test results showed that circumferential orientation of 

ELAC fibers significantly improved scaffold mechanics. Real-time PCR revealed that the 

expression of -smooth muscle actin (Acta2) and myosin heavy chain (MyhII) was 

significantly higher on elastin containing scaffolds suggesting that the presence of insoluble 

elastin can promote contractility in SMCs. Further, mechanical properties of the scaffolds 

significantly improved post-culture indicating the presence of a mature cell-synthesized and 

remodeled matrix. Finally, HUVECs expressed functional markers on collagen lumen 

scaffolds. In conclusion, electrochemical fabrication is a viable method for the generation of 

a functional biomimetic TEVG with the potential to be used in bypass surgery. 

4.1    Introduction 

Vessel occlusion due to atherosclerosis is the leading cause of death in the United 

States [18]. Bypass surgery using either autologous vessels (e.g., saphenous veins) or non-

degradable vascular conduits (e.g., expanded polytetrafluoroethylene (ePTFE)) is the current 
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gold standard for the treatment of patients with multiple occlusions [1]. However, healthy 

autologous vessels are not available in greater than 30% of patients [2,106]. Furthermore, 

the use of current conduits is restricted only to arteries with diameters > 6 mm due to 

complications such as poor luminal endothelialization resulting in thrombosis, intimal 

hyperplasia and ultimately graft failure when applied to small-diameter arteries [5]. Gore’s 

Propaten® vascular conduits with a heparin-coated luminal surface can promote 

endothelialization but they are not available for smaller size arteries (< 4 mm) [4,23]. 

Therefore, despite significant advancements in the clinical treatment of vascular disease, 

there is still an unmet need for a viable graft for the replacement of small-diameter arteries.    

Biomimetic strategies that focus on the generation of tissue-mimicking multi-

layered scaffolds have garnered significant interest towards the development of a functional 

TEVG as an alternative treatment option for the replacement of small-diameter arteries. In 

this realm, combination of collagen and elastin has been employed in numerous studies to 

fabricate scaffolds that resemble the composition of the native vessel [6,13,116,121]. 

However, most studies employ elastin in the homogenized form (i.e., soluble) without the 

essential microfibrillar scaffold components of the insoluble elastic matrix (native form) that 

have been shown to play a critical role in modulating cell-signaling pathways [122,123]. For 

example, SMCs have been shown to produce more fibrillin-1, a component of the native 

insoluble elastic matrix, when attached to pre-existing fibrillin [8,35]. In more recent work, 

Ryan and O’Brien employed the freeze-drying technique to incorporate insoluble elastin 

within a porous collagen scaffold and showed that the presence of insoluble elastin reduced 
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scaffold stiffness and stimulated contractile phenotype in SMCs [37]. However, the isotropic 

nature of freeze-dried scaffolds does not mimic the circumferential orientation of collagen 

and elastic fibers found in the native vessel. Mimicking the anisotropic structural properties 

of the native vessel is highly beneficial because these scaffolds can provide topographical 

cues that can influence cellular response via contact guidance [95]. Further, anisotropic 

oriented scaffolds can stimulate the formation of cell-mediated de novo matrix that is also 

aligned parallel to the scaffold architecture and akin to that found in native tissue [124]. 

Nakayama et al., employed an extrusion based methodology to generate nanofibrillar-

aligned bi-layered collagen scaffolds and showed that the anisotropic collagen alignment can 

guide cellular organization similar to that found in native vessels [68]. However, 

incorporation of insoluble elastin in scaffolds generated using the extrusion method is not 

feasible due to the disparity in the size of the needle and the insoluble elastin particles. 

Therefore, there is a need for an alternative method to produce collagen fibers with tissue 

level alignment, which also allows for the incorporation of insoluble elastin to recreate both 

the compositional and topographical features of the native artery. Physicochemical cues from 

such biomimetic scaffolds can potentially modulate cellular response and promote graft 

remodeling, which when successfully achieved can ultimately aid in the realization of a 

functional TEVG for the replacement of small-diameter arteries. 

We have previously shown that insoluble elastin can be uniformly incorporated 

within electrochemically aligned collagen (ELAC) fibers [9]. In this study, we have 

developed a novel biofabrication scheme via modification of the electrochemical process to 
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synthesize a 3D tube assembly comprised of a thin luminal layer integrated with insoluble 

elastin incorporated ELAC (Col-IE) fibers to generate a bi-layered scaffold that mimics the 

physicochemical properties of native blood vessels. Specifically, these scaffolds can provide 

compositional (insoluble elastin) and topographical (aligned collagen) stimuli to modulate 

smooth muscle cell (SMC) response and function. The goals of the current study were to 

assess the feasibility of the electrochemical fabrication method to generate an insoluble 

elastin containing bi-layered collagen scaffold and to assess the effects of insoluble elastin 

incorporation on scaffold mechanics and SMC phenotype. At first, the electrochemical 

process parameters were modulated to identify the optimal conditions that yield a smooth, 

bubble-free, and highly compact collagen lumen. ELAC or Col-IE fibers were then wound 

around the luminal layer in two different orientations (i.e., circumferential and longitudinal) 

and the effect of fiber orientation and insoluble elastin incorporation on scaffold mechanics 

was assessed using ring tests. In addition, SMCs were cultured on the scaffolds and the effect 

of insoluble elastin incorporation on cell morphology, phenotype and scaffold mechanics 

post culture was investigated. Finally, the ability of the scaffold to support endothelialization 

was assessed by evaluating the functionality of human umbilical vein endothelial cells 

(HUVECs) on the luminal surface of the collagen scaffolds. 
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4.2 Materials and Methods 

4.2.1 Materials 

 Acid soluble collagen type I (Purecol, 3.1 mg/ml) was purchased from Advanced 

BioMatrix, Inc. (San Diego, CA). Insoluble elastin (ES60) was purchased from Elastin 

Products Company, Inc. (Owensville, MO). AlamarBlue, Trizol reagent, Power SYBR 

Green master mix, High Capacity cDNA Reverse Transcription Kit, and AlexaFluor 

phalloidin-488 were purchased from Life Technologies (Carlsbad, CA). Dulbecco’s 

Modified Eagle’s Medium (DMEM) high glucose culture media, sodium pyruvate, Triton 

X-100, phosphate buffer saline (PBS) 1x, ethanol, and formaldehyde were purchased from 

Fisher Scientific (Waltham, CA).  

4.2.2 Electrochemical fabrication of elastin-containing 3D bi-layered scaffolds 

Elastin containing bi-layered scaffold was synthesized using the electrochemical 

fabrication methodology based on the principles of isoelectric focusing [98,99]. The 

fabrication process involved two steps. Step 1 – Fabrication of Non-Porous Tubular Lumen: 

Dialyzed collagen type I solution was loaded between two cylindrical stainless steel 

electrodes placed in a concentric fashion (Figure 4.1A) and an electric field was applied to 

trigger the self-assembly of collagen molecules resulting in the formation of an electro-

compacted dense tubular collagen lumen on the cathode. In order to determine the optimal 

conditions to synthesize a bubble-free, smooth, highly compact and mechanically strong 

collagen lumen, the electrochemical parameters (voltage and time) were modulated. Three 
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different voltages (2V, 3V, 20V) and three different times (10 min, 45 min, 6 hours) were 

investigated. The resulting collagen lumen was incubated in 1x PBS  at 37 °C for 6 hours to 

allow for fibril formation and subsequently degassed under vacuum to remove all gas 

bubbles [125]. The most desirable conditions for the fabrication of the tubular lumen were 

selected based on the following criteria: 1) degree of compaction (i.e., thickness), 2) absence 

of bubbles, and 3) mechanical properties of the lumen. 

Step 2: Synthesis of Col-IE fibers and Integration of Fiber Array: Col-IE fibers were 

synthesized as described in a previous publication [9]. Briefly, mixture of dialyzed collagen 

type I and 50 wt% insoluble elastin was loaded between two stainless steel-wire electrodes 

and an electric field of 3V was applied for 30 min to synthesize Col-IE fibers via isoelectric 

focusing (Figure 4.1B). The resulting Col-IE fibers were incubated in 1x PBS at 37 °C for 6 

hours and wound around the outside of the collagen lumen to form the bi-layered scaffold. 

The Col-IE fibers were wound in two different orientations - circumferential (Cir) and 

longitudinal (Long) (Figure 4.1C) - to investigate the effect of fiber orientation on the 

mechanical properties of the scaffolds (Figure 4.1D). The resulting scaffolds were 

crosslinked with 10 mM 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) and 5 mM 

n-hydroxysuccinimide (NHS) in 0.05 M MES in 70% ethanol solution (pH = 5.5) at room 

temperature overnight to enhance the integrity between the two layers [100]. Verhoeff-van 

Gieson (Fisher Scientific) staining was performed to observe the morphology of the elastin 

containing bi-layered scaffolds (Figure 4.1E & 4.1F).  
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Figure 4.1 Schematic illustration of the electrochemical fabrication process to generate elastin-

containing bi-layered collagen scaffolds. (A) Synthesis of electro-compacted pure collagen lumen. 

(B) Synthesis of insoluble elastin incorporated electrochemically aligned collagen fiber (Col-IE). (C) 

Integration of Col-IE fibers on the outer surface of the electro-compacted collagen lumen in two 

different orientations: (i) circumferential and (ii) longitudinal. (D) Digital image of EDC-NHS 

crosslinked elastin-containing bi-layered collagen scaffold. (E), (F) Verhoeff-van Gieson stained 

scaffolds for two different fiber orientations: (E) circumferential and (F) longitudinal. Scale bar: 3 

mm 

4.2.3 Characterization of electro-compacted collagen lumen  

 The effect of electrochemical process parameters (i.e., voltage, time) on the 

morphology, degree of compaction, and mechanical properties of collagen lumen was 

investigated using digital imaging, thickness measurements, and monotonic tensile tests, 
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respectively. Digital images were taken post-synthesis and degassing to visually compare 

the effect of electrochemical process parameters on the morphology of collagen lumen. 

Degree of compaction was determined by measuring the wall thickness of collagen lumens 

(uncrosslinked and EDC-NHS crosslinked; N = 6/group) using a digital micrometer 

(Mitutoyo, Japan). Finally, monotonic tensile tests were performed using Dynamic 

Mechanical Analyzer system (Q800, TA Instruments) at a loading rate of 0.1 N/min for the 

crosslinked lumens to determine the tensile properties of the collagen lumens. Since the 

uncrosslinked lumens were very weak, a loading rate of 0.01 N/min was used. Ultimate 

tensile stress (UTS) was determined by normalizing the maximum load with the cross-

sectional area (width x thickness). Tensile modulus was determined by taking the slope of 

the steepest region of the stress-strain curve. 

4.2.4 Characterization of Col-IE fibers 

The effect of elastin incorporation on morphology, alignment and mechanical 

properties of electrochemically aligned collagen (ELAC) fibers was determined using 

scanning electron microscopy (SEM), polarized light microscopy, and monotonic tensile 

tests, respectively. SEM imaging was performed to observe the morphology and visually 

confirm the presence of insoluble elastin within ELAC fibers. Briefly, EDC-NHS 

crosslinked ELAC threads (with and without elastin) were dehydrated in a series of ethanol 

solutions (20%, 50%, 75%, 90%, and 100%), treated with amyl acetate and subjected to 

critical-point drying (Denton Vacuum DCP-1 Critical Point Drying Apparatus). The fibers 
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were then gold sputtered and observed under the SEM (JEOL JSM-6380LV). To assess the 

effect of elastin incorporation on the overall alignment of collagen fibrils within ELAC 

fibers, polarized light microscopy was performed to confirm that the birefringent collagen 

molecules appear blue when the Col-IE fibers were placed parallel to the slow axis of a first-

order wavelength gypsum plate. The effect of elastin incorporation on the mechanical 

properties of EDC-NHS crosslinked ELAC fibers was investigated by performing monotonic 

tensile tests (N = 6/group). The wet cross-sectional areas of the fibers were determined by 

imaging the fibers in a hydrated state (Zeiss) and measuring the diameter of the fibers using 

image analysis (Image J). The fibers were hydrated in 1x PBS for 1 hour prior and then 

loaded at 0.1 N/min until failure (DMA Q800, TA Instruments). The load and displacement 

data were recorded and the stress-strain curves were generated to compute the UTS, ultimate 

strain, and tensile modulus of ELAC fibers with and without elastin. ELAC fibers without 

elastin were used as control.  

4.2.5 Measurement of mechanical properties of the elastin-containing bi-layered 

scaffolds 

 The effects of fiber orientation (circumferential vs. longitudinal) and elastin 

incorporation on the mechanical properties of the bi-layered scaffold were assessed via ring 

tests [126,127]. Five different groups of scaffolds were tested (N = 6/group): lumen only 

(single layer), circumferential winding of ELAC fibers (Cir_Col), circumferential winding 

of Col-IE fibers (Cir_Col-IE), longitudinal winding of ELAC fibers (Long_Col), and 

longitudinal winding of Col-IE fibers (Long_Col-IE) bi-layered scaffolds. Briefly, 5 mm 
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long scaffolds were hydrated in 1x PBS for 1 hour and the wall thickness was measured with 

a digital micrometer (Mitutoyo, Japan). Two 1-cm long pins were inserted through the lumen 

and sample was mounted on the DMA system (Q800, TA Instruments). A controlled load of 

0.1 N/min was applied until failure and the ultimate stress, ultimate strain, and Young’s 

modulus of the bi-layered scaffold in the circumferential direction was determined from the 

steepest region of the stress versus strain curve. 

In addition to a static ring test, a dynamic cyclic tensile test was performed to assess 

the viscoelastic behavior of the lumen only and circumferentially wound bi-layered 

scaffolds. Briefly, segments of 4 mm long scaffolds (N = 7/group) were mounted on the 

DMA Q800 system as described for the static ring test. Oscillatory time sweeps were 

performed at a constant strain of 8% [128] and a constant frequency of 1 Hz for a total of six 

sweeps with five oscillation cycles per sweep. The effect of elastin incorporation on the 

cyclic properties of the scaffold was determined by comparing the storage modulus and loss 

modulus at each time sweep cycle. 

4.2.6 Rat aortic smooth muscle cells (SMCs) isolation 

Rat aortic SMCs were isolated from Sprague-Dawley rats with approved protocol 

from the Institutional Animal Care and Use Committee (IACUC) [115]. The luminal 

endothelial cells and adventitia fibroblasts were removed followed by digestion with 

collagenase and elastase solutions. The isolated cells were grown in 75 cm2 culture flasks in 

DMEM culture media supplemented with 10% FBS, 1% L-glutamine, and 1% 
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penicillin/streptomycin. The purity of SMC population was confirmed via 

immunofluorescence imaging for SMC contractile markers (e.g. α-SMA, calponin). 

4.2.7 SMC culture on electrochemically fabricated bi-layered scaffolds 

To determine the effect of insoluble elastin on the morphology, proliferation, and 

phenotype of SMCs, cells were statically seeded on three groups of scaffolds: lumen only, 

Cir_Col and Cir_Col-IE. Scaffold mechanics after culture was also measured to evaluate the 

mechanical properties of the remodeled matrix. Briefly, scaffolds were disinfected in 70% 

ethanol and washed in sterile 1x PBS to remove all traces of alcohol. A sterile 3 mm diameter 

borosilicate glass rod was inserted through the lumen of each scaffold to prevent attachment 

of SMCs inside the lumen of the bi-layered scaffold.  Scaffolds were placed individually in 

each well of ultralow attachment 24-well plates (Corning). Passage-6 SMCs were seeded on 

one side of scaffold at a density of 50,000 cells/well. After one hour, the scaffold was turned 

over and seeded with SMCs on the other side with the same cell density. SMCs were cultured 

in high glucose DMEM supplemented with 10% FBS and 1% penicillin/streptomycin for 21 

days. Culture medium was changed every 3 days for the first two weeks and every day during 

the third week.  

4.2.8 Assessment of SMC morphology and alignment on electrochemically 

fabricated bi-layered scaffolds 

SMC morphology was observed via cell cytoskeleton staining with AlexaFluor-488 

phalloidin solution at day 1 and day 7. Scaffolds (N = 4/group/time point) were fixed with 
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3.7% formaldehyde, permeabilized with 0.2% Triton X-100 solution, blocked with 1% 

bovine serum albumin (BSA)/0.05% Triton X-100 solution, stained with AlexaFluor-488 

Phalloidin solution (1:25 dilution), and imaged under an inverted confocal microscope 

(Nikon Eclipse Ti multi-spectral).  

The degree of SMC alignment at day 7 on the lumen only and bi-layered scaffolds 

(with and without insoluble elastin) was determined using 2D Fast Fourier Transformation 

(FFT) analysis [129,130]. Briefly, the confocal images of all samples were first converted 

into a series of grayscale photomicrographs. Using the built-in FFT function in ImageJ, the 

pixel information in the grayscale photomicrographs were transformed from spatial domain 

to frequency domain (Fourier space) to generate the FFT images. A circular projection with 

a radius of 500 pixels was placed on the FFT image and the Oval Profile plug-in function 

(ImageJ) was used to sum the pixel intensities along the radius of the circular projection and 

plotted against the corresponding acquisition angles to produce the 2D FFT alignment plots. 

The aligned features on the image produced highly condensed pixels along a specific axis 

which were transformed to generate three prominent peaks on the 2D FFT alignment plot. 

One peak represented the original angle of SMC alignment with respect to the vertical 

coordinate and the other two peaks represent angles 180° apart. Quantitative analyses of 

SMC alignment on all scaffolds (N = 6/group) was performed by determining the ratio to the 

mean orthogonal angle via quantification of morphological alignment on confocal images as 

described in a previous publication [129].  Randomly aligned features yield a ratio to the 
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mean orthogonal angle approaching zero while higher ratio to the mean orthogonal angle 

indicate alignment. 

4.2.9 Assessment of SMC proliferation and phenotype on electrochemically 

fabricated bi-layered scaffolds 

For SMC proliferation, Alamar Blue assay was performed at days 1, 4, and 7 (N = 

4/group/time point) according to the manufacturer’s protocol. Briefly, scaffolds were 

incubated in 10% Alamar Blue solution for 2 hours at 37 °C. Following this, 100 l of the 

solution was transferred in triplicate to a 96-well plate (Greiner) and fluorescence was 

measured at excitation wavelength of 555 nm and emission wavelength of 595 nm using an 

M2e Spectramax plate reader (Molecular Devices). The cell number was quantified using a 

standard curve generated with known number of cells. Fold increase was calculated by 

normalizing the number of cells at day 4 and day 7 with day 1. 

The effect of elastin incorporation on SMC phenotype was assessed via real-time 

PCR by quantification of gene expression for -smooth muscle actin (Acta2), calponin 

(Cnn1), smooth muscle myosin heavy chain 2 (MyhII), and thrombospondin (Thbs2) post 

culture. The primer sequences for these genes are included in Table 4.1 [115]. At day 21, 

total RNA from scaffolds (N = 6/group) was extracted using Trizol and quantified via 

Nanodrop 2000 (Thermo Scientific). Following this, 1 µg of RNA in each sample was used 

to synthesize cDNA using High Capacity cDNA Reverse Transcription Kit (Life 

Technologies) by following the manufacturer’s protocol. Real-time PCR was performed on 
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a CFX ConnectTM Real-time PCR Detection system (Bio-rad, CA) with Power SYBR Green 

Master Mix (Life Technologies) and by using the primers for genes specific for contractile 

(Acta2, Cnn1, and MyhII) and synthetic (Thbs2) phenotypes. The fold change in the target 

gene expression was calculated via the 2(-Ct) method by normalizing the target gene 

expression to the house keeping gene, RPL13a, and relative to the expression on the lumen 

only group. 

Table 4.1 Primer sequences used for real-time PCR 

 

4.2.10 Assessment of the mechanical properties of elastin-contained bi-layered 

scaffolds post culture 

Ring tests were performed on scaffolds post-culture to assess the mechanical 

properties (ultimate stress, ultimate strain, and Young’s modulus) of the SMC-directed 

remodeled extracellular matrix. At day 21, 5 mm long scaffolds (N = 6/group) were removed 

from culture media and wall thickness was measured using a digital micrometer (Mitutoyo, 

Japan). Scaffolds were secured on DMA system (Q800, TA Instrumentation) via two 1 cm 

long pins inserted through the lumen and ring test was carried out as described in Section 
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4.2.5. For this test, scaffolds before culture, the lumen only, and collagen only bi-layered 

scaffold groups were used as controls.  

4.2.11 Assessment of HUVEC morphology and functionality on scaffold luminal 

surface 

HUVECs (P6; PromoCell) were statically seeded onto 10 mm x 3 mm segments of 

collagen lumen at a density of 100,000 cells/cm2 and cultured in Endothelial Cell Growth 

Medium MV (PromoCell) for five days. HUVEC morphology on collagen lumen was 

observed via cell cytoskeleton staining using AlexaFluor-488 phalloidin as described earlier. 

In addition, to investigate cell-cell interaction and HUVEC functionality, protein-level 

expression of connexin 43 (Cx43), nitric oxide synthase 3 (eNOS), and Von Willebrand 

factor (vWF) were qualitatively assessed via immunofluorescence staining by adopting the 

protocol from previously published literature [128]. Briefly, at the end of culture period, 

HUVECs on lumens were fixed and permeabilized with 3.7% formaldehyde and 0.1% Triton 

X-100 solution. Next, samples were blocked with 1% goat serum in PBS, stained with Cx43 

(Invitrogen; 1:100 dilution), eNOS, and vWF primary antibodies (Abcam; 1:100 dilution), 

and incubated at 4 C overnight. Following this, samples were exposed with AlexaFluor 633-

labeled secondary antibodies (1:1000 dilution) for 1 h at room temperature, counter-stained 

with DAPI solution, and imaged under a fluorescent microscope (Zeiss). 
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4.2.12 Statistical analyses 

 Each experiment was performed twice and the data were combined to attain the total 

sample size. Results are expressed as mean ± standard deviation except for real-time PCR 

data where results are presented as mean ± standard error. Statistical analyses were 

performed via one-way ANOVA method with Tukey post hoc (JMP Pro 13) and the 

significance criterion was set at p < 0.05. 

4.3     Results 

4.3.1 Effect of electrochemical process parameters on the morphology, thickness 

and mechanical properties of the electro-compacted collagen lumen 

Electrochemical process parameters (i.e., voltage and time) were modulated to 

determine the optimal conditions to synthesize a bubble-free and smooth electro-compacted 

lumen with superior mechanical properties. For the 2V group, an intact electro-compacted 

lumen did not form at 10 min and 30 min (data not shown). Application of electric voltage 

of 2V for 6 hours resulted in the formation of a bubble-free electro-compacted collagen 

lumen albeit with a thick wall layer which is indicative of poor compaction (Figure 4.2A). 

Upon increasing the voltage to 3V, the electrochemical compaction process was observed to 

take place much faster resulting in the formation of a more compact lumen (compared to 2V) 

at 30 min. However, increasing the voltage triggered the formation of numerous small gas 

bubbles at the electrodes that were found to be entrapped within the lumen (Figure 4.2B). At 

20 V, the electro-compacted lumen was formed in 10 min. However, increase in voltage to 
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20V resulted in the formation and entrapment of large-sized bubbles within the lumen 

(Figure 4.2C). Upon degassing under vacuum, it was feasible to remove all the gas bubbles 

from the electro-compacted lumens (Figure 4.2D-F). However, collagen lumens generated 

using 20V appeared highly deformed due to the removal of large-size bubbles (Figure 4.2F). 

On the other hand, the collagen lumens generated using 3V appeared very smooth with no 

visual deformities upon removing the small-sized gas bubbles. Wall thickness measurements 

showed that thickness of the collagen lumens generated using 3V and 20 V were significantly 

lower (p < 0.05) than those generated with 2V (Figure 4.2G). Specifically, the thickness of 

the collagen lumen generated with 2V was 0.75 ± 0.17 mm compared to 0.47 ± 0.13 mm and 

0.36 ± 0.06 mm for lumens generated with 3V (p = 0.0002) and 20V (p < 0.0001), 

respectively. Wall thickness of collagen lumens generated using 3V and 20V were 

comparable. 

Results from monotonic tensile tests showed that modulating the electrochemical 

process parameters significantly impacted the mechanical properties of electro-compacted 

collagen lumens (Figure 4.2H). Specifically, the results showed that collagen lumens 

generated at 3V had 2-fold higher tensile modulus (p = 0.0155) and ultimate tensile stress (p 

= 0.0409) compared to collagen lumens generated at 2V (Figure 4.2I). Mechanical properties 

of collagen lumens generated using 20V was higher compared to 2V but lower compared to 

3V; however, these results were not statistically significant (p > 0.05).  Ultimate strain was 

comparable between all conditions with the average strain of 40-60% (data not shown). 
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Figure 4.2 (A-F) Digital images of electro-compacted collagen lumen (as made and degassed) 

synthesized by modulating the electrochemical process parameters - 2V for 6 hours (A, D),  3V for 

30 min (B, E), and 20V for 10 min (C, F). (G) Wall thickness measurements of electro-compacted 

collagen lumens (bracket indicate p < 0.05). (H) Typical stress versus strain curves for uncrosslinked 

lumens synthesized using different electrochemical processing conditions. (I) Tensile modulus and 

ultimate stress of uncrosslinked collagen lumens ( indicates p < 0.05 when compared with 2V). Scale 

bar: 3mm. 

Expectedly, upon EDC-NHS crosslinking, the mechanical properties of electro-

compacted lumen were significantly improved with the similar trends in ultimate stress and 

tensile modulus between conditions (Figure 4.3A). Specifically, crosslinked collagen lumens 
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generated using 3V condition showed 6-fold higher tensile modulus (p = 0.0077) and 5-fold 

higher ultimate tensile stress (p = 0.0069) compared to crosslinked collagens lumen 

synthesized using 2V (Figure 4.3B & 4.3D). Ultimate strain was decreased significantly (p 

< 0.05) upon crosslinking but was comparable between different voltages (Figure 4.3C). 

 

Figure 4.3 Mechanical assessment of EDC-NHS crosslinked electro-compacted collagen lumen: (A) 

Typical stress versus strain curves for crosslinked lumens synthesized using different electrochemical 

processing conditions, (B) ultimate tensile stress, (C) ultimate tensile strain, and (D) tensile modulus 

(bracket indicates p < 0.05). 
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 Overall, these results suggest that 3V and 30 min are the optimal conditions to 

generate compact, smooth, bubble-free collagen lumens with better mechanical properties 

using the electrochemical process. Therefore, these conditions were used for the synthesis 

of collagen lumens for all the subsequent assays performed in this study.  

4.3.2 Effect of insoluble elastin incorporation on the alignment and mechanical 

properties of ELAC fibers 

SEM imaging confirmed the presence of insoluble elastin particles within the ELAC 

fibers (Figure 4.4C). Further, while the collagen fibrils within the ELAC fibers without 

elastin appeared anisotropically aligned along the long axis of the fiber (Figure 4.4A), some 

disruption in collagen alignment was observed around the insoluble elastin particles in Col-

IE fibers (Figure 4.4C). Polarized microscopy confirmed this observation wherein the ELAC 

fibers without insoluble elastin exhibit uniform blue coloration (indicative of collagen 

alignment) along the length of the fiber (Figure 4.4B), but local disruption of collagen 

alignment (absence of blue coloration) is observed around the insoluble elastin particles in 

Col-IE fibers (Figure 4.4D). Results from the monotonic tensile tests revealed that the 

ultimate tensile stress, ultimate strain, and tensile modulus was comparable between 

crosslinked ELAC (collagen only) and crosslinked Col-IE fibers indicating that insoluble 

elastin incorporation had no effect on the mechanical properties of crosslinked ELAC fibers.  
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Figure 4.4 (A, C) SEM images of collagen only (A) and Col-IE (C) fibers. Arrow heads in (C) point 

to insoluble elastin particles. (B, D) Polarized microscopy images of collagen only (B) and Col-IE 

(D) fibers. Arrow heads in (D) point to possible local disruption in collagen alignment around 

insoluble elastin particles. (E, F) Mechanical assessment of the EDC-NHS crosslinked fibers for - 

ultimate Stress (E) and tensile modulus (F). Scale bar: 100 m 

4.3.3 Effect of fiber orientation and insoluble elastin incorporation on the 

mechanical properties of the electrochemically fabricated bi-layered scaffolds 

Mechanical properties of the bi-layered scaffolds were assessed via a static ring test 

and a dynamic cyclic tension test. The average thicknesses for lumen only, Cir_Col, Cir_Col-

IE, Long_Col, and Long_Col-IE groups were 0.47 ± 0.03 mm, 0.68 ± 0.04 mm, 0.64 ± 0.03 

mm, 0.67 ± 0.02 mm, and 0.60 ± 0.12 mm, respectively. 
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Results from the static ring test showed that circumferential orientation of ELAC 

fibers (Cir_Col) significantly increased the ultimate stress (p = 0.016) and ultimate strain (p 

= 0.002) of the scaffold compared to lumen only (Figure 4.5).  The Young’s modulus of 

Cir_Col scaffolds was also greater than the lumen only scaffolds; however, the difference 

was not statistically significant. On the other hand, the mechanical properties of Long_Col 

scaffolds were comparable to that of lumen only scaffolds. When comparing the two 

different fiber orientations, the ultimate stress (p = 0.009) and Young’s modulus (p = 0.029) 

of Cir_Col scaffolds were significantly higher compared to Long_Col scaffolds. The 

mechanical properties of scaffolds with circumferentially oriented Col-IE fibers (Cir_Col-

IE) were lower than Cir_Col scaffolds but these results were not statistically significant (p > 

0.05). Similarly, the mechanical properties of Long_Col and Long_Col-IE scaffolds were 

also comparable. 

 

Figure 4.5 Measurement of mechanical properties of bi-layered collagen scaffolds using ring tests. 

Figure shows typical stress versus strain curves of bi-layered collagen scaffolds fabricated with two 

different fiber orientations (circumferential and longitudinal) and with and without insoluble elastin. 

Table summarizes the data from the mechanical assessment of the scaffolds (* indicates p < 0.05 when 
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compared with lumen only; # indicates p < 0.05 when comparing two fiber orientations at the same 

insoluble elastin concentration). 

Cyclic test results showed the storage modulus (G’) was higher than the loss 

modulus (G”) for all scaffolds indicating that the scaffolds mainly exhibit elastic behavior 

(Figure 4.6). Further, the storage modulus was observed to increase with each time sweep 

cycle (i.e., five oscillations at 1 Hz) suggesting that cyclic stretch enhances the stiffness of 

the lumen only and bi-layered scaffolds (Figure 4.6A). When comparing between scaffolds, 

both the storage modulus and loss modulus was found to be significantly higher (p < 0.05) 

for bi-layered scaffolds compared to lumen only (Figure 4.6B). Both moduli were 

comparable between Cir_Col and Cir_Col-IE scaffolds. 

 

Figure 4.6 (A) Dynamic mechanical analysis of bi-layered collagen scaffolds. (B) Storage and loss 

moduli of elastin containing bi-layered scaffold at the end of the 6th time sweep (30 cycles) as 

compared with lumen only and collagen only bi-layered scaffolds (* indicates p < 0.05 when 

compared with lumen only). 
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Together, these results indicate that circumferential orientation of collagen only 

fibers improves the mechanical properties of bi-layered scaffolds and insoluble elastin 

incorporation had no effect on scaffold mechanical properties. Based on these findings, bi-

layered scaffolds with circumferential orientation of collagen and Col-IE fibers were 

employed in the cell studies to assess the effects of insoluble elastin incorporation on SMC 

response.  

4.3.4 SMC morphology and alignment on elastin-containing bi-layered scaffolds 

For the cell studies, SMCs were cultured on Cir_Col and Cir_Col-IE scaffolds. 

Lumen only scaffolds were used as control. Results from confocal imaging showed that 

SMCs attach and spread well on all three scaffolds with no discernible differences in cell 

morphology at day 1 (Figure 4.7A-C). By day 7, a confluent cell layer was observed 

indicating that SMCs proliferate well on all scaffolds (Figure 4.7D-F). More importantly, 

SMCs were observed to align along the long axis of the fiber in both Cir_Col (Figure 4.7E) 

and Cir_Col-IE (Figure 4.7F) scaffolds suggesting that the cells can sense the underlying 

collagen alignment within the fibers. No such preferential alignment was observed on lumen 

only scaffolds (Figure 4.7D). Incorporation of insoluble elastin did not affect SMC alignment 

indicating that the overall collagen alignment is maintained upon insoluble elastin 

incorporation, a finding also confirmed earlier with polarized microscopy. 
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Figure 4.7 (A-F) Cell cytoskeleton stained confocal images for the assessment of SMC morphology 

on lumen only (A, D), Cir_Col (B, E), and Cir_Col-IE (C, F) scaffolds at day 1 and day 7. (G-I) 2D 

Fast Fourier Transform (FFT) analyses of SMC alignment at day 7. (J-L) Plot showing radial sum 

intensities (gray value) from 0-360 – presence of prominent peak indicates SMC alignment with 

respect to the vertical coordinate of the confocal image. Scale bar: 100m. 

Furthermore, the 2D FFT plots showed prominent peaks at the angle of alignment 

for SMCs cultured on Cir_Col and Cir_Col-IE scaffolds (Figure 4.7K & 4.7L) which 

confirmed the visual observation that SMCs align along the long axis of the collagen fibers. 

On the other hand, linear plot on 2D FFT graph is indicative of the random organization of 
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SMCs on lumen only scaffolds (Figure 3.7J). It is important to note that the original confocal 

images were taken by placing the scaffolds such that the long axis of the fibers was nearly 

at 180° with respect to the vertical coordinates of the image. Due to this reason, the peak 

indicating the angle of alignment appeared at the 180° along with two opposite angles (0° 

and 360°) on the 2D FFT plots (Figure 3.7K & 3.7L). In addition, results from the 

quantification of SMC alignment showed significantly higher ratios to the mean orthogonal 

angle for Cir_Col (9.3 ± 4.8; p = 0.0001) and Cir_Col-IE (12.3 ± 1.9; p < 0.0001) scaffolds 

compared to lumen only (0.2 ± 1.5) further confirming the alignment of SMCs on bi-layered 

scaffolds. When comparing the two bi-layered scaffold groups, the ratio to mean orthogonal 

angle was comparable (p > 0.05) suggesting that insoluble elastin incorporation does not 

alter the alignment of SMCs. 

4.3.5 Effect of elastin incorporation on SMC proliferation and phenotype 

Alamar Blue assay results showed a significant increase (p < 0.05) in cell number 

with time indicating that SMCs proliferate well on all scaffolds (Figure 4.8A). However, the 

fold increase between groups at each time point was comparable indicating that 

incorporation of insoluble elastin does not affect the proliferation of SMCs.  

The effect of elastin incorporation on SMC contractility was investigated via the 

expression of contractile markers, Acta 2, Cnn1, and MyhII after 21 days in culture (Figure 

4.8B). In addition, synthetic phenotype of SMC was assessed via the expression of 

thrombospondin. Results from real-time PCR showed that SMCs cultured on Cir_Col-IE 
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scaffolds had 3.7-fold (p = 0.033) and 3.1-fold (p = 0.045) higher expression of -SMA 

compared to Cir_Col and lumen only scaffolds, respectively. Similarly, MyhII expression on 

Cir_Col-IE scaffolds was also higher compared to those on Cir_Col (p = 0.004) and lumen 

only scaffolds (p = 0.036). A similar trend was also observed for calponin expression but the 

results were not statistically significant (p > 0.05). For the expression of synthetic marker, 

Thbs2, incorporation of insoluble elastin resulted in higher expression of thrombospondin 

from SMCs compared to SMCs on lumen only (p = 0.026). However, when comparing 

between the two bi-layered scaffold groups, expression of Thbs2 was comparable (p > 0.05). 

Together, these results indicate that the incorporation of insoluble elastin in bi-layered 

scaffolds promotes contractility in SMCs. 

 

Figure 4.8. (A) Alamar blue assay results for the proliferation of SMCs on scaffolds from day 1 to 

day 7 (* indicates statistical significance (p < 0.05) when comparing the fold increase on day 4 and 

day 7 with day 1 for the same group, # indicates statistical significance (p < 0.05) when comparing 

the fold increase between day 7 and day 4 of the same group). (B) Real-time PCR results for the 

expression of -SMA (Acta2), calponin (Cnn1), smooth muscle myosin heavy chain 2 (MyhII), and 

thrombospondin (Thbs2) at day 21. Horizontal lines connecting groups indicate statistical significance 

(p < 0.05). 
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4.3.6 Mechanical assessment of electrochemically fabricated bi-layered 

scaffolds post culture 

Ring test results for scaffolds post culture followed a similar trend to those before 

culture (Figure 4.9). Specifically, the ultimate stress and Young’s modulus of the Cir_Col 

scaffolds were 4.5-fold (p < 0.0001) and 3.1-fold (p < 0.0001) higher, respectively, compared 

to lumen only scaffolds (Figure 4.9A & 4.9C). Likewise, ultimate stress and Young’s 

modulus of Cir_Col-IE scaffolds was 3.3-fold (p = 0.0003) and 2.3-fold higher (p = 0.0089) 

compared to lumen only, respectively. Ultimate strain of Cir_Col-IE scaffolds after culture 

was significantly greater (p = 0.029) than lumen only scaffolds (Figure 4.9B). Mechanical 

properties of Cir_Col and Cir_Col-IE scaffolds after culture were comparable. These results 

indicate that the mechanical properties of the bi-layered scaffolds after culture are better than 

lumen only scaffolds.  

When comparing scaffolds before and after culture, the ultimate stress of Cir_Col 

and Cir_Col-IE scaffolds increased 2.8-fold (p < 0.0001) and 3.0-fold (p = 0.0014) after 

culture compared to before culture (Figure 4.9A). Similarly, Young’s modulus of Cir_Col 

scaffolds after culture was 1.6-fold higher (p = 0.0494) compared to before culture (Figure 

4.9C). Ultimate stress and Young’s modulus of lumen only scaffolds before and after culture 

were comparable. For ultimate strain, a 2-fold increase was observed for Cir_Col-IE (p = 

0.0003) and lumen only (p = 0.0014) scaffolds after culture compared to before culture 

(Figure 4.9B). Ultimate strain of Cir_Col scaffolds was comparable before and after culture. 
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Together, these results indicate that the mechanical properties of bi-layered scaffolds 

improve after culture.  

 

Figure 4.9 Mechanical properties of the bi-layered scaffolds determined via ring test before and after 

cell culture: (A) ultimate stress, (B) ultimate strain, and (C) Young’s modulus (bracket indicates p < 

0.05 when comparing between scaffolds before and after culture, separately,  indicates p < 0.05 when 

comparing the mechanical properties before and after cell culture for each scaffold type). 

4.3.7 HUVEC morphology and functionality on scaffold luminal surface 

Cell cytoskeleton staining showed that HUVECs can attach and spread well on 

collagen lumen (Figure 4.10A). The cells were observed to exhibit a cuboidal shape and 

were randomly organized in colonies on the luminal surface. In addition, HUVECs stained 

positive for both eNOS (marker for nitric oxide production) and vWF (endothelial cell 

phenotype) suggesting that endothelial cells are functional on the lumen surface (Figure 

4.10C & 4.10D). Furthermore, some evidence of Cx43 expression (marker for gap junctions) 

was found around the dense colonies of cells confirming presence of intercellular interaction 

and communication between HUVECs (Figure 3.10B). 
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Figure 4.10. Morphological and functional assessment of HUVECs on collagen lumen scaffolds. (A) 

Confocal image of cell cytoskeleton stained HUVECs. (B-D) Immunofluorescence staining for 

endothelial cell functional markers that include Cx43 (B), eNOS (C) and vWF (D) (white arrow heads 

point to Cx43 expression). Scale bar: 50 µm. 

4.4 Discussion 

Biomimetic design of a viable TEVG calls for a unique biofabrication scheme that 

can generate tissue-mimicking scaffolds with physicochemical properties similar to native 

vessels. Electrochemical fabrication is an enabling technology built on the principles of 

isoelectric focusing to densify collagen solutions and produce robust and complex 

anatomical tissue forms [99]. While the electrochemical method was originally developed to 

synthesize highly aligned pure collagen fibers for tendon tissue engineering applications 

[97], recent work has shown that it is feasible to fabricate complex geometries by simply 
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machining the electrodes to the desired shape [99]. In the current study, the luminal layer 

was synthesized by loading the dialyzed collagen solution between two cylindrical stainless 

steel electrodes placed in a concentric fashion to form a cylindrical collagen tube (Figure 

3.1A). We have previously shown that the electrochemical method is conducive to the 

incorporation of insoluble elastin within aligned collagen fibers (Col-IE) (Figure 4.1B) [9]. 

These Col-IE fibers were wrapped around the cylindrical tube (Figure 4.1C) to form a 

biomimetic bi-layered elastin containing collagen scaffold (Figure 4.1D-F). While 

biomimetic scaffolds that resemble one of the physicochemical aspects (composition or 

topography) of native vessels have been previously reported [6,37,68,116], to the best of our 

knowledge, the current study is the first attempt to develop a 3D biomimetic scaffold that 

recapitulates both compositional (i.e., insoluble elastin) and topographical (i.e., aligned 

collagen fibers) properties in an attempt to modulate SMC response and stimulate scaffold 

remodeling for the generation of a functional TEVG to serve as a replacement for diseased 

small-diameter blood vessels. 

The electrochemical method is a pH gradient driven process that triggers the self-

assembly of collagen molecules to form highly dense collagen structures.  The formation of 

the pH gradient is mediated by the electrolysis of the aqueous collagen solution induced via 

the application of an electric current [98]. For electrolysis to occur, a minimum voltage that 

is greater than the electrolysis of water (> 1.23 volts) must be applied [131]. The kinetics of 

the electrochemical process is a function of the current density and can be expedited by 

increasing the electric current. Further, application of higher current can improve the 
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compaction efficiency of the electrochemical process resulting in thinner and more-dense 

matrices. Therefore, in the current study, the electrochemical process parameters were 

modulated to identify the optimal conditions that yield a compact luminal layer. The degree 

of compaction measured via wall thickness measurements confirmed that application of 

higher voltages (3V and 20V) resulted in significantly thinner collagen lumens compared to 

2V (Figure 4.2G). However, at higher voltages, the electrochemical process generates 

bubbles due to the gases (H2, O2) produced at the electrodes during electrolysis. These 

bubbles saturate the collagen solution, remain insoluble, and get entrapped within the 

collagen lumen (Figure 4.2A-C). The presence of bubbles within the tubular lumen is not 

desirable as they can compromise the mechanical properties of the lumen and also generate 

an uneven surface that can impact endothelial cell function. While it was possible to remove 

the bubbles from the lumens via degassing, collagen lumens synthesized using 20V appeared 

rough and distorted whereas the ones synthesized using 3V appeared highly smooth and 

intact (Figure 4.2D-F). The morphological observations of the collagen lumens translated to 

the findings from the mechanical testing that confirmed that the collagen lumens generated 

using 3V and 30 min had better mechanical properties (Figure 4.2H, 4.2I; Figure 4.3) and 

hence these conditions were identified as optimal conditions to synthesize highly compact, 

smooth and bubble-free collagen lumens.  

The local disruption of collagen alignment upon insoluble elastin incorporation 

(Figure 4.4B, 4.4D) can be attributed to the lateral aggregation of elastin particles resulting 

in large clumps which may interfere with the self-assembly of collagen molecules during the 
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electrochemical process. A similar outcome was also observed in a previous study wherein 

aggregation of collagen molecules due to the addition of decorin resulted in disruption of the 

electrochemical alignment process [102]. However, it is important to note that insoluble 

elastin incorporation resulted in partial disruption of collagen alignment that was confined 

to the areas near the elastin particles (black arrows in Figure 4.4D) whereas the overall 

collagen alignment was still maintained (Figure 4.4D). This outcome was also corroborated 

via SEM imaging that confirmed that the collagen alignment to a large degree remains intact 

in Col-IE fibers (Figure 4.4A, 4.4C). Further, qualitative and quantitative analyses of cell 

cytoskeletal staining revealed that SMCs when cultured on Cir_Col-IE scaffolds orient 

circumferentially along the long axis of the fibers similar to that observed on Cir_Col 

scaffolds suggesting that the cells can sense and respond to the underlying aligned collagen 

topography in both scaffolds (Figure 4.7E & 4.7F). During the electrochemical alignment 

process, the insoluble elastin particles become entrapped within the collagen framework 

resulting in majority of the particles being confined to the core of the Col-IE fibers and 

therefore cellular orientation is predominantly directed by aligned collagen on the surface of 

the fiber via contact guidance [95]. Similar outcome was observed in a previous study that 

showed the Saos-2 cells (mature osteoblasts) orient along the long axis of Bioglass 

incorporated ELAC fibers [103]. The mechanical properties of ELAC and Col-IE fibers were 

comparable albeit slightly lower for Col-IE fibers but this difference was not statistically 

significant (Figure 4.4E, 4.4F). This outcome is contrary to previous results wherein 

insoluble elastin incorporation was found to significantly decrease the modulus of ELAC 
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fibers [9] possibly because the fibers used in the prior study were not crosslinked. EDC-NHS 

crosslinking was essential in the current study to facilitate better integration of the two layers 

of the bi-layered scaffold. Blending insoluble elastin and collagen mixture prior to the 

application of the electrochemical process such that the large elastin particles are broken 

down to smaller discrete fibers may allow for better integration between the collagen and 

elastin components, more uniform alignment and an overall improvement in the mechanical 

properties of Col-IE fibers.  

SMCs can express a range of different phenotypes from synthetic, which often also 

includes proliferative, to contractile (i.e., quiescent) and have the ability to switch between 

phenotypes depending on the changes in the local microenvironment within the blood vessel 

[84,132]. Synthetic SMCs play a critical role in vessel remodeling post trauma or injury to 

the vessel wall. On the other hand, contractile SMCs are more mature cells that help maintain 

the physiological function of healthy vessels [133]. Real-time PCR results from the current 

study showed that Thbs2, a marker for synthetic SMCs, was significantly upregulated on 

Cir_Col-IE scaffolds compared to lumen only scaffolds which is possibly indicative of an 

active cell-mediated scaffold remodeling process. As the remodeling process progresses, 

SMCs are expected to switch to a contractile phenotype to prevent hyperproliferation and 

migration into the intimal layer, which can result in wall thickening and intimal hyperplasia 

[134]. In support of this outcome, we observed a significantly higher expression of early 

stage (Acta2) and late stage (MyhII) contractile markers in SMCs cultured on Cir_Col-IE 

scaffolds compared to both lumen only and Cir_Col scaffolds. This outcome is in agreement 
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with prior studies that have shown that the presence of insoluble elastin induces contractile 

phenotype in SMCs [9,37]. Based on these findings, it is likely that we have two different 

populations of SMCs that co-exist on Cir_Col-IE scaffolds after 21 days of culture which 

may suggest that the scaffold remodeling and maturation process is still ongoing.  This 

heterogeneity in SMC phenotype has been previously reported in bovine pulmonary artery, 

porcine coronary artery, and embryonic human aorta and has been suggested to be critical 

for blood vessel function under different physiological and pathological conditions 

[132,135-137].  

While longitudinal orientation of the ELAC fibers had no impact on scaffold 

mechanics, circumferential orientation significantly improved the mechanical properties of 

the scaffold suggesting that the fiber layer when circumferentially oriented integrates better 

with the luminal layer (Figure 4.5). Cyclic tensile tests showed that the storage modulus of 

bi-layered scaffolds increases up to around 0.1 MPa after six sweep cycles (Figure 4.6). This 

increase in storage modulus can be attributed to stretch induced reorganization of collagen 

fibrils within the scaffold. Previous work has shown a similar outcome wherein the 

application of planar stretch onto electrochemically compacted collagen substrates triggered 

collagen fibrillar alignment along the stretching direction and thereby resulted in an increase 

in stiffness of the substrates [138]. The storage modulus obtained for the Cir-Col and Cir-

Col-IE scaffolds in the current study is lower than that reported for autologous grafts (i.e., 

4-8 MPa) possibly because of the differences in the amplitude applied for testing. While the 

current study employed a fixed strain of 8% based on the compliance of the native artery 
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[128], much higher strains in the collagen modulus region was used for autologous grafts 

[139].  

The mechanical properties of both Cir_Col and Cir_Col-IE scaffolds were observed 

to significantly increase post culture suggesting possible scaffold remodeling and maturation 

(Figure 4.9).  Since a similar outcome was not observed for lumen only scaffolds, it is likely 

that the anisotropic orientation of the fibers in the bi-layered scaffolds promoted the scaffold 

remodeling process by guiding cellular organization, stimulating oriented cell growth 

(Figure 4.7) and thereby allowing for the deposition of an organized de novo matrix [140]. 

Further, the ultimate strain for Cir_Col-IE scaffolds significantly increased post culture 

suggesting that the presence of insoluble elastin may help improve scaffold compliance 

during the remodeling process. When compared to native vessels, the average modulus of 

Cir_Col-IE scaffold after culture (0.34 ± 0.08 MPa) becomes closer to porcine internal 

mammary artery (0.4 MPa) [141], rabbit aorta (1.25 MPa) [116], and human coronary artery 

(1.55 MPa) [142].  

Collagen type I-based materials are known to be prone to thrombosis [143]. 

Preliminary work indicated that incubation of collagen lumen only scaffolds with platelet-

rich supernatant derived from rat blood resulted in some degree of platelet adhesion on the 

lumen surface which may be indicative of the prothrombotic behavior of the collagen 

scaffold (data not shown). To circumvent concerns related to thrombosis, electrochemically 

compacted lumens can be incorporated with heparin to mitigate platelet adhesion and thereby 
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improve the anti-thrombogenic property of the scaffolds [144-146]. Further, the collagen 

luminal layer can be pre-seeded with endothelial cells prior to implantation. Results from the 

current work showed that endothelial cells express functional markers (i.e., eNOS and vWF) 

when cultured on the luminal surface of the scaffolds (Figure 4.10). The low expression of 

Cx43 (Figure 4.10B) may be due to the absence of a continuous endothelium on the collagen 

lumen scaffolds in a static culture environment (i.e., no flow) [147]. Recreation of the in vivo 

flow dynamics via the development of a pulsatile perfusion bioreactor culture system can 

allow for dynamic cell seeding and co-culture of SMCs and endothelial cells to reduce 

thrombosis, promote better endothelialization and scaffold remodeling, and further improve 

the mechanical properties of the biomimetic elastin containing bi-layered scaffolds [90].   

 In conclusion, the results from the current study have shown that electrochemical 

fabrication is a reliable method to generate biomimetic scaffolds for vascular tissue 

engineering applications.  Future studies will investigate the functionality and long-term 

patency of these scaffolds in a rat model [147,148]. Successful outcomes from these studies 

can pave the way towards the development of electrochemically fabricated elastin containing 

scaffolds pre-seeded with human SMCs and endothelial cells as viable TEVGs for the 

replacement of diseased small-diameter arteries. 
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Chapter 5 

Design and Development of a Perfusion Bioreactor System 

for the Dynamic Co-Culture of SMCs and ECs 

5.1 Introduction 

The number of people affected by cardiovascular disease is increasing over the years 

and accounts for 1 in every 4 deaths in the US alone [149]. Bypass surgery using autograft 

is the current gold standard for the treatment of patients with severe cardiovascular disease. 

However, shortage in autografts calls for the development of a viable tissue engineered 

vascular graft (TEVG) as a potential alternative to autografts in bypass surgery. Although 

significant progress has been made in the field of vascular tissue engineering over the past 

three decades, a reliable and functional TEVG for the replacement of diseased small diameter 

arteries (< 4 mm) such as the coronary artery has not yet progressed into clinical trials. 

Currently, biomimetic strategies that focus on recapitulating the physiochemical aspects of 

the native artery for the synthesis of TEVG have shown much promise. Grafts developed 

based on biomimetic strategies are usually multi-layered and are composed of native 

extracellular matrix (ECM) components (i.e. collagen and elastin) [101,116] so as to mimic 

the structural and compositional aspects of the native vessel and thereby help direct vascular 

cell response.  

To validate the functionality of the biomimetic TEVGs, in vitro characterization 

assays are usually performed before the graft can advance towards in vivo and clinical 
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studies.  In vitro studies entail co-culture of vascular cells on the scaffold and assessment of 

the impact of scaffold properties (i.e., composition, topography) on cellular response. 

However, most in vitro studies are conducted in a static culture environment, which lack the 

native biomechanical cues (i.e., flow) necessary to truly mimic the in vivo microenvironment 

in native vessels [150]. In native vessels, vascular cells are constantly exposed to various 

mechanical forces. For example, the EC lining in the vessel tunica intima experiences shear 

stress induced by blood flow. In addition, the expansion and contraction of the vessel exerts 

a circumferential stress perpendicular to SMCs on the tunica media. It has been well 

documented that vascular cells respond strongly to these mechanical stresses through 

mechanotransduction [151]. A study from Schutte et al. has shown that introducing cyclic 

strain to SMCs induced denser and better organized de novo collagen matrix compared to 

static culture [91]. In another study by Isenberg et al., ECs subjected to shear flow appeared 

elongated and aligned along the direction of the flow [88]. Therefore, it is necessary for a 

newly developed biomimetic TEVG to be assessed under dynamic culture conditions that 

mimic the native environment of blood flow.  

In this study, a perfusion flow bioreactor system was designed to co-culture SMCs 

and ECs. A preliminary study was performed to assess the feasibility of this bioreactor 

system to culture and maintain the viability of SMCs and ECs in a perfusion flow 

environment.  This work is built on our previous study (Chapter 4) that demonstrated the 

feasibility of the electrochemical fabrication method to generate a 3D biomimetic elastin-

containing bi-layered collagen scaffold that is capable of inducing contractile phenotype in 

SMCs. In this study, SMCs and HUVECs were statically seeded and subsequently cultured 
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under the perfusion flow condition. We hypothesized that SMC and HUVEC viability will 

be maintained when cultured on the elastin-containing bi-layered scaffold in a bioreactor 

perfusion flow culture environment. 

5.2 Materials and Methods 

5.2.1 Fabrication of elastin containing bi-layered collagen scaffold 

The fabrication of elastin containing bi-layered collagen scaffold followed the 

previous published protocol with slight modifications [101]. Briefly, dialyzed collagen type 

I solution (Advanced BioMatrix, Inc., San Diego, CA) was distributed between two 

concentric cylindrical stainless steel electrodes and an electric field of 3V was introduced 

for 45 min to generate the electro-compacted cylindrical pure collagen layer. This process 

was repeated twice to increase the rigidity of the collagen lumen. The resulting collagen 

lumen was allowed to undergo fibrillogenesis in 1x PBS at 37 C for 6 hours. Following this, 

collagen lumen was dehydrated in 100% isopropanol (Fisher Scientific, USA) for 2 hours 

and washed extensively with 1x PBS.  

For the second layer, 50 wt % insoluble elastin (Elastin Products Company, Inc., 

Owensville, MO) was mixed with dialyzed collagen solution and the mixture was deposited 

between two stainless steel-wire electrodes. An electric field of 3V was introduced for 30 

min to synthesize an insoluble elastin incorporated electrochemically aligned collagen fiber 

(Col-IE). The synthesized Col-IE fiber was incubated in 1x PBS at 37 C for 6 hours to 

induce fibril formation. The Col-IE fiber was then wound circumferentially around the 
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outside of collagen lumen to generate elastin containing bi-layered collagen scaffold 

(Cir_Col-IE). The resulting scaffold was crosslinked with 10 mM 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide (EDC; Fisher Scientific, USA) and 5 mM n-

hydroxysuccinimide (NHS; Thermo Fisher Scientific, USA) in 0.05 M MES in 70% ethanol 

solution (pH = 5.5) at room temperature overnight to improve the integrity between the two 

layers. Following this, scaffold was washed 2x with 0.1 M NaHPO4 (Fisher Scientific, USA) 

solution for 2 hours followed by 3x washes with deionized water (15 min each wash) to 

remove excess crosslinking solution. For the cell study, the scaffold was sterilized in 70% 

ethanol and washed 3x with sterile 1x PBS and mounted onto the sample holder of the 

bioreactor system. 

5.2.2 Design of perfusion flow bioreactor system 

The bioreactor system consists of three main components: a culture chamber which 

holds the Cir_Col-IE scaffold, a reservoir containing cell culture media, and a peristaltic 

pump to ensure media is steadily transported from the reservoir to the culture chamber. The 

overall set up of the flow loop system is shown in Figure 5.1A. The tubing used in the system 

consists of 1/8” ID silicone tubing (Amazon) and 1/4” ID silicone tubing (Amazon), which 

is a short tubing section that goes through the peristaltic pump. All connectors such as 

female/male Luer Lok fittings, hose barb adapters, and straight connectors were made of 

polypropylene and purchased from Cole-Parmer. 
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Figure 5.1 (A) Perfusion flow bioreactor system. (B) Culture chamber with Cir_Col-IE scaffold 

sutured to the U-shaped stainless steel sample holder 

The culture chamber used in the study was made in-house using a polypropylene 

100 ml test tube (Amazon) and 1/8” OD stainless steel pipe (McMaster-Carr) acting as 

sample holder (Figure 5.1b). The 1/8” OD stainless steel pipe was first manually bent using 

a tubing bender (Sigma-Aldrich) to make a U-shaped sample holder. A small (~1 cm) section 

on the U-shaped holder was cut out so that the scaffold can be attached at this position on 

the sample holder (Figure 5.2). One side of the U-shaped holder acts as the inlet port while 

the other side acts as the outlet port for the culture media to flow in and out through the 

lumen of the scaffold. Both ports were connected with two 1/8” ID silicone tubes to ensure 

smooth flow of culture media. The holder was attached and secured onto a size-8 rubber 

stopper, which serves as a cap for the culture chamber. A port for gas-exchange was 

A B

Side way 

Scaffold 
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machined on the rubber stopper. This port was connected with a 0.2 m sterile syringe filter 

on top to ensure oxygen transport into the culture chamber. At the time of culture, SMC 

seeded scaffold was engaged onto the sample holder using single-strand PTFE threads as the 

suture and the entire assembly was inserted into a 100 ml test tube containing ~35 ml culture 

media. To address the media accumulation problem inside the culture chamber which was 

caused by the radial flow of media from the inner lumen to the outside, a side-way arm 

similar to a filtering flask was made on the wall of the culture chamber (Figure 5.2B). This 

side-way arm consists of a polypropylene 1/4” male barb adapter connected to 1/8” female 

barb adapter (Cole-Parmer). 

 

Figure 5.2 Scaffold attached to the U-shaped stainless steel sample holder (arrow points to the bi-

layered scaffold). Scale bar: 1 cm 

Culture media fed to the culture chamber was contained in a 250 ml flask reservoir 

(Figure 5.1A). The reservoir was tightly closed using a size-8 rubber stopper. Three 

inlet/outlet ports were attached on the rubber stopper to allow for one outflow and two 
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returning flows from/to the reservoir. The fourth port was used as the gas-exchange side on 

which a 0.2 m sterile syringe filter was mounted (Figure 5.1A).  

5.2.3 Sterilization 

All of the bioreactor parts that directly come into contact with culture media (i.e. 

culture chamber, sample holder, silicone tubing, connectors, etc.) were autoclaved in a large 

glass beaker sealed with aluminum foil at 250 F for 30 min and dried for 30 min. Suture 

threads were autoclaved in sealed autoclave pouch at the same conditions. The bioreactor 

flow loop was assembled inside a sterile laminar flow cell culture hood to ensure the sterility 

of the system. Scaffold was sterilized in 70% ethanol and washed 3x with sterile 1x PBS 

before being sutured onto the sample holder inside the culture hood. To test the sterility of 

the bioreactor system, a trial experiment using the scaffold without cells was performed by 

perfusing sterile DMEM culture media through the system at the flow rate of 20 ml/min for 

1 week at 37 °C. The system was visually examined every day to check for signs of 

contamination (i.e. turbulent appearance in the media). 

5.2.4 Cell seeding and dynamic culture 

Rat aortic SMCs were isolated from Sprague-Dawley rats and grown in 75 cm2 

culture flasks in DMEM culture media as described in subsection 4.6. SMCs at passage 5 

were used for the cell study. HUVECs were purchased from PromoCell and expanded in 75 

cm2 culture flasks in Endothelial Cell Growth Medium MV (PromoCell).  
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At the time for the cell study, the scaffold was sterilized with 70% ethanol and 

washed 3x in sterile 1x PBS. Two sterile 3 mm diameter borosilicate glass rods were inserted 

into the two open ends of the scaffold to prevent the attachment of SMCs on the lumen 

surface. Scaffold was placed in an ultralow attachment 6-well plate (Corning). Following 

this, SMCs were statically seeded on the surface of the scaffold at the seeding density of 

100,000 cells and allowed to attach for 1 h at 37 C, 5% CO2. After 1 h, scaffold was rotated 

180, and 100,000 cells were seeded on the other side of the scaffold. Cell attachment was 

allowed for 24 h after this step. After 1 day, scaffold was sutured on the sample holder and 

attached to the culture chamber as shown in Figure 5.1B. The culture chamber was connected 

to the perfusion flow loop where high glucose DMEM culture media (supplemented with 

10% FBS, 1% sodium pyruvate, and 1% penicillin/streptomycin) was pumped at a flow rate 

of 100 ml/min and SMCs were cultured under this dynamic flow for 5 days before HUVECs 

were introduced into the lumen. The operation of the peristaltic pump allowed for the 

scaffold to undergo pulsatile periodic motion, resulting in expansion and contraction of the 

scaffold. Through this expansion/contraction, SMCs were exposed to the circumferential 

stress mimicking the native environment.  

At day 5, the culture chamber was disconnected from the flow loop and 2 x 106 

HUVECs (passage 3) were injected into the lumen using a syringe.  All open ports on the 

chamber were closed using sterile polypropylene caps (Cole-Parmer). The chamber was laid 

down at 20 to the surface to allow for HUVECs to attach to the lumen surface for 4 h. After 

4 h, the chamber was rotated 180 to allow for HUVECs to attach to the other surface inside 
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the collagen lumen for 4 h. Following this, the chamber was reconnected to the flow system, 

and the perfusion flow was resumed for 1 additional day. Wall shear stress induced by the 

culture media flow was estimated by assuming Hagen-Poiseuille flow through the rigid tube 

was applied. The next day, the perfusion flow was stopped, and the scaffold was detached 

from the sample holder for further characterization. 

5.2.5 Effect of dynamic culture condition on the viability of SMCs and HUVECs 

To confirm the presence of cells on scaffold surfaces and determine their viability 

under perfusion flow culture condition, live-dead assay was performed post-culture. Briefly, 

the scaffold was transferred to a 6-well plate (Corning), washed once with 1x PBS and 

incubated in a solution of 2.5 M calcein AM and 2.5 M ethidium homodimer (Life 

Technologies) for 15 min at 37 C. After staining, scaffold was cut open and imaged under 

a fluorescence microscope (Zeiss) for qualitative assessment of viability of SMCs (outside) 

and HUVECs (luminal side). For the quantification of cell viability, image analyses were 

performed to determine the percentage of live cells over the total number of cells on the 

scaffold surface (N = 4 images/group).  

5.2.6 Statistical analyses 

Quantitative results were expressed as mean ± standard deviation. Statistical 

analyses were performed via one-way ANOVA method with Tukey post hoc using JMP Pro 

14 was set at p < 0.05. 



 

110 
 

5.3 Results 

5.3.1 Sterility of the perfusion flow bioreactor system 

To assess the effectiveness of the sterilization process, culture media was circulated 

through the system for 1 week. Result showed no evidence of contamination after 7 days of 

culture. Further, the connections were robust as no leaks were observed for the entire 

duration of the culture. 

5.3.2 Effect of perfusion flow culture condition on the viability of rat SMCs and 

HUVECs 

Results from the qualitative assessment images of cell viability confirmed the 

presence of SMCs and HUVECs on the scaffold surface indicating that the cells were able 

to attach onto the scaffold via static seeding and remain attached after perfusion flow (Figure 

5.3). On the outer surface, SMCs were not fully confluent but localized in discrete regions 

(Figure 5.3A). On the lumen surface, HUVECs were very scarce and concentrated at the 

region near the opening end of the scaffold (Figure 5.3B). It is possible that the slanting 

position of the sample holder at the time of cell seeding may have caused the cells to settle 

down to the lower opening end due to gravity. Another possible reason for low HUVEC cell 

numbers may be that the cells get washed off when exposed to continuous flow.  

Cell viability results showed that SMC and HUVEC viability was maintained under 

dynamic culture condition (Figure 5.3C). SMC viability was 92% ± 4% indicating that 

perfusion flow did not impact the viability of these cells. On the other hand, more evidence 
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of cell death was observed for the HUVECs and their viability was significantly lower 

compared to SMCs (74% ± 12%; p = 0.0045). This suggests that the shear stress from the 

perfusion flow may possibly impact the homeostasis of HUVEC population as they were 

exposed more directly to the shear stress induced by media flow.  

 

Figure 5.3 (A) & (B) Live-dead assay to assess the viability of SMCs and HUVECs cultured on 

scaffold inner and outer surfaces (live cells stained green with calcein AM, dead cells stained red with 

ethidium bromide, elastin particles autofluoresce blue under DAPI filter). (C) Quantification of cell 

viability plot. Scale bar: 100 m  
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5.4 Discussion 

In vivo vascular ECs are constantly exposed to shear stress induced by blood flow 

while the vascular SMCs experience circumferential stress from the expansion and 

contraction of the vessel. These mechanical stresses are known to significantly impact how 

the cells organize, proliferate, and function through mechanotransduction. Therefore, it is 

crucial to characterize the functionality of synthesized TEVGs under dynamic condition so 

as to recreate the flow dynamics prevalent in the native environment of the vessel. In this 

study, a perfusion flow bioreactor system was designed and developed such that SMCs and 

ECs can be co-cultured simultaneously under a shear stress induced by flow of media 

through the lumen. The feasibility of the system was investigated through the maintenance 

of SMC and HUVEC viability when cultured under the perfusion flow.   

While it is preferable to have an established layer of SMC on the outer surface before 

introducing HUVECs into the lumen [150], results from cell viability images showed that 

SMC were populated regions in discrete regions on the outer surface of the scaffold after 7 

days in culture (Figure 5.3A). One possible reasons for the absence of a confluent SMC layer 

may be the low seeding density (e.g. 200,000 cells) and short attachment time (e.g. 1 h on 

one side and 1 day for the entire scaffold outer surface) compared to a previous study [150] 

that may have resulted in low seeding efficiency of SMCs. In addition, cells were statically 

seeded and allowed for attachment in a 6-well culture plate before being sutured into the 

bioreactor system. The suturing process may have sheared some of the cells off the scaffold 

prior to the introduction of flow. HUVECs were mostly localized at one end of the scaffold 
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lumen possibly because the slanting position of the scaffold during static seeding may have 

caused the cells to settle down to the lower end due to gravity. Furthermore, HUVECs were 

allowed to attach on each side of the lumen surface for only 4 h before introducing flow. 

This short attachment time might not be enough for HUVECs to establish strong binding to 

the collagen surface, thus, subsequent flow might washed off majority of the cells. In future 

work, scaffold will be sutured onto the sample holder and SMCs will be seeded inside the 

culture chamber (sample holder and culture chamber will be coated with PHEMA to prevent 

cell attachment) to allow for cell seeding efficiency. In addition, SMC attachment will be 

allowed for longer time (i.e., 2 days). In addition, the HUVEC seeding method must be 

optimized to more homogenously seed the cells throughout the lumen of the scaffold. This 

includes dynamically seeding HUVECs under rotation (e.g. 0.5 rpm) followed by 2 days 

attachment in static before resuming the flow into the lumen [88].    

Although the majority of SMCs and HUVECs were able to maintain their viability 

under dynamic culture condition, the viability of HUVECs on lumen surface was relatively 

low compared to SMCs (74% versus 92%) suggesting that flow rate may have had an adverse 

effect on the cellular homeostasis. This result was in contrast to the study by Isenberg et al. 

who showed that ECs were well adhered and covered the majority of the lumen surface after 

48 h under the flow rate of 200 ml/min [88]. In addition, using Hagen-Poiseuille equations, 

the shear stress exerted on the lumen surface in the current designed bioreactor was estimated 

to be around 5 dyne/cm2 compared to 10 dyne/cm2 in Isenberg’s study [88]. One possible 

reason for this outcome may be the low attachment of HUVECs on lumen surface prior to 

the introduction of flow, which resulted in lack of cell-cell interaction. It has been reported 
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that cell-cell junction have an important role in inducing EC cell proliferation, migration and 

regulating tissue homeostasis [152]. The absence of cell-cell junctions may have prevented 

the formation of a relatively stable EC layer in time before being exposing them to shear 

stress from the media flow. Premature exposure to shear stress may have disrupted the 

homeostasis of the HUVEC colony, resulting in cell death. However, the majority of the cell 

population was still viable suggesting that the viability for HUVECs can be improved by 

modifying the flow parameters and allowing for stable establishment of HUVEC layer on 

the lumen surface. In future work, longer time seeding (e.g. 2 days) will be carried out to 

establish a stable HUVEC layer on lumen surface before resuming the perfusion flow. 

Overall, results from the preliminary study have demonstrated that the perfusion 

bioreactor system has the potential to be used to co-culture SMCs and ECs for the 

investigation of in vitro scaffold functionality in a dynamic culture environment. 
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Chapter 6 

Conclusions and Future Work 

6.1  Conclusions 

Vessel occlusion due to atherosclerosis is a major cause of mortality in patients with 

different ages and genders. Limitations in clinical treatment of small diameter blood vessel 

occlusion such as coronary artery disease call for the development of viable and self-

repairing TEVGs to be used as an alternative to traditional autologous grafts and synthetic 

conduits for the replacement of diseased small-diameter vessels. Biomimetic design of 

TEVG is a promising approach that entails recreation of the native vessel niche by generating 

a graft that mimics the physiochemical properties of native vessels and provides the essential 

cues (i.e., compositional, topographical, biomechanical) to modulate vascular response. In 

this study, an electrochemical biofabrication technique was employed to generate a 3D 

insoluble elastin-containing bi-layered scaffold for vascular applications. This scaffold 

provides both compositional (i.e., insoluble elastic matrix) and topographical (i.e., aligned 

collagen) cues necessary for guiding cellular alignment and promoting vascular cellular 

response in SMCs and HUVECs. In addition, a perfusion flow bioreactor system was 

designed and the viability of SMCs and HUVECs cultured on scaffold was determined under 

dynamic conditions. The study was executed in three separate tasks and the results and 

conclusions for each of the tasks are summarized below:  

In the first task, soluble elastin and insoluble elastin were electrochemically 

incorporated into ELAC fibers and the effects of elastin incorporation on fiber mechanics 
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and SMC response were determined. Results from tensile tests showed that elastin 

incorporation decreases the strength and stiffness of ELAC fibers. For cell studies, confocal 

imaging and Alamar Blue results revealed that SMC morphology and proliferation was 

maintained upon elastin incorporation. Real-time PCR and immunofluorescence results 

showed that incorporation of insoluble elastic matrix triggered an increase in the expression 

of SMC contractile markers. Overall, results from this work validated the hypothesis that 

incorporation of insoluble elastic matrix can promote contractility in SMCs. 

     In the second task, the feasibility of the electrochemical fabrication method to 

develop a biomimetic elastin-containing bi-layered collagen scaffold was assessed. The two 

layers were well integrated as shown via Verhoeff van-Gieson stained samples. In addition, 

SEM images confirmed the presence of insoluble elastin particles within the ELAC fibers 

and the incorporation of these particles did not alter the overall alignment of collagen fibrils 

within ELAC. Confocal imaging showed that the aligned collagen topography provided 

guidance to SMCs as evidenced by the parallel orientation of SMCs with the longitudinal 

axis of the ELAC fibers and circumferentially around the scaffold resembling the actual 

arrangement of SMCs in the tunica media of the native vessel. This alignment of SMCs 

might trigger the formation of well organized de novo matrix resulting in significant 

improvement of bi-layered scaffold mechanics post-culture compared to lumen only. 

Furthermore, the presence of insoluble elastic matrix induces contractile phenotype in SMCs 

as shown by the upregulation of contractile markers. In addition, HUVECs were able to 

maintain their phenotype on lumen surface and were capable of secreting NO, an agent that 

regulates vasodilator in blood vessel. 
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In the third task, a perfusion bioreactor culture system was designed and deemed 

feasible for use to co-culture vascular SMCs and ECs. Both SMCs and HUVECs were able 

to attach on the scaffold surface and remained viable for up to 1 week under perfusion flow 

conditions.  

Overall, the results from the current study have proved the potential of the 

electrochemical fabricated elastin-containing bi-layered scaffold to be used as the alternative 

to the traditional autograft for the replacement of diseased small-diameter arteries. 

6.2   Future Work 

6.2.1 Optimize cell seeding strategy to attain homogenous seeding of viable 

SMCs and ECs on the electrochemically fabricated bi-layered scaffold 

Although the existing bioreactor culture system has the potential to be used to co-

culture SMCs and ECs, results from preliminary work showed a low degree of cell 

attachment. In addition, while cell viability was maintained, there was evidence of cell 

mortality observed in HUVECs as discussed in Chapter 5. One approach to improve this 

outcome can be to allow more time (i.e., 2 days) post static cell seeding to ensure that cells 

are stably attached prior to exposing them to perfusion flow in a dynamic bioreactor culture. 

Alternatively, a dynamic rotation-based cell seeding strategy can be employed for more 

homogenous seeding of SMCs and ECs. To achieve this, the scaffold needs to be engaged 

into a cell-seeding chamber comprising of SMCs and the rotation speed of the seeding 

chamber can be modulated (e.g., 0.5 rpm, 1 rpm, 10 rpm) to identify the optimal conditions 

for homogenous cell seeding. Similarly HUVECs can be added into the lumen of the scaffold 
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and seeded by rotation to improve cell seeding efficiency. The effectiveness of the cell 

seeding strategy will need to be compared with the static seeding method by performing live-

dead assay for cell viability and DNA quantification assay for cell seeding efficiency. 

6.2.2 Assess the functionality of scaffold cultured under dynamic condition 

Studies need to be performed to assess scaffold functionality after long term culture 

in a dynamic bioreactor culture environment. At first, scaffolds must be seeded with SMCs 

and ECs as per the optimal cell seeding strategy and cultured in a bioreactor for 4 weeks. 

Two different scaffolds will need to be synthesized: Cir_Col-IE and Cir_Col (control). 

Analyses include assessment of cell viability using live-dead assay and examination of cell 

morphology via confocal imaging of cytoskeleton stained vascular cells.  In addition, the 

percent EC coverage on lumen surface will be assessed via Dil-Ac-LDL staining. To 

determine the functionality of HUVECs under dynamic culture, immunofluorescence 

staining will be performed to assess the protein expression of eNOS, vWF, and Cx43. For 

SMCs, to investigate the effect of insoluble elastic matrix incorporation on cell contractility, 

real-time PCR will be performed to quantify gene expression of Acta, Cnn1, MyhII, and 

ThBS2 and immunofluorescence staining will be performed to qualitatively detect protein 

expression of Acta and Cnn. Furthermore, ring tests will be performed post-culture to 

determine the mechanical properties of the cell-synthesized remodeled matrix matured under 

dynamic flow conditions and compared with the static culture mechanical results. Results of 

this mechanical assessment will help validate the hypothesis that a better organized cell-
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synthesized ECM, which improves scaffold mechanics post-culture, can be obtained under 

dynamic culture condition. 

6.2.3 Investigate the mechanism by which insoluble elastin modulates vascular 

SMC response 

Results in this dissertation conclusively demonstrate that incorporation of insoluble 

elastic matrix modulates vascular response (i.e., induce contractility in SMCs). However, the 

exact mechanism by which the presence of insoluble elastic matrix modulates SMC response 

is unknown. There are two reasonable hypotheses to elucidate a possible biomaterial-based 

mechanism for the observed SMC response: 1) SMCs may directly interact with insoluble 

elastic matrix and hence respond to the compositional cues of the underlying matrix, and/or 

2) the presence of insoluble elastic matrix may alter the physical properties of ELAC fibers 

(e.g., stiffness), which can then result in modulating the cellular response. Confocal imaging 

can provide information on the interaction of SMCs with the incorporated insoluble elastic 

matrix. SMCs may bind to the microfibrillar components through fibulin-5, an elastin-

binding protein localized on the surface of elastic fibers [153,154] known to inhibit 

proliferation and migration of SMCs in vivo [155]. In addition, atomic force microscopy 

(AFM) needs to be performed to assess whether incorporation of insoluble elastic matrix 

triggered changes in the surface stiffness of the ELAC fibers which can influence cellular 

response.  Furthermore, since insoluble elastic matrix is incorporated within the ELAC 

fibers, it is possible that only a small fraction of the SMCs directly interact with insoluble 

elastin present on the surface while majority of SMCs bind to the collagen. It is likely that 

direct interaction of some of the SMCs and insoluble elastic matrix initiates the formation of 
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de novo elastic matrix. These cells, in turn, may trigger the neighboring cells to synthesize 

more elastic matrix through the crosstalk of cell-cell interaction (autocrine) [156]. This 

phenomenon may explain the heterogeneity of SMC population observed in task 2 (Chapter 

4). Immunohistochemistry can be performed on cell-seeded scaffold at different time points 

to compare the amount of cell-synthesized de novo elastic matrix production over time. An 

increase in elastic matrix production with time may indicate that the initial elastic matrix 

may have served as the foundation to augment the production of more mature cell-

synthesized elastic matrix akin to that found in native vessels. 
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Appendix: 
 
Aside from the work present in this dissertation, the author also has first authorship and co-

authorship in the following peer-reviewed research journals: 

1. Nguyen TU, Watkins K, and Kishore V 2019 Photochemically Crosslinked Cell-

Laden Methacrylated Collagen Hydrogels with High Cell Viability and Functionality 

Journal of Biomedical Materials Research Part A 107(7) 1541-1550 

2. Bridgeman C, Nguyen TU, and Kishore V 2018 Anticancerous Efficacy of Tannic 

Acid is Dependent on the Stiffness of the Underlying Matrix Journal of Biomaterials 

Science, Polymer Edition 29(4) 412-437 

3. Kishore V, Iyer R, Frandsen A, and Nguyen TU 2016 In Vitro Characterization of 

Electrochemically Compacted Collagen Matrices for Corneal Applications Biomedical 

Materials 11(5) 055008 
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