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UTM   : Universal Testing Machine 

VEGF   : Vascular Endothelial Growth Factor 

XRD                                 : X-ray diffraction  

ZIA : Zone of Inhibition 
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SYNOPSIS 

 
Pathological conditions such as atherosclerosis and thrombosis that affect small 

diameter blood vessels adversely are major causes of mortality and morbidity 

globally. Autologous grafts such as sephenous vein and internal mammary artery are 

considered to be the gold standards for replacing the diseased blood vessels. Lack of 

availability of these grafts has led to the development of synthetic grafts mainly 

using polyethylene terephthalate (Dacron) and poly(tetrafluroethylene) (PTFE). 

Unlike in case of large and medium diameter applications, synthetic small diameter 

grafts (<5 mm diameter) are found to be highly prone to thrombosis and associated 

with high failure rates. In this scenario, tissue engineering (TE) is evolving as a 

promising strategy, whose purpose is to create vascular tissue in the laboratory with 

the aid of a biodegradable scaffold on which cells may be grown. Design strategies 

of the scaffold mimicking the natural blood vessel structure are expected to provide 

better cell attachment and multilayered organization of vascular cells. Moreover, the 

regulation of micro-architectural parameters such as pore size and porosity at the 

individual layers of scaffold may provide suitable homing sites for specific cell type, 

similar to native extra-cellular matrix. Some TE approaches emphasized on 

multilayered scaffolds, but the gradient porosity characteristics at the scaffold strut 

has not been addressed so far. The mechanical properties and degradation 

characteristics of scaffold also need to be optimized in terms of microstructure 

present within it. Further the incorporation of a suitable agent during scaffold 

fabrication can impart antimicrobial activity to the scaffold, which may be effective 

to prevent contamination during in vitro culture. 
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 In this background, the main goal of the study was to evaluate an 

antimicrobial bi-layered scaffold design strategy for small diameter blood vessel 

applications. The study is presented in six chapters. The background and introduction 

to the work are presented in Chapter 1. It explains in detail the anatomy of blood 

vessel, pathology affecting blood vessel, treatment modalities, vascular grafting and 

classifications. It also briefly introduces TE strategies and various aspects of 

scaffolds for blood vessel construction. Major challenges in scaffold design for blood 

vessel such as relevance of multilayered scaffold design, need for gradient pore size 

within the scaffold strut for facilitating the growth of vascular cells and mechanical 

integrity of scaffolds while undergoing degradation have also been briefed. 

Properties of biodegradable polymers employed in TE and suitable agents for 

imparting antimicrobial activity have also been described.  

Hypotheses put forward on the basis of current knowledge are:                     

(1) Optimization of morphology of PCL based scaffolds can be done by suitable 

selection of fabrication parameters during solvent casting and electrospinning       

(2) Antimicrobial property may be induced by incorporating appropriate agent 

during scaffold fabrication process (3) Multilayered scaffold with a pore size 

gradient across the layers may be fabricated for TE of small diameter blood vessels 

while satisfying the mechanical and degradation characteristics (4) Microstructure 

of scaffolds may be a determining factor in deciding the final performance of 

vascular grafts. In order to prove the hypotheses, a 5-pronged approach was 

employed such as (i) the optimization of properties of scaffolds fabricated by solvent 

casting and particulate leaching (SCPL) method, (ii) evaluation of solvent cast 

scaffolds after silver nanoparticle (SNP) incorporation, (iii) optimization of 
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electrospun scaffold properties by varying fabrication parameters, (iv) evaluation of 

electrospun scaffold properties after SNP incorporation and (v) design strategy for 

constructing a tissue engineered antimicrobial bi-layered scaffold (BS) and its 

evaluation. Major objectives of the current study are identified as follows. 

� To standardize the fabrication parameters to obtain appropriate scaffold 

microstructure and optimum properties using SCPL and electrospinning 

� To investigate the effect of SNP incorporation on properties of selected solvent 

cast and electrospun scaffolds  

� To evaluate the potential of the scaffold systems to support the growth of primary 

endothelial cells 

� To design a antimicrobial bi-layered scaffolds with pore size gradient across the 

scaffold strut  

� To evaluate the physico-mechanical properties of BS scaffold and compare with 

native blood vessel 

� To investigate the potential of bi-layered scaffolds for supporting the growth of 

endothelial cells (ECs) and smooth muscle cells (SMCs) in a bioreactor system. 

In Chapter 2, literature is reviewed to understand the current status of 

vascular TE. The topics reviewed include history of vascular grafts, various 

strategies adopted for development of small diameter vascular grafts including 

various TE approaches.  It also reviews multilayered scaffold design strategies in 

vascular TE, importance of scaffold porosity characteristics in TE: influence on 

cellular growth and proliferation, mechanical properties and degradation 
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characteristics of scaffolds. Review also summarises the incorporation strategies of 

antimicrobial agents into polymer systems for various biomedical applications.    

In Chapter 3, experimental design in order to achieve the objectives of the 

proposed study is elaborated. It includes detailed description of materials employed, 

experimental protocols and instruments employed for the present study. Fabrication 

of tubular scaffolds using SCPL is described in Section 1. Electrospinning strategies 

are provided in Section 3 and bi-layered scaffold construction by combining the two 

methodologies is detailed in Section 5. Synthesis protocols of poly(ethylene glycol) 

[PEG] protected SNP is described in Section 2 and incorporation methods of SNPs 

into the scaffolds is also provided in Section 2 and Section 4. Porosity analysis 

methods such as SEM, micro-CT and gravimetric analysis are described. Description 

of mechanical testing of scaffolds such as tensile testing, burst strength and suture 

retention strength evaluation using UTM is given. Protocol of in vitro degradation 

study of scaffolds up to one year is provided which has been monitored and analyzed 

by GPC and gravimetric methods.  Measurements and analysis of surface wettability 

using goniometer, surface roughness using AFM, scaffold crystallinity using DSC 

and XRD are also detailed. Descriptions are also given for silver nanoparticle 

distribution analysis (TEM and EDS), SNP release profile (ICP/OES) and 

antimicrobial activity demonstration (Zone of Inhibition Assay). Cyto-compatibility 

estimation of SNP incorporated scaffolds using direct contact and MTT assay, hemo-

compatibility evaluation of scaffolds using hemolysis assay as per ISO 10993-part4 

are provided. Procedures of EC and SMC culture from rabbit blood are described.  

Experimental design of co-culture system of EC and SMC on the bi-layered scaffold 

in two channel bioreactor system is also provided. Examination details of cell seeded 



xx 
 

scaffolds have been carried out using fluorescence microscopy after staining with 

Texas red conjugated Phalloidin for actin filaments and DAPI for cell nuclei.  

Chapter 4 includes results presented in the form of figures, tables and graphs. 

Properties of solvent cast (SC) poly(ε-caprolactone) (PCL) scaffold were optimized 

by varying molecular weight of PEG and its concentration. Tubular scaffolds having 

4mm inner diameter were fabricated by SC and particulate leaching (PL) method 

using PEG as porogen. Scaffolds with 4:4 PCL-PEG ratio were found to possess 

better tubular consistency, wall thickness, porosity with required tensile strength for 

blood vessel tissue engineering (BVTE). Further these selected scaffolds were 

screened after subjecting to degradation 6 months and found that scaffolds containing 

lower molecular weight PEG possess better retention of properties after degradation. 

Growth potential of the scaffolds was evaluated using EC. Further SNP solution was 

synthesized and characterized using TEM, XRD and UV-VIS spectroscopy. It was 

found that SNP incorporation did not result in significant alteration in morphological 

and mechanical properties of SC scaffolds. Cytotoxicity results showed that SNP 

incorporated scaffolds (SC-SNP) were cyto and hemo compatible. Uniform coverage 

of EC was observed after 3 days static culture. Further flow rate was varied and 

electrospinning parameters were optimized to generate electrospun mats. Depending 

upon porosity characteristics and mechanical properties appropriate electrospun 

scaffold (ES) was selected. These scaffolds maintained structural integrity even after 

one year degradation. After SNP incorporation, fiber diameter and pore size of ES-

SNP scaffolds were found to shift towards lower values. Mechanical properties, 

Crystalline properties, surface wettability and surface roughness of the ES-SNP 

scaffolds also showed variation compared to bare scaffolds. ES-SNP scaffolds were 
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found to be cyto and hemo-compatible. ES-SNP scaffolds showed more uniform EC 

growth compared to bare scaffolds after 5 days of static culture. Further design 

strategy has been projected to construct an antimicrobial bi-layered scaffold (BS) by 

combining SCPL and electrospinning technologies where SC-SNP serves as luminal 

layer which can provide smooth, antimicrobial and hemocompatible layer and ES as 

abluminal layer which can provide mechanical integrity to the graft. Physico-

chemical evaluation showed that BS scaffold possess adequate mechanical integrity 

for BVTE. EC and SMC were isolated from rabbit blood and seeded into BS 

scaffold. After 3 days of culture, EC were found to align along the direction of flow 

and SMC were found to grow on abluminal fibrous layer.  

In Chapter 5 results are discussed and analyzed with the aid of current 

literature. It is shown that multilayered scaffold design with optimized 

microstructure, mechanical properties and degradation characteristics will be 

important criteria to achieve successful small diameter vascular construct. The 

importance of present study has also been highlighted.  

Chapter 6 summarises the results and conclusions drawn from the present 

study. The antimicrobial bi-layered scaffold could provide mechanical properties and 

degradation characteristics for BVTE. It can also serve as a suitable matrix for 

vascular tissue generation by providing suitable homing sites for EC and SMC. The 

work establishes the importance of microstructure on bi-layered polymeric 

antimicrobial scaffolds in blood vessel construction. The limitations of the current 

study have been identified and future areas of research to produce a suitable 

implantable blood vessel have been projected. Citations are listed in the 

bibliographic section.  
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CHAPTER 1 

INTRODUCTION 

 

Vascular network in the human body consists of conduits carrying blood and together 

with the heart constitutes the circulatory system. Atherosclerosis is a major condition 

that can drastically deteriorate the normal functioning of small diameter blood 

vessels. This often leads to coronary heart diseases, which is a major cause of 

mortality and morbidity (Ross et al., 1993). Cardiovascular disease (CVD) is 

estimated to cause about 17.3 million deaths globally and 1.7 to 2 million deaths in 

the Indian population annually (Go et al., 2013, Gupta et al., 2011). In cardiac and 

peripheral surgical procedures, the diseased vessels are most often replaced by 

patient’s own healthy vessel.  It is reported that ~1.4 million surgical procedures are 

annually performed in the United States alone (Langer et al., 1993). However 30-

40% patients suffer from lack of suitable grafts for revascularization due to 

prevalence of vascular diseases, trauma and previous surgery (Faries et al., 2000). In 

addition, surgical harvesting of autologous graft is associated with unavoidable donor 

site morbidity and additional surgical costs (Swenne et al., 2006). To circumvent this 

problem, synthetic prosthetic grafts have been employed successfully in large 

diameter vessel replacements. However, these grafts are highly prone to thrombosis 

and associated with high failure rates when employed as small diameter grafts         

(< 5mm). Despite more than 50 years of research, development of a small diameter 

graft with a patency rate equivalent to that of native tissue  remains  a big challenge 

which has been hailed as `Holy Grail’ of vascular surgery (L’ Heureux et al,. 2007).   
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In this context, tissue engineering is emerging as a promising approach in 

vascular research towards the development of functional small-diameter vascular 

grafts (SDVG). The strategy adopted earlier has been to combine biodegradable 

scaffolds with biological components such as cells, extracelluar matrix and growth 

factors (Campbell & Campbell, 2007). Design approaches of the scaffold which 

mimic the natural blood vessel structure is expected to provide better opportunities to 

regenerate the multilayered organization of vascular tissue. Several attempts which 

emphasized on multilayered scaffold fabrication have been reported earlier (Han et 

al., 2013, Zhang et al., 2008, Williamson et al., 2006). However, most of studies fail 

to highlight the need to address the micro-structural characteristics at the individual 

layers of scaffolds to facilitate the growth of different vascular cells (Zhang et al., 

2008). Other important parameters such as mechanical properties and degradation 

profile of scaffold can also influence the fate of the construct after implantation. Lack 

of careful consideration of these factors may affect the performance of the graft 

leading to aneurysm formation, rupture etc (Pavcnik et al., 2009). The present study 

details the fabrication of a bi-layered scaffold with a pore size gradient across the 

scaffold wall to favour optimum tissue generation while maintaining appropriate 

mechanical properties and degradation characteristics suitable for small diameter 

blood vessel tissue engineering.  

The construction of a tissue-engineered vascular graft requires seeding 

vascular cells onto the scaffolds and maturation in vitro which poses a threat of 

microbial contamination. In order to address this, a suitable antimicrobial agent has 

been identified and incorporated during scaffold fabrication and evaluated for small 
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diameter blood vessel applications. The proper understanding of the anatomy and 

physiology of blood vessel, pathology affecting blood vessels, current treatment 

modalities, various aspects of vascular grafting, basic concepts of tissue engineering, 

need for a scaffold, biodegradable polymers employed in scaffold fabrication and 

strategies for imparting antimicrobial activity to the tissue engineering scaffolds 

which are  helpful for the present study  are outlined below.  

1.1. Anatomy and physiology of blood vessels  

Blood vessels carry blood from the heart and are distributed throughout the body. 

They form a branched system of arteries and veins that vary in size, mechanical 

properties and structural organization depending on their location and specific 

function (Ratcliffe, 2000). The large and medium sized arteries are characterized by a 

distinct tri-lamellar structure consisting of inner intima, middle media layer and outer 

adventitia, though these are less obvious in the smaller arterioles and do not exist in 

the capillaries.  

 

Figure 1: Schematic image representing the structure of blood vessels 

(Reference: http://science.kennesaw.edu) 
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The aorta is the largest artery which carries blood from the heart and delivers 

blood to smaller arteries and then to smaller arterioles. Arterioles are further divided 

to form capillaries, which distribute blood to the nearby tissues as shown in Figure 1. 

Capillaries then form venules and once again join into the larger veins through which 

impure blood returns to the heart. 

1.1.1. Tunica Intima 

The intima consists of a lining of endothelial cells (ECs) attached to the basement 

membrane and forms the luminal layer closest to the blood flow. Endothelium is a 

dynamic cell layer which plays a critical role in regulating vascular homeostasis 

(Vanhoutte, 1989 and Rubanyi, 1993). By secreting specific molecules like nitric 

oxide, endothelial cells inhibit platelet activation and prevent thrombus formation. 

Endothelial injury or dysfunction may lead to the activation of its pro-thrombotic 

properties and result in vascular diseases such as atherosclerosis, re-stenosis, and 

altered immune response (Sumpio et al., 2002). It is thus important to reproduce the 

functional integrity of the endothelium in tissue-engineered vascular graft (TEVG) 

for long-term vessel patency. Moreover, a confluent and quiescent EC monolayer is 

likely to inhibit smooth muscle cell (SMC) proliferation by favouring a contractile 

SMC phenotype which is needed for long-term inhibition of myoinitimal 

hyperplasia. 

1.1.2. Tunica Media 

The media consists of smooth muscle cells (SMCs) embedded in an extracellular 

matrix (ECM), which is composed of mainly collagen, elastin and proteoglycans 
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(Patel et al., 2006). The media in arterioles and arteries have multiple layers of 

SMCs, oriented in the circumferential direction of the vessel wall. Media confers 

mechanical strength to the vessel and controls vessel calibre by contracting and 

relaxing. The mechanical properties of the vessel are enhanced substantially by ECM 

that interpenetrates into the SMC layers. While collagen provides the tensile strength 

for resisting against rupture, elastin dictates elasticity properties and proteoglycans 

contribute to the compressibility of blood vessel (Ratcliffe, 2000). Lack of elastin 

and collagen deposition, misalignment of SMCs in the longitudinal rather than 

circumferential direction and low densities of SMCs are the major pitfalls leading to 

the limited performance of many tissue-engineered grafts (Chan-Park et al., 2009). 

1.1.3. Tunica Adventitia 

The outer adventitial layer comprises collagenous ECM within which fibroblasts are 

embedded. It also contains the vasovasorum and nerves. The function of adventitial 

layer is to add rigidity to the blood vessel and fix the vessel to the adjacent tissues. 

1.2. Pathology affecting blood vessels and treatment modalities 

Atherosclerosis has a key role in the drastic deterioration of functioning of the blood 

vessels (Benditt & Schwartz, 1988). It involves deposition of fatty plague in the 

arterial wall, followed by calcification of the plaque resulting in progressive 

narrowing and hardening of blood vessel. The occlusion of vascular conduit may also 

be caused by the formation of blood clot or thrombus. Vascular disability at different 

locations such as heart, brain and legs may lead to heart attack, stroke and peripheral 

vascular diseases respectively. Depending upon the severity, therapeutic 
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methodologies such as angioplasty, stenting or bypass surgery can be adopted to 

correct the diseased blood vessel. While minor narrowing of the blood vessel can be 

treated with angioplasty and stenting, vessels occluded to a considerable extent may 

be replaced by healthy grafts in a bypass procedure. Reports suggested that 10 % of 

patients with coronary artery diseases undergo bypass surgery (Michaels & 

Chatterjee, 2002).  

1.3. Vascular grafting 

 Conduits used to replace the diseased or blocked blood vessels are called vascular 

grafts. Primarily an ideal vascular graft should have adequate mechanical strength 

and matching compliance to withstand long term hemodynamic blood pressures 

experienced by the native artery. The graft should also have thrombus resistant 

lumen which is critical in deciding the graft patency. While biocompatibility and 

non-immunogenicity of the graft is crucial, low susceptibility towards infection is 

also favoured. Handling characteristics, suturability, off-the-shelf availability and 

reasonable manufacturing costs are also factors considered to achieve an ideal 

vascular graft (Yow et al., 2006). 

1.3.1. Classification of vascular graft based on size 

Depending upon size, grafts can be classified as large caliber, medium caliber and 

small caliber grafts (Chlupac et al., 2009). 

1.3.1.1. Large calibre vascular grafts: Grafts with diameter greater than 8 mm are 

considered as large diameter. Due to large vessel radius, the resistance to blood flow 
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is low in large diameter grafts. Hence the occurrence of thrombosis is less and these 

are associated with high patency rates. 

1.3.1.2. Medium calibre vascular grafts: Grafts with diameter ranging 6-8 mm but 

greater than 5 mm are regarded as medium diameter grafts. These grafts have shown 

comparably high patency rates similar to those of large diameter ones. 

1.3.1.3. Small calibre vascular grafts: Grafts whose diameters are lower than 5 mm 

are considered as small diameter grafts. In these grafts, lower vessel radius results in 

high resistance to blood flow.  Hence these grafts are highly prone to thrombosis.   

1.3.2. Classification of vascular graft  

Based on origin, grafts can be classified as natural and synthetic.  

1.3.2.1. Natural Grafts: Usually autologous grafts such as sephenous vein from the 

leg, internal mammary artery and radial artery from arm are most preferable options 

during vascular surgery (Hoenig et al., 2005). These grafts possess physiological 

properties akin to the native vessel and are considered as gold standard. The lack of 

availability of these grafts due to various factors such as prevalence of other vascular 

diseases and need for multiple grafts are major concerns in vascular surgery. 

1.3.2.2. Synthetic grafts: Synthetic prosthetic grafts are being employed as grafts 

during vascular surgery. Polymers such as expanded polytetrafluoroethylene (Teflon) 

(ePTFE), polyethylene terephthalate (Dacron) (PET) and polyurethane (PU) are 

employed for vascular graft applications (Chlupac et al., 2009). Acute 

thrombogenicity, compliance mismatches and high susceptibility to infection 

increase the failure rates of small diameter prosthetic grafts (L’ Heureux et al., 2007). 
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There is tremendous demand currently for developing a functional small-diameter 

graft for use in the clinical scenario. 

1.4. Tissue engineering approaches 

Tissue engineering (TE) is an interdisciplinary field that applies the principle of 

engineering and life sciences towards the development of functional substitutes for 

replacing diseased or damaged tissues or organ (Langer & Vacanti, 1993). It is 

emerging as a potential solution to solve the issues related with conventional 

therapeutic approaches including organ transplantation and replacement with 

artificial implants.  

 

Figure 2: Representative figure conveying the concept of vascular tissue engineering 

(Reference: www.yalescientific.org) 
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The construction of a tissue-engineered vascular graft requires the assembly of 

three major components such as scaffold, vascular cells and bioactive agents or 

growth factors. In principle, autologous cells can be isolated from appropriate 

sources and can be expanded in vitro to get the adequate number of cells. These cells 

can be accommodated into three dimensional temporary entities called scaffolds. In 

vitro conditioning of the cell seeded construct with the aid of a bioreactor can mimic 

the native tissue environment which could further facilitate structural organization of 

vascular tissue within the construct. After optimizing in vitro pre-conditioning, the 

new blood vessel can be implanted back to the host (as represented in Figure 2). By 

using autologous cells, TE approach combines the advantages of autografts while 

ruling out the problems associated with conventional prosthetic grafts.    

1.5. Scaffolds in tissue engineering 

A scaffold can be defined as ‘a porous structure, usually polymeric, which serves as a 

substrate and guides tissue formation’ (Williams, 1999) or ‘artificial three 

dimensional frame structure that serves as a mimic of extracellular matrix for cellular 

adhesion, migration, proliferation and tissue regeneration in  three dimension’ (Wen 

& Zhang 2006). Biodegradable scaffolds enable the gradual replacement of the 

scaffold material with host tissue thereby avoiding long term immune responses. 

Major requirements for a tissue engineered scaffold are proper macrostructure, 

optimum porosity characteristics, suitable degradation properties and appropriate 

mechanical stability while satisfying biocompatibility criteria (Figure 3). The 

appropriate porosity characteristics of the scaffold within the structure facilitate the 

cellular invasion into the scaffold (Matthews et al,. 2002). Once the tissue-



10 

 

engineered construct is implanted, the scaffold should provide the initial mechanical 

support to withstand the in vivo forces. Controlled biodegradability of scaffold 

material enables the replacement of the scaffold by the growing tissue. Moreover the 

degradation products must be nontoxic to the surrounding tissues and should be non-

immunogenic (Shoichet, 2010).  

 

Figure 3: Schematic diagram showing requirements for an ideal scaffold 

 

1.5.1. Relevance of scaffold microstructure in tissue engineering 

The most important micro-structural parameters of scaffold are porosity and pore 

size. While porosity represents total pore volume present within the scaffold, pore 

size is the average diameter of the pores present in it (Ho & Hutmacher, 2006). High 

porosity can facilitate uniform cellular in-growth with enhanced diffusion of 

metabolites into the scaffold (Karande et al., 2005, Taboas et al., 2003), though 

mechanical properties may deteriorate. It has been reported that cell growth is highly 
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specific and influenced by scaffold pore size (Yang et al., 2001, Lee et al., 2008). 

Pore size is also reported to influence the scaffold mechanical properties and 

degradation characteristics (Yu et al., 2008, Odelius et al., 2011). Moreover, the 

scaffolds should have a well-interconnected porous structure for facilitating the 

delivery of cells and nutrients. 

1.5.2. Scaffold biodegradation and mechanical stability  

Biodegradation of the scaffold is a desirable prerequisite in tissue engineering 

endeavours for facilitating natural tissue formation. Degradation profile of the 

scaffold may be regulated for successful tissue fabrication by choosing appropriate 

matrices. Ideally, the rate of scaffold biodegradation and the tissue growth may be 

correlated as represented in Figure 4.  

 

Figure 4: Illustration showing preferable biodegradation rate of TE scaffold 

(Reference: Hutmacher, 2000) 

 

The scaffold should provide sufficient mechanical support in the 

physiological conditions immediately upon implantation. As scaffold degrades, its 

mechanical strength should be gradually transferred to the growing tissue such that 
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the integrity of the construct should be maintained in vivo (Dong et al., 2009). Most 

of the earlier tissue engineering efforts for blood vessels evaluated only the initial 

strength of scaffold and did not account for the performance of scaffold when it 

undergoes degradation. Degradation can alter scaffold porosity and pore size which 

in turn can affect the mechanical strength of the construct. This may be the reason for 

failure of most of the tissue engineering constructs. 

1.6. Challenges in designing scaffolds for blood vessels  

The major challenges in attaining an ideal scaffold for a blood vessel are (i) 

Designing a tubular scaffold with multilayered macro-structure similar to that of the 

native blood vessel, (ii) Regulating the pore size and porosity at the individual layers 

in terms of growth of vascular cells such as endothelial cells, smooth muscle cells 

and fibroblasts (iii) Attaining the mechanical properties of scaffolds as required for 

blood vessel applications (iv) Achieving degradation characteristics suitable for long-

term implant applications (v) Ability to withstand microbial contamination during in 

vitro culture conditions.  

1.7. Biodegradable polymers for fabricating scaffold 

While designing the scaffold, there are two options for selecting the polymeric 

material which may be of natural or synthetic origin. The naturally-derived polymers 

include proteins of natural extracellular matrices such as collagen, elastin, 

glycosaminoglycans, alginic acid, chitosan, silk fibroin and fibrin (Chen et al., 2002). 

Since natural polymers are derived from nature, these are associated with good 

biocompatibility. Besides, structurally, they closely mimic natural cellular 
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environment, thereby facilitating cell-scaffold interaction. However unstable material 

availability and batch-to-batch variation in properties of these materials are 

drawbacks associated with these polymers. In addition, many of these polymers 

require chemical cross-linking with agents such as glutaraldehyde, whose excess 

limits may promote cytotoxic effects. Poor mechanical properties and fast 

biodegradation rates are other disadvantages associated with natural polymeric 

materials.   

Synthetic polymers are another class of materials in tissue engineering. It is 

mostly aliphatic polyesters such as poly(glycolic acid) or PGA, poly(lactic acid) 

(PLA), poly(lactic-co-glycolic acid) (PLGA), poly(ɛ-caprolactone) (PCL) etc. that 

are frequently employed in tissue engineering strategies. Since these polymers have 

received US Food and Drug administration (FDA) approval for some implantable 

devices and sutures, they are used in several biomedical applications (Ma, 2004 and 

Woodward et al., 1985). The relevant properties of these polymers are as mentioned 

in Table 1.   

Polymer 
Melting 
point (0C) 

Glass 
transition 
temp (0C) 

Modulus 
(GPa) 

Elongation 
(%) 

Degradation 
time 
(months) 

PGA 225-230 35-40 7.0 15-20 6-12 

PLLA 173-178 60-65 2.7 5-10 >24 

PDLLA Amorphous 55-60 1.9 3-10 12-16 

PCL 58-63 -65 to -68 0.4 300-500 >24 
 

Table 1: Properties of biodegradable aliphatic polyesters 

Abbreviations PLLA and PDLLA indicate L and DL isomeric forms of PLA respectively 
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The major advantages of these types of polymers are their availability from 

reliable sources, excellent mechanical properties and fine control over degradation 

and fine tunability of properties by altering the composition. However, they are 

deficient in appropriate cell binding sites, hence resulting in lowering of cell-material 

interaction that favors cell adhesion, migration and proliferation.  

1.7.1. Poly(ɛ-caprolactone) (PCL) 

PCL is the selected polymer for the current study. It is a semi-crystalline polymer 

with glass transition temperature of -600C and melting temperature of 58-630C. The 

repeating molecular structure of PCL consists of five non-polar methylene groups 

and a single hydrophilic ester group.  

 

Figure 5: Diagram representing the structure of PCL 

 

 

Unique properties of PCL are due to its chemical structure. The hydrolytically 

liable ester group makes the polymer degradable. PCL is not only one of most 

biocompatible polymers and with ease of fabrication and excellent mechanical 

properties; it has become a good candidate for tissue engineering applications. The 

complete resorption of PCL requires more than 2 years (Yang et al., 2001) and the 

degradation product caproic acid is easily metabolized within the body.  
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1.8. Strategies for imparting antimicrobial activity to the scaffold  

Implant-associated infections are quite severe in tissue engineering strategies 

particularly during in vitro culture periods of cell-seeded construct. It has been 

reported that the incorporation of appropriate agents such as silver, gold, zinc oxide 

etc can impart antimicrobial properties to the scaffolds.  

 

Figure 6: Scheme indicating the mechanism of antibacterial action of SNP 

(Reference: www.ecounterre.com) 

 

Recently silver nanoparticles (SNP) have attracted attention in the biomedical 

field owing to its broad spectrum of antimicrobial activity against a number of 

bacterial strains at extremely small quantities. The mechanism of antimicrobial 

properties of SNP is given in the schematic Figure 6. The various approaches that 

consider the integration of silver nanoparticles into the biomaterials were found to be 

efficient to prevent biomaterial-associated infections. The efficacy of imparting 

antimicrobial activity into PLLA (Xu et al., 2006), PLGA (Fortunati et al., 2011) and 

PCL (Duan et al., 2007) has been reported for several biomedical applications. It was 
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observed that scaffold properties may be influenced by nanoparticle incorporation 

especially during the electrospinning process (Duan et al., 2007, Xing et al., 2010). 

1.9. Hypothesis 

Native blood vessels are characterized by distinct layers of endothelium and vascular 

media which is responsible for its inherent non-thrombogenicity and vasoactivity 

respectively. It is obvious that the growth of endothelial and smooth muscle cells is 

dependent on the micro-structural characteristics of scaffolds and reported to be 

highly specific. Moreover, incorporation of a suitable agent during scaffold 

fabrication can impart antimicrobial activity to the scaffold.  Since multilayered 

constructs can mimic native blood vessel architecture, it is conceptualized that 

fabrication of a bi-layered antimicrobial scaffold with pore size gradient across the 

scaffold wall with appropriate physico-mechanical properties may have the potential 

to support  blood vessel tissue engineering. In order to accomplish this, the following 

steps are conceptualized  

(1) Morphology of PCL based scaffolds may be optimized by suitable selection of 

fabrication parameters during solvent casting and electrospinning 

(2) Antimicrobial property may be induced by incorporating suitable agent during 

the fabrication process 

(3) Multilayered scaffold with a pore size gradient across the layers may be 

fabricated for tissue engineering of small diameter blood vessels while 

satisfying the mechanical and degradation characteristics 
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(4) Microstructure of scaffolds may be a determining factor in deciding the final 

performance of vascular grafts. 

1.10. Objectives of the study 

In order to prove the hypothesis, following objectives were defined in the present 

study 

1. To standardize the fabrication parameters to obtain appropriate scaffold 

microstructure and optimum physico-mechanical properties using solvent casting 

and particulate leaching and electrospinning techniques 

2. To evaluate the degradation characteristics of selected solvent cast and 

electrospun scaffolds 

3. To investigate the effect of silver nanoparticle incorporation on properties of 

selected solvent cast and electrospun scaffolds  

4. To evaluate the potential of the scaffold systems to support the growth of primary 

endothelial cells 

5. To design an antimicrobial bi-layered scaffold (BS) with pore size gradient 

across the scaffold wall  

6. To evaluate the physico-mechanical properties of BS scaffold required in 

comparison with the native blood vessel 

7.  To demonstrate the antimicrobial activity of the scaffold using appropriate 

control material 
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8. To investigate the potential of bi-layered scaffolds for supporting the growth of 

endothelial cells and smooth muscle cells in a bioreactor system 

1.11. Brief overview of the study 

Tubular scaffolds having an inner diameter of 4mm were fabricated by solvent 

casting followed by particulate leaching using poly(ethylene glycol) (PEG) as 

porogen. The effect of PEG concentration on the physicomechanical properties of the 

scaffold was studied by varying the PCL-PEG ratio. In addition, effect of PEG 

molecular weight upon the properties was also studied.    Scaffold compositions were 

optimized on the basis of tubular consistency, wall thickness, porosity characteristics 

and tensile properties. Growth potential of the scaffolds was evaluated using primary 

endothelial cells. The selected scaffolds were further screened by subjecting them to 

in vitro degradation up to six months. Scaffold composition was optimized on the 

basis of better retention in morphological and mechanical properties of scaffold.  

PEG-protected silver nanoparticles (SNP) were synthesized and characterized 

in the lab.  In order to impart antimicrobial activity, SNP was added into the 

optimized solvent cast system. The scaffold microstructure and mechanical 

properties of SC-SNP scaffolds were evaluated by comparison with those of bare 

scaffolds and that of native artery. Cyto- and hemocompatibility of SNP-incorporated 

scaffolds were evaluated and endothelial cell growth was monitored. The wall 

thickness and inner diameter of the scaffolds were measured in comparison with that 

of excised sheep artery.  
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Electrospun scaffold systems were prepared by varying the flow rate during 

electrospinning. Pore size distribution, tensile properties and variation in tubular wall 

thickness were studied as a function of flow rate during electrospinning. 

Electrospinning parameters were optimized to obtain better uniform tubular wall 

thickness. The structural integrity of the scaffolds was examined after subjecting to 

degradation up to one year. 

Electrospun scaffold properties were evaluated after SNP incorporation. Fiber 

diameter and pore size of these scaffolds were compared to that of bare scaffolds 

whereas the mechanical properties were compared with that of native artery. 

Crystalline properties, surface wettability and surface roughness of the SNP-

incorporated scaffolds were also determined. Cyto- and hemocompatibility of 

scaffolds were studied and endothelial cell growth potential of the scaffolds was 

investigated. 

A bi-layered scaffold (BS) was successfully designed with SC-SNP as the 

luminal layer which is expected to provide a smooth, antimicrobial and 

hemocompatible layer and ES as abluminal layer which provides mechanical 

integrity to the graft. Physico-chemical evaluation showed BS scaffold to possess 

adequate mechanical integrity for blood vessel tissue engineering. Antimicrobial 

activity of scaffolds was demonstrated using zone of inhibition assay. Endothelial 

cells and smooth muscle cells were isolated from rabbit blood and co-culture system 

was demonstrated on BS scaffold. After 3 days of co-culture, endothelial cells were 

found to align along the direction of flow and smooth muscle cells were found to be 

growing on the abluminal fibrous layer. 
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CHAPTER 2 

LITERATURE REVIEW  

 

The major objective of the study is to design and fabricate an antimicrobial bi-

layered scaffold with gradient porosity within the scaffold wall to facilitate the 

growth of vascular cells while satisfying the physico-mechanical properties of blood 

vessels. To achieve this goal, a thorough knowledge of current progress in this field 

is required. The following chapter on literature survey elaborates in detail the history 

of vascular grafts, modification of small diameter prosthetic grafts and various 

vascular tissue engineering approaches. Scaffold design strategies in vascular tissue 

engineering that emphasize the importance of microstructure and multilayered 

macro-structure are also discussed. The influence of scaffold microstructure on cell 

growth, mechanical properties and degradation characteristics are reviewed in detail. 

Factors such as scaffold fabrication methodologies, bio-mimetic modification of 

synthetic scaffolds, development and evaluation of tissue-engineered blood vessels 

are also discussed. With the aid of published literature, it is possible to derive 

experimental design strategies for the present study. 

2.1. History of vascular grafts 

The evolution of vascular grafts was greatly influenced by the progress made in 

vascular surgery especially in suturing and replacement therapies for diseased 

vessels. During ancient times, vascular interventions were limited to compressing 

and cauterizing injured vessels to suppress bleeding. Hallowell and Lambert repaired 
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a bronchial artery with a suture for the first time in 1759. The first vascular 

anastamosis or surgical connection of blood vessels was performed in dogs by 

Nicholas Eck in 1877 (Starzl, 2003). Further Carrel and Gruthrie optimized the 

vascular anastamosis transplantation technique. Alexis Carrel known as ‘Father of 

vascular surgery,’ received Nobel Prize for physiology or medicine in 1912 (Chlupac 

et al., 2009).  

For the first time, an autologous vein graft was used for aneurysm repair in 

1906. Later, vascular surgery was performed using a sephenous vein graft, thereby 

initiating a successful era for this type of graft (Lopez & Ginzberg 2008). Human 

arterial allograft is also reported to have come into use in human vascular 

reconstructive surgeries (Gross & Hurwitt, 1948). An artificial prosthesis ‘Vinyon N’ 

was first implanted for arterial replacement in dogs in 1952 (Voorhees et al., 1952).  

The same graft was employed to treat abdominal aneurysm in humans in 1954, 

leading to rapid progress in vascular surgery and graft-related research. Later, 

synthetic prosthetic grafts based on textile fabrics made from Dacron (Deterling & 

Bhonslay, 1955), PTFE (Soyer et al., 1972) and polyurethane (PU) (Lyman et al., 

1978) were introduced and are now widely employed for repairing large- and 

medium-diameter grafts.  

2.2. Modification of small diameter prosthetic grafts 

In spite of the excellent mechanical properties of these prosthetic grafts, its inherent 

thrombogenicity (Nicolaides, 1985) limits its application in small diameter 

replacements. Many strategies have been adopted to improve the blood compatibility 

of these grafts by modifying the graft lumen. Earlier reports have shown that carbon-
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coated ePTFE grafts showed decreased platelet adhesion, though the overall patency 

rates could not be improved (Kapfer et al., 2006). Later, immobilization of 

anticoagulants such as heparin was found to improve the patency of Dacron graft 

(Devine & Mccollum, 2004), ePTFE and PU grafts (Walpoth et al., 1998). Herring et 

al demonstrated that by seeding endothelium on the graft lumen, the patency of 

Dacron prosthesis in humans could be improved (Herring et al., 1978). In order to 

overcome the issue of de-lamination of EC layer from graft lumen after implantation, 

preconditioning strategies were employed by subjecting the graft to in vitro shear 

stress (Rademacher et al., 2001). Modification methodologies of the graft lumen using 

EC anchorage enhancing entities such as fibrin (Meinhart et al., 2005), collagen (Lu 

et al., 2013) and RGD peptides (Walluscheck et al., 1996) were also tried.  

2.3. Vascular tissue engineering approaches  

The concept of biologically viable, living blood vessels has attracted increasing 

interest in recent years in the stride towards the development of bioengineered 

vessels. Construction of vessels is based on the tissue engineering principle with the 

aid of a biodegradable polymer scaffold. It is expected that bioengineered vessels 

have the capacity for growth and remodelling according to the host requirements and 

less chances for thrombosis, infection and rejection (Rezai et al., 2004). The various 

approaches adopted for tissue engineering of blood vessels are also reviewed below. 

2.3.1. Based on collagen scaffolds 

Weinberg and Bell put forward the idea of living blood vessels and reported that they 

developed the first tissue-engineered vessel in vitro based on collagen gel tubes 
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(Weinberg & Bell, 1986). These collagen tubes were found to be devoid of adequate 

mechanical strength and graft modification was done by providing an external 

Dacron mesh. Bovine SMCs were incorporated into the collagen scaffold during the 

casting process. Further, ECs and fibroblasts cells were seeded onto the inner and 

outer graft surfaces, respectively to generate a multilayered construct. The major 

disadvantage of this model was its inadequate burst strength which could not be 

improved significantly even after reinforcement with Dacron mesh). Factors such as 

absence of elastin, longitudinal alignment of SMCs, low densities of SMCs and 

collagen were identified as the reason for the poor mechanical performance of the 

model. Later Kanda et al constructed an artificial vessel from a non-degradable 

polyurethane graft and collagen gel embedded with bovine SMCs.  ECs were seeded 

onto the lumen of this graft and subjected to the pulsatile flow. They observed that 

ECs were aligned parallel to the flow while SMCs were found to have a 

circumferential alignment after 10 days of culture (Kanda & Matsuda, 1994). 

Thereafter, a number of experiments were performed with the collagen-based 

scaffold system. As an alternative strategy, a magnetic field was applied during 

collagen fibrilogenesis to create a vascular media equivalent where collagen fibrils 

were circumferentially oriented with SMCs aligned in the same direction (Tranquillo 

et al., 1996).  

2.3.2. Cell sheet constructs without the use of scaffold 

A novel technique for the production of an artificial blood vessel exclusively from 

human cells was investigated by L’Heureux et al without employing any scaffold 

(L’Heureux et al., 1998). Human umbilical cord SMCs was cultured up to 30 days to 
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form a cell sheet. It was peeled off from the culture plates and wrapped around the 

tubular support to form the media. After one week of maturation, cultured fibroblast 

sheet was once again rolled around to form the outer adventitial layer. The tubular 

support was removed after 7 weeks of maturation and human umbilical cord ECs 

were seeded on the lumen of the construct and allowed to grow for one more week. 

The resultant construct was found to possess a well-ordered three-layered vessel wall 

that mimicked native blood vessel structure. It was also found to possess burst 

strength values of ~2594 mmHg. These grafts demonstrated only 50 % patency for 7 

days when implanted as an interposition femoral artery graft in mongrel dogs. 

Relatively high production time was the major drawback of this model.  

2.3.3. Based on decellularized matrices 

Decellularized matrices can provide ECM components that support cell adhesion 

together with good mechanical properties. Small intestinal submucosa (SIS) has been 

widely employed for vascular tissue engineering purposes (Badylak et al., 1999). 

These have demonstrated high patency rates in canine aorta, carotid and femoral 

arteries and in superior vena cava (Lantz et al, 1990). A 4mm diameter collagen graft 

derived from SIS and type I collagen exhibited patency 3 months after implantation 

and remodelled into cellularized vessels (Huynh et al., 1999). Endothelial cell 

seeding was found to be fatal in the performance of these xenografts. EC-seeded 

decellularized porcine iliac vessels remained patent for 130 days while non-

endothelized grafts occluded within 15 days (Kaushal et al., 2001). The cellular 

infiltration into these scaffolds were found be limited due to tight matrix 

organization. Later, decellularized human umbilical cord arteries remained patent 
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upto 8 weeks after implantation as abdominal aortic interposition grafts in rats (Gui 

et al., 2009). The main problem associated with this type of graft was the risk of 

transmission of animal pathogens.   

2.3.4. Based on biodegradable scaffolds 

Artificial blood vessels can be constructed using biodegradable and biocompatible 

scaffolds. In the earlier stages, poly(glycolic acid) (PGA) was the most commonly 

used polymer for the purpose. Niklason et al constructed the first synthetic vascular 

graft based on PGA scaffold. Bovine SMCs were cultured on these scaffolds in a 

pulsatile condition for 8 weeks and autologous ECs were cultured for 3 days prior to 

implantation into sephenous vein in swine model. The grafts exhibited enough burst 

strength before implantation. However, due to its rapid degradation, the graft was 

unable to withstand hemodynamic pressures (Niklason et al., 1999). In a modified 

approach, PGA/polyglactin scaffolds were implanted into pulmonary arteries in 

lambs after seeding with SMCs and ECs. After 11 and 24 weeks evaluation, it was 

observed that tissue-engineered constructs were almost histologically similar to 

native blood vessel (Shinoka et al, 1998). Later, vascular graft composed of PGA 

non-woven mesh tubes coated with 10 % solution of poly(lactide-co-glycolide) were 

fabricated and seeded with autologous bone marrow derived mononuclear cells. 

These grafts were implanted as inferior vena cava interposition grafts in juvenile 

lambs and after 6 months, explanted grafts showed comparable results in histological 

evaluation with well-deposited collagen, elastin and proteoglycans (Brennan et al., 

2008).  
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 The first clinical application of bioengineered vessels based on freeze-dried 

PLCL reinforced with woven PGA was demonstrated for pulmonary artery 

reconstruction after seeding with bone marrow cells. These grafts were reported to 

have 95 % patency for one year without any aneurysm formation. The grafts were 

designed for pulmonary artery applications but could not withstand arterial pressures 

(Shin’oka et al., 2005). Jeong et al constructed a tissue-engineered vessel based on a 

P(LLA-CL) scaffold cultured with rabbit SMCs under pulsatile flow culture 

conditions for 6 weeks.  The scaffolds were found to support cell proliferation with 

collagen deposition and cells aligned in the radial direction (Jeong et al., 2005). 

Scaffolds fabricated from P(LLA-CL) were found to possess the tensile strength 

required for a blood vessel and supported the growth of HUVECs (Uchida et al., 

2008). Poly(caprolactone) based small diameter nanofibrous scaffolds were 

fabricated using electrospinning and implanted into rat arterial circulation using 

ePTFE control grafts. PCL grafts exhibited faster endothelization, neointimal and 

neovascularisation formation compared to ePTFE grafts (Pektok et al., 2008).  

2.4. Scaffold design in vascular tissue engineering 

2.4.1. Design of scaffold microstructure  

Scaffold microstructure is an important parameter which can decide the fate of the 

tissue-engineered construct. Porosity and pore size are the main architectural 

parameters of scaffolds (Rnjak-Kovacina & Weiss, 2011). These parameters can 

significantly influence cellular growth (Lee et al., 2008) and other scaffold properties 

such as mechanical strength (Yu et al., 2008) and degradation characteristics 

(Odelius et al., 2011).  
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2.4.1.1. Effect on cellular growth: Cells are inherently sensitive to their micro-

environment. Highly defined and specific micro-structure is essential for normal 

phenotype and correct tissue development and its function (Stevens & George, 

2005). Scaffold porosity and pore size have been found to influence cell attachment, 

proliferation, differentiation and ECM deposition (Zeltinger et al., 2001). Earlier 

reports suggested that pore size is highly specific for all the cell types and varies 

within 5-500 µm range (Yang et al., 2002, Zeltinger et al., 2001). PLA scaffolds 

have been fabricated by solid freeform fabrication and the effect of scaffold pore size 

and pore volume on the behaviour of different cell types were studied by Zeltinger et 

al. Vascular endothelial cell growth and proliferation was favoured on scaffolds with 

< 38 µm pore size, while smooth muscle cell growth was favoured on scaffolds with 

38-150 µm and fibroblast cell infiltration was found better on 68-150 µm pore-sized 

scaffolds.   A pore volume of nearly 90 % was found to enhance cellular infiltration 

into the scaffolds (Zeltinger et al., 2001). The effect of pore size on mature elastin 

deposition was studied by Lee et al. Poly(glycerol sebacate) (PGS) scaffolds with 

different pore sizes were fabricated using the solvent casting process and cultured 

with baboon adult primary SMCs in a pulsatile flow bioreactor for 3 weeks. 

Scaffolds with 25-32 µm were found to support cell organization and elastin 

synthesis when compared to scaffolds with pore sizes 45-53 µm and 75 to 90 µm 

(Lee et al., 2011).   

2.4.1.2. Impact on scaffold mechanical properties: Micro architectural parameters 

can influence the mechanical performance of the construct. The effect of pore size 

and porosity on the mechanical properties of poly(caprolactone)-hydroxyapatite 
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scaffolds were studied by Yu et al. Scaffold pore size was altered by using porogen 

sodium chloride (NaCl) having different sizes such as 212-355 µm, 355-600 µm and 

porosity was varied by changing NaCl concentration (0.25 to 4 wt/wt%) in the 

polymer matrix. Both tensile strength and young’s modulus of scaffolds were found 

to reduce with increase in pore size and porosity of scaffolds (Yu et al., 2008). The 

dependence of mechanical properties of electrospun scaffolds on fiber diameter and 

packing density was studied by Soliman et al. While fiber diameter was altered by 

changing polymer concentration, packing density of electrospun mats was changed 

by varying the collector-to-needle distance or by operating with an auxiliary ring 

collector. Scaffolds composed of microfibers were fabricated at high fiber density 

(M-HD) and at low fiber density (M-LD). Nanofiber scaffolds were also prepared at 

high fiber density (N-HD) and at low fiber density (N-LD). The trend in tensile 

strength and modulus was found similar and microfibers exhibited better properties 

than nanofibers at high or low density conditions. Elasticity was found to be better 

for nanofibers at both conditions compared to the corresponding microfiber meshes 

(Soliman et al., 2011).  

2.4.1.3. Influence on scaffold degradation characteristics: In addition to chemical 

nature, it is reported that architectural parameters of the scaffold could also influence 

the degradation rate. The effect of porosity and pore size on degradation properties of 

PLGA scaffolds was studied by Wu & Ding. Scaffolds with varying porosities of 80 

to 95 % and pore sizes 50 to 450 µm were fabricated using compression moulding 

followed by particulate leaching. It was found that scaffolds with higher porosity or 

small pore size degraded more slowly compared to scaffolds with low porosity and 
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high pore size. This is because scaffolds with lower porosity and smaller pores 

depress the diffusion of degradation products which cause autocatalytic effect 

leading to an enhanced degradation rate (Wu & Ding, 2005).  The effect of pore size 

on the degradation profile of polylactide scaffolds was studied by Odelius et al. The 

scaffolds with smaller pore size were found to slow down the rate of hydrolysis. 

Scaffolds with larger pore size and solid films exhibited much higher degradation 

rate due to autocatalysis induced by the trapped degradation products. In smaller pore 

sized scaffolds, the size of the pores was found to decrease during the degradation 

with subsequent formation of a solid surface on the top of the scaffold (Odelius et al., 

2011). Studies also reported that high surface area tends to accelerate the degradation 

rate of nanofibrous poly(L-lactic acid) foams (Chen & Ma, 2006). Chitosan fiber 

meshes demonstrated an enhanced degradation rate with increase in scaffold porosity 

and reduced fiber diameter (Cunha-Reis et al., 2007). 

2.4.2. Relevance of multilayered scaffold design 

The regeneration of multilayered tissues such as skin, bone, vascular grafts, tracheal 

splints, heart tissue etc. requires good organization of various cell types (Murphy & 

Atala, 2014). A new trend is emerging in tissue engineering where different 

biomaterials and fabrication technologies are combined to provide the desired 

scaffold architecture. Scaffolds which possess two or more pore size distribution is 

found to facilitate the growth of multiple cell types leading to better formation of 

multiple tissue interfaces (Karageorgiou & Kaplan, 2005). Importance of gradient 

porosity characteristics have been studied earlier in cartilage (Woodfield et al., 2005) 

and bone (Schwarz & Epple, 1998) tissue engineering. A number of multilayered 
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scaffold designs which were evaluated earlier for blood vessels are reviewed in detail 

below.   

2.4.2.1. Tri-layered scaffold construction: Zhang et al constructed a tri-layered 

scaffold composed of inner and outer layers as porous poly(lactic-co-glycolic acid) 

and middle compact polyurethane layer using solvent casting, spraying and solvent 

casting respectively (Zhang et al., 2008). The overall pore size present within the 

scaffolds ranged from 30-74 µm, but there is no account on pore size present on 

individual layers. The thickness of the middle PU layer was found to influence the 

mechanical properties of scaffold, which was optimized to obtain adequate burst 

strength, suture retention strength and compliance for blood vessel tissue 

engineering. After culturing with bone marrow stromal cells (bMSCs) for 7 days, 

these scaffolds were implanted in canine abdominal aorta and found to be patented 

after 3 months.  Han et al fabricated a tri-layered scaffold composed of PCL/gelatin 

luminal layer, PLGA/gelatin-VEGF middle layer and PCL/gelatin outer layer using 

electrospinning (ES). Mechanical properties such as tensile strength, elasticity, burst 

strength and suture retention strength of the electrospun scaffold was found to be 

better than that of artery and vein. Vascular endothelial and smooth muscle cells 

were seeded onto the inner and outer surfaces of the scaffold and cultured up to 6 

days. The release of VEGF and PGF which enhances endothelial and smooth muscle 

cell proliferation respectively from the scaffold was demonstrated. These grafts 

exhibited 8 weeks of patency when implanted in rabbit carotid artery (Han et al., 

2013).  
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2.4.2.2. Bi-layered scaffold construction: Williamson et al constructed a composite 

bi-layered scaffold where wet spun polycaprolactone and electrospun polyurethane 

formed the luminal and abluminal layers respectively. The luminal layer exhibited 

oriented PCL fibers with 1 to 5 µm gap between them and outer layer was found to 

be porous with 10-30 µm pore size. It was demonstrated that human umbilical cord 

vein endothelial cells (HUVEC) formed a monolayer on the PCL layer and SMCs 

proliferated well on the PU layer after 7 days of culture (Williamson et al., 2006). A 

bi-layered scaffold based on elastomeric poly(ethylene urethane ether urea) (PEUU) 

scaffold was designed and fabricated by combining thermal-induced phase separation 

(TIPS) followed by electrospinning. Pores of average size of 51 ± 3 µm and 123 ± 

3.2 µm were found to be present at the inner TIPS and outer electrospun layers 

respectively. These scaffolds were found to possess the tensile strength, suture 

retention strength and compliance required for blood vessels. Rotational seeding 

methodology was found to be highly efficient to get high cellular density on the 

scaffold after seeding with adult stem cells (Soletti et al., 2010).  Dual-layered 

poly(lactide-co-caprolactone) (PLCL) scaffolds were designed using electrospinning 

(Shin et al., 2014). By varying the concentration and flow rate, a construct composed 

of nano-fibrous and micro-fibrous layers with 700 nm and 5 µm fiber diameters 

respectively was fabricated. After modifying the mat with gelatin, it was found that 

the growth of endothelial and smooth muscle cells showed significant differences. 

While EC growth was facilitated on the nanofibrous layer, SMC growth was found to 

be better in the micro-fibrous layer. Reports suggested that most of the tissue 

engineering strategies which adopted multilayered scaffolds have not addressed 
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porosity characteristics in terms of cellular, mechanical and degradation 

characteristics (Table 2). 

Previous 
works 

Scaffold 
systems 

Fabrication 
method 

Pore size 
Mechanical 
properties 

Degradation 

Zhang et al 
(2008) 

Tri-layered 
(PLGA→ PU→ 

PLGA) 

SCPL→ 
spraying → 

SCPL 
30-74 µm Acceptable 

No data 
available 

Han et al 
(2013) 

Tri-layered 
(PELCL, PDGF, 

gelatin → 
PLGA, VEGF, 
gelatin→ PCL, 

gelatin 

ES 
No data 
available 

Acceptable 
No data 
available 

Soletti et al 
(2010) 

Bi-layered 
(PEUU→ 
PEUU) 

TIPS→ ES 
No data 
available 

Acceptable Acceptable 

Wang et al 
(2012) 

Bi-layered 
(Gelatin with 
heparin→ PU) 

ES 
No data 
available 

No data 
available 

No data 
available 

 

Table 2: Multilayered scaffold designs adopted earlier for blood vessels 

 

2.5. Scaffold fabrication methodologies 

Many techniques have been developed for the fabrication of tissue engineered 

scaffolds. The conventional methods of scaffold fabrication include solvent casting 

and particulate leaching (Suh et al., 2002), phase separation (Tu et al., 2003), gas 

foaming (Yoon & Park, 2001), melt moulding (Oh et al., 2006), fiber bonding (Mikos 

et al., 1993) and textile methods such as electrospinning (Hasan et al., 2014). 

Advanced methods based on computer-aided designing (CAD) or computer aided 

modelling (CAM) such as three-dimensional printing (Leukers et al., 2005), 

stereolithography (Melchels et al., 2009), fused deposition modelling (Zein et al., 

2002), selective laser sintering (Williams et al., 2005) can also be employed. Among 
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these techniques, solvent casting followed by particulate leaching and 

electrospinning can be employed to regulate the pore size and porosity.  Solvent 

casting technique can provide a smooth surface which may enhance 

hemocompatibility, though these scaffolds tend to possess limited thickness. 

Electrospun scaffolds can mimic the morphology of extracellular matrix components 

such as collagen and elastin, but limited blood compatibility due to fibrous 

morphology may result. By integrating SCPL and electrospinning methodologies, the 

limitations of these individual techniques is expected to be overcome by fabricating 

multilayered scaffolds with desired properties. 

2.5.1. Solvent casting and particulate leaching (SCPL)  

This is an easy, simple and inexpensive method of scaffold fabrication. In the SCPL 

methodology, polymer and pore-forming material called porogen can be mixed in a 

suitable solvent and cast into the desired shape. The major advantage of SCPL 

technique is the capability to control the pore size and porosity of scaffolds by 

varying porogen size and polymer/porogen ratio respectively. Further, such scaffolds 

enable understanding of the effect of microstructure on other scaffold properties and 

cell-scaffold interaction (Rogers et al., 2013, Lee et al., 2011). Sodium chloride 

(NaCl) (Liao et al., 2002), gelatin (Suh et al., 2002) and paraffin (Zhang et al., 2005) 

have been commonly used as porogens for fabricating tissue engineering scaffolds 

via SCPL. The major drawback associated with sodium chloride being used as a 

porogen is its incomplete leaching from a polymeric matrix which drastically reduces 

pore interconnectivity. Moreover, its immiscibility with hydrophobic polymer 

systems may facilitate anisotropy in pore distribution along with formation of a 



34 

 

nonporous surface skinny layer. More recently, poly(ethylene glycol) (PEG) has been 

used as porogen in poly(caprolactone) scaffolds for blood vessel tissue engineering 

(Pankajakshan et al., 2008).  

2.5.2. Electrospinning 

This is becoming a popular technique for fabrication of tissue-engineered scaffolds 

since highly porous fibrous matrices can imitate native ECM components more 

closely and high surface area to volume ratio facilitates better cell-scaffold 

interaction (Ma et al., 2005). Electrospinning process can generate high porous 

fibrous matrices whose porosity characteristics can be altered by adjusting fiber 

diameter and alignments. In the electrospinning process, a stream of polymer 

solution is injected through a needle using the syringe pump. The needle is connected 

to a high voltage power supply which can generate voltages between 1-30kV. When 

the electrostatic charge becomes greater than the surface tension of polymer drop at 

the needle, the droplet is deformed into a conical-shaped structure called Taylor 

cone, which becomes unstable beyond a critical charge density. Fibers are ejected 

from the tip of the Taylor cone and accelerated to the collector. Fibrous mats 

consisting of nano to micrometer range fibers can be generated through this 

technique. The possibility of altering the fiber morphology and diameter by 

regulating solution and processing parameters allow the use of electrospinning for a 

wide variety of tissue engineering applications (Sill & Recum, 2008). Depending 

upon the cells involved, the fibrous structure can be designed to yield optimum pore 

size along with the required mechanical properties (Pham et al., 2006). In addition to 

that, integration of cells (Stankus et al., 2006), growth factors (Sahoo et al., 2010) 
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and drugs (Innocente et al., 2009) into the scaffolds is also possible via 

electrospinning. 

2.6. Bio-mimetic modification of synthetic scaffolds 

A major limitation of synthetic polymers is the lack of native cell binding sites which 

leads to poor cell-scaffold interaction. Synthetic scaffolds have been modified using 

specific biological molecules for facilitating cell adhesion and differentiation 

potential. It was reported that conjugating with cell-adhesive ligands like a tripeptide 

such as arginine-glycine-aspartic acid (RGD) could improve the cell growth on 

synthetic matrices (Ruoslahti et al., 1987). Another strategy is to combine synthetic 

polymers with natural polymers which can facilitate cell growth along with 

improvement in the biocompatibility of the synthetic scaffold. It has also been 

reported that collagen (He et al., 2005), elastin, gelatin (Han et al., 2011) and fibrin 

(Koch et al., 2010) can be incorporated into blood vessel tissue engineered scaffolds.  

2.7. Cell sources for tissue engineered blood vessel  

Cells are one of the major components of tissue-engineered blood vessel. Blood 

vessel functionality can be achieved only with a non-thrombogenic inner layer 

composed of endothelial cells (ECs) and vaso-active media comprised of smooth 

muscle cells (SMCs). Earlier attempts for endothelial cell seeded grafts were based 

on autologous cell sources (Mansfield et al., 1975). Since these are isolated from the 

patients, adverse immune responses can be avoided. Alternate options are allogenic 

and xenogenic cell sources. Both these cell types can cause   immune problems while 

xenogenic cells are also associated with potential risk of transferring animal 
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pathogens to humans. Researchers have been focussing on the possibility of using 

stem cells as potential cells for tissue engineering purposes. These cells have the 

ability to differentiate into specialized cell types. Stem cells can be isolated from a 

number of sources; embryonic tissue, adipose tissue, bone marrow and peripheral 

blood and can be differentiated into different vascular cells (Pankajakshan & 

Agrawal, 2010). The identification of endothelial progenitor cells in peripheral blood 

was reported earlier (Asahara et al., 1997). Later, smooth muscle progenitor cells 

were also identified and isolated from peripheral blood (Simper et al., 2002). Donor 

site morbidity could be minimized for this kind of cell collection.   

2.8. Development of a tissue-engineered blood vessel 

The most deciding step towards constructing a successful small-diameter vascular 

graft relies on designing a scaffold with optimum physico-mechanical properties. 

Scaffold microstructure, mechanical properties, degradation characteristics, 

antimicrobial aspects and other physico-chemical properties should be properly 

evaluated. Since regeneration of vascular tissue can be significantly affected by in 

vivo physiological environment, appropriate in vitro culture strategies should be 

primarily considered for developing a tissue-engineered blood vessel.  

2.8.1. Evaluation of scaffold 

2.8.1.1. Scaffold micro-architecture: Scaffold microstructure plays a crucial role in 

the performance of the vascular graft which should be characterized and regulated 

carefully. Scanning electron microscopy (SEM) can be used for qualitative analysis 

of surface topography of scaffolds (Gaudio et al., 2009).  With the aid of software 
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like Image J, pore size and electrospun fiber diameter etc can be quantified.  Mercury 

intrusion porosimetry can be employed to quantify porosity characteristics like pore 

size distribution, total pore volume and surface area of scaffolds (Giesche, 2006). 

However, it cannot account for pore interconnectivity and there is chance for 

erroneous measurements due to high pressure mercury intrusion which is not suitable 

for compressible samples and nanofibrous meshes.  In the case of liquid extrusion 

also, pore size distribution, pore volume and permeability of scaffolds can be 

measured. However, the liquid (ethanol) can intrude into the bulk of polymer which 

may result in overestimation of pore volume (Jena & Gupta, 2003). Micro-computed 

Tomography (Micro-CT) is a non-destructive, powerful alternate tool for 

morphological evaluation of scaffolds (Lin et al., 2003). It can provide precise 

quantitative and qualitative information of three-dimensional (3D) morphometric 

parameters of scaffolds such as pore volume, pore size distribution, average pore 

size, pore interconnectivity, density distribution and wall thickness distribution.  The 

gravimetric method also can be used to quantify the pore volume present within the 

scaffolds (Pham et al., 2006).  

2.8.1.2. Mechanical properties: The scaffold should provide the initial mechanical 

integrity required for the graft immediately after the implantation. The mechanical 

properties such as tensile strength, elasticity, burst strength, suture retention strength 

and compliance are critical in proper functioning of the graft (Konig et al., 2009). 

The maximum stress and strain that the scaffold can withstand when stretched before 

failure are denoted by its strength and elasticity. Tensile properties can be measured 

using a dynamic mechanical analyzer (Nerem et al., 1998) or universal testing 
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machine (UTM). Burst strength or burst pressure is the maximum pressure that the 

vascular conduit can be subjected to before an acute leak develops and the conduit 

fails (Sarkar et al., 2006). The term compliance encompasses the changing 

mechanical properties of the graft depending upon the hemodynamic force 

experienced within it (Sarkar et al., 2006), which can be analyzed in static or 

dynamic states using a video motion analyzer (Nerem et al., 1998). Mechanical 

properties for native blood vessels are summarised in Table 3. 

Vessel type 
Mechanical properties Human sephenous 

vein 
Human artery 

References 

Tensile strength (MPa) -- 1-2 (Mohan et al., 1982) 

Elasticity (%) -- 45-99 (Xu et al., 2004b) 

Modulus (MPa) -- ---  

Burst strength (mmHg) 1680-2273 2031-4225 

Suture retention 196 ± 2 200 ± 119 

Compliance (%) 0.7-1.5 4.5-6.2 

(L’Heureux et al., 
2006) 

 

Table 3: Mechanical properties of native blood vessels 

 

2.8.1.3. Degradation characteristics: For blood vessel tissue engineering, scaffold 

material should possess stable degradation characteristics suitable for long-term 

implantable applications. Degradation of scaffolds has been characterized by weight 

loss, deterioration of polymer molecular weight and mechanical properties. 

Degradation studies can be conducted as a real-time test or accelerated conditions 

depending upon the time needed for the scaffold material to be degraded 

considerably (Lam et al., 2008). As a result of degradation, the mass of the scaffold 

decreases, which can be measured gravimetrically. Molecular weight loss can be 
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calculated using Gel permeation chromatography (GPC) and mechanical properties 

can also be measured (Lam et al., 2009) as described in section 2.2.1.2.  

2.8.1.4. Efficacy studies of antimicrobial activity in scaffold: While incorporating 

the nanoparticles into the scaffold, its distribution within the polymer matrix may 

affect its release profile. The presence of nanoparticles can be estimated using 

transmission electron microscopy and electron dispersive spectroscopy (EDS) (Yu et 

al., 2012) and their release profile can be studied using inductively plasma optical 

emission spectroscopy (ICP/OES) (Xing et al., 2010). The antimicrobial activity of 

the scaffolds can be studied using relevant bacterial strains and evaluated by zone of 

inhibition assay (ZIA) (Madhavan et al., 2011). Usually, different strains such as 

Staphylococcus aureus, Escherichia Coli, Staphylococcus epidermis etc. are 

employed for evaluation.   

2.8.1.5. Characterization of other scaffold properties: Scaffold properties such as 

wetting characteristics, roughness parameters etc can influence both cellular growth 

and hemocompatibility of the vessel (Xu et al., 2004a, Gorbet & Sefton, 2004). 

Surface wettability can be measured using goniometry (Yang et al., 2002) and 

surface roughness using atomic force microscopy (Siedlecki & Marchant, 1998). The 

fabrication process can affect the polymer crystallinity which may be evaluated using 

X-ray diffraction (XRD) and Differential Scanning Calorimetric (DSC) methods. 

Since the incorporated nanoparticles can evoke toxicity problems, cytocompatibility 

of scaffolds should be estimated which can be done using direct contact assay and 

MTT assay. Vascular constructs are also expected to possess appropriate blood 

compatibility which can be measured by hemolysis assay (Thomas & Nair, 2011). 
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2.8.2. Culture conditions of vascular construct  

The blood vessel is always subjected to a dynamic mechanical environment. Reports 

suggest that vascular tissue organization and its mechanical properties are dependent 

on mechanical stimulation during in vitro culture (Seliktar et al., 2003). With the aid 

of a bioreactor, in vivo dynamic conditions can be mimicked to the engineered tissue 

which should be set up in a high sterile environment. A bioreactor can be defined as 

any apparatus that attempts to mimic and reproduce physiological conditions in order 

to maintain and encourage cell culture for tissue generation (Bilodeau & Mantovani, 

2006). Cell culture parameters such as temperature, pH, biochemical gradients and 

mechanical stresses can be continuously monitored. It was reported earlier that the 

phenotype of endothelial and smooth muscle cells, their alignment in longitudinal 

and circumferential directions, respectively and deposition of ECM components such 

as collagen and elastin can be  regulated by the influence of bioreactor compared to 

static culture conditions (Williams & Wick 2004). Perfusion bioreactors have been 

frequently employed for the culture of vascular grafts (Jeong et al., 2005).  

 To summarize, significant progress has been made in vascular research 

towards creating a successful small-diameter vascular graft. The development of a 

functional scaffold with required microstructure, optimum mechanical and 

degradation properties still remains as a challenging task in vascular tissue 

engineering. In this study, a bi-layered antimicrobial scaffold with appropriate 

gradient porosity and optimized properties is expected to serve the purpose and 

efforts are being taken to achieve this.   
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CHAPTER 3 

MATERIALS AND METHODS 

 

In this study, efforts were made to develop an appropriate scaffold for tissue 

engineered small diameter blood vessels. Methods adopted for scaffold fabrication   

were SCPL and electrospinning. Finally the bi-layered scaffold (BS) was developed 

by combining both techniques. Silver nanoparticles were synthesized and 

incorporated into the scaffold for imparting antimicrobial activity. All experiments 

related to scaffold fabrication are described in section 3.1.  The physico-mechanical 

properties of the scaffold systems are evaluated and detailed in section 3.2. The cyto-

compatibility experiments are described in section 3.3.  

3.1. Fabrication of scaffold for blood vessel tissue engineering 

3.1.1 Commercial reagents  

Poly(ɛ-caprolactone) (Mn = 42,500 & 80,000) and Poly(ethylene glycol) (Mn = 3,400 

& 8,000) were purchased from Sigma Aldrich, USA. Silver nitrate (AR grade), 

Poly(ethylene glycol) (Mn = 200) and Dichloromethane (DCM, HPLC grade) were 

obtained from Merck, India.  

3.1.2. Fabrication of scaffolds by Solvent Casting- Particulate Leaching [SCPL]  

Different polymer-porogen compositions were prepared for solvent casting. The 

combination ratios of PCL and PEG in the dissolved mixtures were varied as 
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depicted in Table 4. Uniform dispersion of these mixtures was facilitated by 

magnetic stirring.  

Sample Code Polymer Porogen *PEG loading (%) PCL-PEG ratio 

SC1 PCL42500 PEG8000 25 4:1 

SC2 PCL42500 PEG8000 50 4:2 

SC3 PCL42500 PEG8000 75 4:3 

SC4 PCL42500 PEG8000 100 4:4 

SC4 PCL42500 PEG3400 25 4:1 

SC5 PCL42500 PEG3400 50 4:2 

SC6 PCL42500 PEG3400 75 4:3 

S24 PCL42500 PEG3400 100 4:4 

Table 4: Composition of different solvent cast PCL scaffolds 

*Concentration of PCL is kept constant (8.5 wt %) in all compositions and PEG is loaded in 25, 50, 75 

and 100% of PCL taken.   

 

 

Figure 7: Solvent casting set up of tubular scaffolds: A, PCL-PEG solution; B, Cast on to mandrels 

and C, leaching of porogen from scaffolds 
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Steps involved in SCPL fabrication of tubular scaffolds were PCL-PEG 

solution preparation, casting process and leaching of porogen PEG as represented in 

Figure 7. Tubular scaffolds were cast on stainless steel (SS) mandrels having a 

diameter of 4mm and a length of 100 mm followed by particulate leaching. The 

conduits were carefully removed from the mandrels and stored further in deionized 

water (DI/W) for 72 h with intermittent change of DI/W to facilitate leaching of 

porogens. On completion of the leaching process, scaffolds were washed repeatedly 

and lyophilized in a freeze drier (Alpha 1-4 LD, Christ, Germany). Wall thicknesses 

of these scaffolds were measured using a micrometer. 

3.1.3. Fabrication of scaffolds by electrospinning technique 

The concentration of PCL (Mn = 80,000) in dichloromethane was varied from 10, 12, 

14, 16, 18, 19 to 20 wt % and the optimum concentration (19 wt %) at which uniform 

fibers were formed without any bead formation was identified.  The selected PCL 

solution (19 wt%) was then subjected to  electrospinning  using the equipment HO-

NEU-02 (Holmarc mechanotronics Pvt.Ltd, India) as shown in Figure 8.  

 

Figure 8: Electrospinning set up for the fabrication of tubular scaffold 
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Using a voltage source (Gamma high voltage research, USA), the polymer 

solution was ejected through a 10 ml syringe with 21 G needle. Fiber mats were 

fabricated by varying the flow rate from 1 to 5 ml/hr while applying 14-21 kV 

voltage and maintaining the collector-to-needle distance at 15-20 cm. The ejected 

fibers were collected on a mandrel having a diameter of 4 mm which was kept at a 

rotating speed of 1000 rpm. The scaffolds were carefully separated from the 

mandrels and analyzed. 

3.1.4. Synthesis and characterization of silver nanoparticle  

Poly(ethylene glycol) protected SNP solution was synthesized as shown in  Figure 9. 

About 3.88 g of PEG 3400 was dissolved in PEG 200 (10ml) at 80o C with stirring. 

After dissolution, 0.1 g silver nitrate was added in small quantities at 40-43oC with 

mild stirring which was continued for 1 h. A clear brown colour indicated completion 

of reaction. Synthesized SNP was characterized by Transmission electron 

microscopy (TEM, Hitachi H-7650, Japan), UV-Visible spectroscopy (UV-1800, 

Shimadzu, Japan) and X-ray diffraction (XRD, SEIMENS D-5005, Germany). 

 

Figure 9: Diagram showing synthesis of SNP: A, silver nitrate; B, PEG solution prepared by mixing 

PEG-3400 and 200; C, synthesis set up of SNP solution and D, synthesized SNP solution 
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3.1.5. Fabrication of SNP incorporated SC and ES scaffolds 

Fabrication of SNP-incorporated solvent cast and electrospun scaffolds was carried 

out by adding SNP solution into PCL-PEG and PCL solutions in such a way that 

each system contained silver nanoparticles amounting to 0.1 % of the total polymer 

content. The corresponding SC-SNP and ES-SNP solutions were subjected to solvent 

casting (as detailed in section 3.1.2) and electrospinning (as detailed in section 3.1.3). 

The overall scheme for the fabrication of SNP-incorporated scaffolds is represented 

in Figure 10. The scaffolds were carefully separated from the mandrels and 

lyophilized. 

 

Figure 10: Scheme illustrating the fabrication of SNP incorporated scaffolds: A-D represents 

electrospinning fabrication and A & E-G  represents solvent casting; A, synthesized SNP; B, PCL 

solution; C, SNP incorporated PCL solution; D, electrospinning set up; E, PCL-PEG solution; F, SNP 

incorporated PCL-PEG solution and G, solvent casting 
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3.1.6. Design of bi-layered scaffold by combining SCPL and electrospinning  

Bi-layered scaffolds having outer diameter of 4 mm and length of 70 mm were 

fabricated by combining SCPL and electrospinning methodologies as shown in 

Figure 11. Initially tubular scaffolds were solvent cast from the SC-SNP solution and 

lyophilized (as described in section 3.1.2). These were inserted into electrospinning 

mandrels (Figure 11B) and fibers were collected on them (as described in section 

3.1.3).  During the initial deposition of PCL fibers, a mild heat treatment was applied 

on the top surface of the solvent cast scaffolds using a hair dryer for improving inter 

layer adhesion between the two layers. Electrospinning was carried out at 3 ml/hr 

flow rate at a voltage of 13 kV with collector needle distance of 20 cm. All other 

electrospinning parameters were kept as such as described in section 3.1.3.  

 

Figure 11: Various steps involved in fabrication of bi-layered scaffolds: A, fabrication of solvent 

cast SC-SNP scaffold; B, insertion into mandrel and C, electrospinning on to SC-SNP scaffold to 

generate the bi-layered scaffold 
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3.2. Characterization and evaluation of scaffolds 

3.2.1. Surface analysis 

The surface topography of the scaffolds was examined using a scanning electron 

microscope (SEM, Hitachi S2400 Japan). The scaffolds were fixed on aluminium 

stubs, sputter coated with gold and scanned at a voltage of 15 kV. In the case of 

electrospun scaffolds, the fiber diameter distribution was quantitatively analyzed 

from scanning electron micrographs using Image J software. 

3.2.2. Porosity analysis   

Scaffolds were analyzed using a micro-computed tomography (micro-CT, Scanco 

µCT 40, Switzerland) equipped with a charge-coupled device (CCD) detector (Figure 

12). Samples were scanned at 12 µm voxel resolution using X-rays having energy 

45keV and 177mA intensity. The isotropic slice data obtained by the system was 

reconstructed to about 300 to 400 two dimensional (2D) images. The 2D slice images 

were then compiled and analyzed to obtain the three dimensional (3D) images. The 

images were analyzed using an in-built software (Scanco) for estimating pore 

characteristics such as pore size and pore volume of each scaffold. Parameters such 

as scaffold wall thickness and inner diameter were also analyzed.  

Dimensional parameters of sheep artery (collected after IAEC approval, 

B1062008 V) such as inner and outer diameters and wall thickness were also 

analyzed using micro-CT by scanning at experimental conditions similar to that of 

scaffolds.  
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Figure 12: Micro-CT analysis of scaffold: A, micro-CT equipment and B, scout view of sample 

with container 

 

3.2.3. Gravimetric Analysis 

An alternate method adopted to study porosity was the gravimetric technique.  

Knowing the density of PCL (ρPCL= 1.145g/ml), pore volume of each scaffold was 

calculated using this method. Scaffold discs of 8 mm diameter were prepared and 

scaffold density (ρscaffold) was calculated from mass and volume of discs (Pham et al., 

2006). Porosity was estimated using the equation,  

Porosity = 1- (ρscaffold / ρPCL). 

3.2.4. Distribution and release profile of SNPs  

Distribution of SNPs within the electrospun mat was studied using Energy 

Dispersive Spectroscopy (EDS, Oxford Instruments, Swift Ed, and Japan) and 

surface distribution of SNPs on spun fibers was studied by TEM (Hitachi H-7650, 

Japan). The release of SNPs from PCL scaffold matrix (diameter- 4mm, length- 
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60mm) was monitored in DI water at 1, 2, 3, 4, and 5 days using inductively coupled 

plasma optical emission spectroscopy (ICP/OES, Perkin-Elmer, 5300DV, USA). 

3.2.5. Antimicrobial activity testing  

Susceptibility of bacterial strains to SNPs was evaluated by Zone of Inhibition Assay 

(ZIA). Scaffolds with and without SNPs were incubated in PBS at 37o C for 3 days. 

The eluted medium was collected, 100 ml was blotted on to absorbent discs and 

antimicrobial activity was tested against Gram-positive (S. aureus ATCC 25923) and 

Gram-negative (E. coli ATCC 25922) bacteria using gentamicin disc (10 mg) as the 

positive control. The samples were placed on the agar plates cultured with microbes 

for 24 h at 37o C and zone of inhibition was evaluated. 

3.2.6. Analysis of scaffold crystallinity  

Scaffolds were scanned using differential scanning calorimetry (DSC, TA 

instruments, DSC-Q100, USA) as per procedure stipulated in ASTM D3418-08. 

Thermograms were recorded (-90 to 100o C) at a heating rate of 10o C/min in 

nitrogen atmosphere. Considering the enthalpy of melting (Hft) of 100 % crystalline 

PCL as 139.5 J/g (Eldsater et al., 2000) and knowing actual heat of fusion (Hfa) of 

the scaffold, crystallinity of scaffolds was  calculated (Barbanti et al., 2004) using the 

equation,  

Degree of crystallinity (%) = (Hfa/Hft) x 100. 

Scaffold crystallinity was also estimated by X-ray diffraction (XRD, 

SEIMENS D-5005, Germany) using the powder diffraction method. 
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3.2.7. Contact angle studies  

The surface wettability of solvent cast scaffold was determined by sessile drop 

method using a video-assisted contact angle measuring device (DataPhysics OCA15 

plus, Germany) and imaging software (SCA20 software, Germany). Within 10 

seconds of the introduction of the DI/W droplets, the contact angle formed between 

the sessile droplets and the scaffolds were measured. The contact angle is expressed 

as average of four independent measurements taken at different sites on each 

scaffold. 

3.2.8. Surface roughness analysis 

The scaffolds were scanned using atomic force microscopy (AFM, Nanosurf 

Easyscan 2, Switzerland). Images of each sample were captured in the ambient air at 

15–20 % humidity at a tapping frequency of approximately 300 kHz and with a scan 

view of 50 x 50 µm. Surface roughness (nm) in each of three random fields of 

scaffolds was obtained which was averaged and recorded. 

3.2.9. Mechanical testing 

3.2.9.1. Tensile testing: The tensile stress at maximum load of tubular scaffolds 

(4mm diameter x 40 mm gauge length) was determined using a Universal Testing 

Machine (UTM, Instron 3365, UK) as shown in Figure 13A. Outer diameter and wall 

thickness of each scaffold were measured. The test was conducted uniaxially at 

crosshead speed of 50 mm/min using a 10 N load cell. Maximum load (N) is 

obtained from the load-extension curve and knowing the sample cross-sectional area, 

tensile strength of scaffolds was calculated. 
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3.2.9.2. Suture retention strength testing: The suture retention strength of scaffolds 

was also determined using tensiometry (Roh et al., 2008) as shown in Figure 13B. 

Tubular scaffolds were cut into 0.5 cm x 2 cm strips and suture retention strength 

was measured by placing a 5-0 suture approximately 1 mm from the end of scaffold. 

The suture was clamped into the upper grip with scaffold immobilized in the lower 

grip. The force needed to displace the suture from scaffold was measured uniaxially 

using a crosshead speed of 10 mm/min. 

 

Figure 13: Mechanical testing of scaffolds: A, Tensile testing and B, suture retention testing 

 

 

Figure 14: Burst strength testing of scaffolds: A, Sample holder with traversing probe; B, Scaffold 

on the holder and C, Sample holder with traversing probe on UTM 
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3.2.9.3. Burst strength testing: The sample to be tested was clamped over an orifice 

by means of a flat annular clamp ring [Figures 14A-B], and a cylindrical probe with a 

hemispherical head was traversed through the specimen until it ruptured as 

represented in Figure 14C. The applied load was measured continuously during the 

procedure using tensiometry. By knowing the maximum force ‘F’, thickness of 

sample ‘t’  and  diameter of probe ‘d’, burst strength could be calculated using the 

equation, Burst strength = 2Ft/d. 

3.2.10. Determination of degradation profile of scaffolds 

The degradation properties of scaffolds were studied as per the procedure stipulated 

in ISO 10993-13. Each scaffold (4 mm diameter x 70 mm length) was initially 

weighed (W0), washed with 70 % alcohol and stored separately in 45 ml PBS (pH 

=7.4) and incubated at 37o C upto one year.  

3.3.10.1. Gravimetric weight loss: At the completion of degradation period of one 

year, the samples were taken out, rinsed with deionized water, lyophilized, weighed 

(Wf) and  weight loss was determined. The percentage weight loss was estimated 

using the equation, 

Gravimetric weight loss (%) = (W0 – Wf)/ W0 x 100. 

3.3.10.2. Analysis of MW as an indicator of degradation: Molecular weights of 

scaffolds before (M0) and after degradation (Mf) were determined using gel 

permeation chromatography (GPC, Shimadzu Prominence, LC-20, Japan) equipped 

with a refractive index (RI) detector. Twenty micro-litres of 0.5% solution of 

scaffolds in chloroform was injected, chloroform was used as the mobile phase at a 
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flow rate of 2ml/minute for each analysis. Average molecular weights were 

determined from GPC chromatograms. The percentage loss in MW was calculated 

using the equation,  

Loss in MW (%) = (M0 – Mf)/ M0 x 100. 

3.3.10.3. Analysis of mechanical strength after degradation: The tensile strength of 

PCL scaffolds before and after degradation was measured using the same 

methodology adopted for non-degraded scaffolds as given in section 3.2.7.1.   

3.2.11. In vitro Cytocompatibility evaluation 

3.2.11.1. Direct contact assay: Cytotoxicity test was evaluated using direct contact 

method as per ISO 10993-5 procedure. The ETO sterilized samples along with 

negative control high-density polyethylene (HDPE) and positive control polyvinyl 

chloride (PVC disc) in triplicate were kept on top of the confluent layer of L929 

mouse fibroblast cells. The cells were incubated with the samples at 37 ± 2o C for 24 

± 2 h and cell culture was examined under phase contrast optical microscope for 

cellular response around test and control samples. The morphology of cells was 

examined and compared to negative and positive controls.  

3.2.11.2. MTT assay: Test samples were incubated with 1ml of culture medium 

containing serum at 37 ± 1o C for 24 ± 2 h. After 24 h, the extract was diluted with 

culture medium to get 100 %, 50 %, 25 % and 12.5 % dilution. Cells cultured on 

normal medium were considered as experimental control. Equal volumes of various 

dilutions of test samples along with extract of negative control (Ultra High Molecular 

Weight Polyethylene) and positive control (13mg/ml phenol diluted with culture 
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medium containing serum) were placed on sub-confluent monolayers of L929 cells. 

After incubating at 37 ± 1o C for 24 ± 2 h, the extract and control medium were 

replaced with 50 µl of MTT solution and were incubated at 37 ± 2o C for 2 h. After 

discarding MTT solution, 100 µl of isopropanol was added to all the wells. Purple 

colouring developed due to formation of formazan was quantified by measuring 

absorbance at 570 nm using a spectrophotometer (Powerwave XS, Biotek, USA). 

The data obtained for test samples, negative and positive controls were compared 

with experimental control. 

3.2.11.3. Hemolysis studies: The effect of contact of scaffold material with blood 

was examined using percentage hemolysis assay, which was performed according to 

ISO 10993-4 procedure. Human blood was collected (IEC Approved, 

ECR/189/INST/KL/2013) into the tube containing anticoagulant acid citrate dextrose 

(ACD). The test materials (4mm diameter disc) were placed in the culture plates and 

agitated with phosphate buffered saline (PBS). To each plate, 1.5 ml blood was 

added and a 0.5 ml sample was collected immediately for analysis. The remaining 1 

ml was exposed to the scaffold for 30 minutes under agitation at 75 ± 5 rpm using an 

Environ shaker (Lab-line instruments Inc, USA) at 35 ± 2o C. Empty culture dishes 

exposed to blood were taken as reference. The total hemoglobin in the initial samples 

was measured using an automatic hematology analyzer (Sysmex- K4500, Sysmex 

Corporation, Japan). Platelet-poor plasma was prepared from blood exposed for 30 

minutes. Free hemoglobin (Hb) liberated into the plasma after exposure was 

measured for each sample using a Diode array spectrophotometer (HP 8453, Hewlett 

Packard, Germany) and the percentage hemolysis calculated using the equation, 
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% Hemolysis = (Free Hb/Total Hb) x 100. 

3.3. Cell culture experiments 

3.3.1. Materials employed 

3.3.1.1. Commercial reagents: Gelatin, Histopaque 1077, ascorbic acid, L-

glutamine, heparin, 4’,6-diamidino-2-phenylindole (DAPI), TritonX-100 (Sigma 

Aldrich, USA), MCDB 131 culture medium (Pan Biotech, Germany), trypsin-EDTA, 

antibiotic-antimycotic, foetal bovine serum (FBS) (Gibco BRL, USA), phalloidin 

conjugated with Texas Red  (Molecular probes, USA), May-Grunwald (Himedia 

Laboratories Pvt. Ltd, India) and Giesma (Nice Chemicals Pvt. Ltd, India) for 

preparing May-Grunwald-Giemsa (MGG) were obtained from sources indicated in 

the brackets. 

3.3.1.2. Reagents prepared in-house: Angiogenic growth factor (AGF) was prepared 

from bovine hypothalamus according to an established method (Maciag et al., 1979). 

Platelet-derived growth factor (PGF) was also prepared as described earlier (Resmi 

& Krishnan, 2002). Lyophilized powder consisting of fibrinogen and fibronectin 

(cryoprecipitate from screened and pooled human plasma) and thrombin (purified 

human thrombin from fibrinogen depleted plasma by diethylaminoethyl (DEAE) 

cellulose ion exchange chromatography for clinical use obtained in lyophilized form 

as ~250 IU per vial) were also used.  
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3.3.2. Preparation of cell culture media 

Two specific culture media were prepared and cells were cultured as per reported 

procedure (Sreerekha et al., 2006) for differentiating endothelial and smooth muscle 

progenitor cells (EPC and SMPC) into EC and SMC.   

3.3.2.1. Endothelial cell specific medium: The EPC culture medium consisted of 

MCDB 131 culture media supplemented with FBS (10 %), L-glutamine (10 mM/L), 

ascorbic acid (0.3 mM/L), heparin sulphate (10 IU/ml), AGF (50 µg/ml) and 

antibiotic-antimycotic (10 µg/ml) mixture. The culture medium was mixed well and 

filtered through a syringe filter and stored at 4o C. 

3.3.2.2. Smooth muscle cell specific medium: The SMPC culture medium consisted 

of MCDB 131 culture media supplemented with FBS (2 %), L-glutamine (10 mM/L), 

ascorbic acid (0.3 mM/L), PGF (4 µg/ml) and antibiotic-antimycotic (10 µg/ml) 

agent. The culture medium was mixed well and filtered through a syringe filter and 

stored at 4o C. 

3.3.3. Isolation of cells from blood 

Peripheral blood mononuclear cells (PBMNCs) were isolated from rabbit (IAEC 

approved, SCT/IAEC-067/AUGUST/2013/81) and sheep blood (IAEC approved, 

B1062008 V) to culture and differentiate into endothelial and smooth muscle cells 

for vascular tissue engineering applications.  

3.3.3.1. Isolation of sheep PBMNCs: Sheep blood was collected; PBMNC was 

isolated and cultured with minor modification of reported methods (Asahara et al., 

1997, Sreerekha et al., 2006). Fifty ml blood was collected aseptically from 
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experimental animals into heparinized tubes. Red blood cells (RBCs) were settled by 

centrifugation (Hareus, Germany) at 1200g for 1 h in a 50 ml tube. Superficial 

plasma was discarded and PBMNCs at the interface were collected, diluted and 

mixed well with equal volumes of Hank's Balanced Salt Solution (HBSS) to make up 

the volume to 8 ml. These were layered over 6 ml Histopaque-1077 and centrifuged 

at 400g for 30 minutes at 25o C. The layer containing PBMNCs was carefully 

separated from the plasma-Histopaque interface and washed with HBSS by 

centrifugation at 150g at 4o C for 10 minutes. The washed PBMNCs were suspended 

in MCDB 131 media. 

3.3.3.2. Isolation of rabbit PBMNCs:  Rabbit blood (15ml) was collected and 

PBMNCs were isolated using Histopaque gradient centrifugation as described above 

with slight modification. Rabbit blood was centrifuged at 1200g (Hareus Stratos, 

Germany) for 30 minutes.  Superficial plasma was discarded; leukocytes settled at 

the interface were collected and PBMNC obtained (as described in section 3.3.3.1). 

3.3.4. Culture and differentiation of PBMNCs on cell specific matrix 

The PBMNCs isolated from sheep or rabbit blood were processed for obtaining 

endothelial and smooth muscle cells using cell-specific matrix and medium. 

3.3.4.1. Preparation of EPC specific matrix: Culture dishes were coated with the 

fibrin-based matrix according to established procedure (Sreerekha et al., 2006). The 

modified fibrinogen composite consisting of fibrinogen (2 mg/ml), gelatin (0.2%) 

and AGF (50 µg/ml) was used.  To obtain the composite coated surface, culture 

dishes were incubated with thrombin (5 IU/ml) for 30 min at 37o C. After incubation, 

excess thrombin solution was removed and fibrin composite added to the surface 
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(8µl/cm2). Fibrin was allowed to polymerize at 37o C for 30 minutes, frozen at -70o C 

for at least 2 h lyophilized (Edwards, Modulyo 4K, UK) and stored at 4° C till use. 

3.3.4.2. Preparation of SMPC specific matrix: The culture surfaces were incubated 

with 5 IU/ml thrombin for 30 minutes. The thrombin solution was aspirated out and 

surfaces were brought to near dry state.  The cocktail consisting of fibrinogen (2 

mg/ml), gelatin (0.2%) and PGF (40 µg/ml) was layered over thrombin-adsorbed 

surfaces (8 µl/cm2), incubated at 37o C for 30 minutes, freeze dried and stored at 4o C 

until use. 

3.3.4.3. Culture of PBMNCs to obtain endothelial cells: Peripheral blood 

mononuclear cells were isolated from sheep or rabbit blood (as detailed in section 

3.3.3). The cells suspended in EPC medium were seeded onto the uncoated tissue 

culture dishes.  After 1 h, floating cells were removed; non-adherent but settled cells 

were flushed out and seeded on to the EPC specific matrix. These were cultured in a 

humidified incubator under 5 % CO2 at 37o C during which fresh medium was 

supplemented at a 24 h interval for 3 days and subsequently on every alternate day. 

3.3.4.4. Culture of PBMNCs to obtain smooth muscle cells: Peripheral blood mono 

nuclear cells were isolated from sheep or rabbit blood as described in section 3.3.3. 

The cells suspended in EPC medium were seeded onto uncoated tissue culture 

dishes.  After 1 h, floating cells were removed; non-adherent but settled cells were 

flushed out and seeded on to EPC specific matrix. These were cultured in a 

humidified incubator under 5 % CO2 at 37o C during which fresh medium was 

supplemented at a 24 h interval for 3 days and subsequently on every alternate day. 
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3.3.5. Bio-mimetic fibrin coating on scaffolds 

The scaffolds were coated with a bio-mimetic matrix as per reported procedure 

(Pankajakshan et al 2007) with a modified matrix composition. The bio-mimetic 

matrix was prepared by mixing fibrinogen (2 mg/ml) solution in sterile water with 

gelatin (0.2 %). Initially scaffold surfaces were saturated with thrombin solution (5 

IU/ml) in sterile water for 30 minutes at 37o C. The tubular scaffold was taken out of 

thrombin and dipped in the fibrinogen composite solution for ~2 s and then allowed 

to clot for 30 minutes at 37o C. The coated scaffolds were lyophilized in a freeze 

dryer (Modulyo 4K, Edwards, UK) and stored at 4 to 6o C. 

3.3.6. Cell culture on scaffolds 

3.3.6.1. Static culture of endothelial cells on scaffolds: The cells were harvested at 

the second passage and seeded with 1x106 cells/cm2 density in the lumen of the 

fibrin-coated scaffolds. The scaffolds were immersed in EC specific culture medium 

and allowed to grow for 3 to 5 days under static culture conditions.  

3.3.6.2. Dynamic culture of EC and SMC on bi-layered scaffold: Differentiated 

ECs and SMCs between 2-3 passages were harvested from the respective culture 

plates. ECs were seeded onto the luminal surface of the scaffold at a density of 1×106 

cells/cm2 and SMCs onto the abluminal surface at a density of 3×105 cells/cm2 

(Mathews et al., 2012). After overnight incubation, unattached cells were removed 

and the scaffolds were immersed in the fresh culture medium. The scaffolds were 

then connected to a two-channel bioreactor system and shear stress was gradually 

increased up to 1 dyne/cm2 over a period of 24 h and the entire assembly was kept at 
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37o C under 5 % CO2. The same medium was used for both channels (EC and SMC 

compartments) and fresh medium was supplied at 48 h intervals for the culture. 

 

Figure 15: Two channel bioreactor set up for culture of EC and SMC on scaffold 

 

3.3.7. Analysis of cell adhesion and proliferation on scaffolds 

For determining EC spreading and growth on scaffolds, the cell grown scaffolds 

were slit open. Cells were washed three times with phosphate-buffered saline (PBS; 

pH 7.4) and fixed using 3.7 % formaldehyde in PBS. The fixed cells were permeated 

using 0.1 % Triton-100. After three repeated washes with PBS, the cells were stained 

with Texas Red Phalloidin for actin filaments and DAPI for nuclei as per 

manufacturer’s instructions. The cells were subsequently washed and viewed under a 

fluorescence microscope (Leica DM IRB, Germany) and imaged using a LAS image 

processing system (Leica, Germany). Cell proliferation on scaffolds was analyzed 

using environmental scanning electron microscopy (ESEM, Quanta 200, FEI, 

Netherlands). EC and SMC growth on the scaffolds after 3 days of culture were 

analyzed using the MGG staining method. 
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3.3.8. Statistical analysis 

Three to six measurements were done for each analysis and quantitative data are 

presented as average ± standard deviation. ANOVA single factor was taken for 

comparison purposes in which p < 0.05 was used as the criterion for significant 

difference. The number of tests for each parameter is indicated in the respective 

figure legends. 
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CHAPTER 4 

RESULTS 

 

Chapter 4 contains the results obtained in the current study. It is divided into five 

subsections. The first section details the optimization of scaffold properties 

fabricated using SCPL method. The second section includes the evaluation of solvent 

cast scaffold properties after SNP incorporation. The third section represents the 

optimization of electrospun scaffold properties. The fourth section explains the 

properties of electrospun scaffold after SNP incorporation. The fifth section details 

the outcome of the design strategy adopted for developing an antimicrobial, bi-

layered and porous scaffold whose properties have been evaluated for tissue-

engineered small diameter blood vessels.  

4.1. Optimization of properties of scaffolds fabricated using SCPL 

The major objectives of this section are to evaluate the effect of PEG concentration 

and molecular weight (porogen size) on the properties of tubular scaffolds and on the 

degradation rate of selected scaffolds. 

4.1.1. Effect  of porogen concentration on tubular scaffold properties 

4.1.1.1. Scaffold macrostructure  

Tubular scaffolds with varying pore size and porosity were fabricated successfully 

(Figure 16). Scaffold wall thickness was found to increase with PEG content and was 

found to vary from 27.5 ± 6.2 to 80.3 ± 5.0 µm (Table 5). Macroscopic examination 
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showed better tubular consistency [Figures 16A&B-Inset] and qualitative 3D images 

obtained from µ-CT showed more uniformity in the scaffold wall [Figures 17A-D & 

18A-D] for both SC4 and SC8 scaffolds when PCL and PEG content were 

maintained equal. 

 

Figure 16: Macroscopic view of solvent cast scaffolds: A, scaffolds containing PEG8000 and        

B, scaffold containing PEG3400. Inset shows cross sectional view of scaffolds 

 

Scaffold ID 
Wall thickness 

(µm) 
Crystallinity 

(%) 
Contact angle 

(θθθθ) 

SC1 32.7 ± 5.0 58.06 72 ± 1.5 

SC2 35.0 ± 6.6 61.94 74 ± 1.8  

SC3 42.6 ± 9.5 67.24 76 ± 2.0 

SC4 70.0 ± 4.0 61.94 71 ± 1.5 

SC5 27.5 ± 6.2 58.09 62 ± 1.9 

SC6 30.7 ± 6.7 60.53 66 ± 2.0 

SC7 50.1 ± 10 67.78 67 ± 1.0 

SC8 80.3 ± 2.0 51.72 58 ± 2.1 

 

Table 5: Wall thickness, crystallinity and contact angle values of fabricated scaffold 
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Figure 17: Micro-CT images of PCL scaffolds with PEG8000: A–D represents 3D images; E–H 

represents thickness distribution;  I–L represents pore size distribution; A, E & I  are SC1 scaffolds; B, 

F & J  are SC2 scaffolds; C, G & K are SC3 scaffolds and D, H & L  are SC4 scaffolds 

 

 

Figure 18: Micro-CT images of PCL scaffolds with PEG3400: A–D represents 3D images; E–H 

represents thickness distribution;  I–L  represents pore size distribution;  A, E & I  are SC5 scaffolds; 

B, F & J are SC6 scaffolds; C, G & K are SC7 scaffolds and D, H & L are SC8 scaffolds 
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4.1.1.2. Analysis of porosity characteristics 

Scanning electron microscopic images revealed spherical pores within PCL matrix 

and increase in porosity with rise in PEG content [Figures 19&20]. Uniform scaffold 

pore size resulted [Figures 19A-B & 20A-B] in PCL100: PEG25 (4:1) and PCL100: 

PEG50 (4:2) systems. Further loading (4:3 & 4:4 systems) of PEG was found to 

result in considerable enhancement in the porosity [Figures 19C-D&20C-D]. 

Inverted images obtained using µ-CT also demonstrated enhancement of the porosity 

with increasing PEG content in PCL matrix resulting in uniform pore size 

distribution when PCL- PEG content was kept equal [Figures 17 I-L & 18 I-L]. 

 

Figure 19: Surface morphology of scaffolds fabricated using PEG8000: A, SC1; B, SC2; C. SC3 

and D, SC4 scaffolds 
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Figure 20: Surface morphology of scaffolds fabricated using PEG3400: A, SC5; B, SC6; C, SC7 

and D, SC8 scaffolds 

 

 

Figure 21: Representative histogram showing pore size distribution: A, scaffolds with PEG8000 

and B, scaffolds with PEG3400; scaffolds were evaluated in triplicates and results are expressed as 

mean ± standard deviation (SD) 
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Quantitative analysis of scaffold pore size showed majority of the pores to be 

< 24 µm in size [Figure 21]. In scaffolds containing PEG8000, pores in the range of 

24-60 µm were predominant whereas those containing PEG3400 showed majority of 

pores within 24-36 µm range. Porosity was found to increase with PEG content and 

highest porosity observed was 81.8 ± 1.6% and 77.2 ± 2.1% for SC4 and SC8 

scaffolds respectively [Figure 22]. 

 

Figure 22: Quantification of pore volume within samples: A, scaffolds with PEG8000 and            

B, scaffolds with PEG3400; Data from six experiments are given as mean ± SD and * indicates p < 

0.05 
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4.1.1.3. Hydrophilic and crystalline properties  

Contact angle measurements demonstrated the hydrophilic nature of the scaffold 

surface (θ < 90). Hydrophilicity did not vary significantly with PEG concentration. 

However, greater surface wettability was observed for all scaffold systems 

containing PEG3400 compared to PEG8000 system (Table 5). DSC analysis showed 

the crystalline nature of PCL to be affected by solvent casting process and 

crystallinity dominated for scaffolds containing 50% and 75% PEG (Table 5). 

4.1.1.4. Mechanical strength evaluation 

The variation of tensile strength (TS) of scaffolds with PEG content is shown in 

Figure 23. TS was found to vary from ~8 to 12 MPa; Scaffolds SC1 (11.62 ± 1.36 

MPa) and SC5 (12.75 ± 1.45 MPa) showed the highest TS values whereas SC4 (7.28 

± 0.57 MPa) and SC8 (8.22 ± 0.87 MPa) showed low values. 

 

Figure 23: Variation of tensile strength of scaffolds with porogen parameters; six to eight 

scaffolds were evaluated and values are expressed as mean ± SD values  
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4.1.1.5. Endothelial cell growth on scaffolds 

Microscopic examination of cell grown scaffold revealed good endothelial cell 

growth. Well spread actin filaments of endothelial cells were observed on both SC4 

and SC8 scaffolds after 3 days of culture [Figures 24A&D].  DAPI counterstained 

cell nuclei are shown in Figures 24B & E. Figures 24C & F represents merged 

images showing both actin and cell nuclei. 

 

Figure 24: Fluorescent micrographs showing endothelial cell cultured scaffolds for 3 days: A & 

D are actin stained; B & E are nuclei stained and C & F  are merged images; A–C represents SC4 and 

D–F represents SC8 scaffold (scale bar = 200 µm) 

 

4.1.2. The influence of PEG molecular weight on scaffold degradation  

4.1.2.1. Macro structure and structural integrity 

Macroscopic observation showed a distinct difference in the surface morphology of 

SC4 and SC8 scaffolds before degradation (0d) and after degradation (6m) as 
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represented in Figure 25. Surface deformation was observed throughout the length of 

SC4 whereas SC8 had smooth abluminal and luminal surfaces after the degradation. 

The structural integrity of both scaffolds after six months degradation is shown as 

qualitative tracings obtained from micro-CT (Figures 26 & 27).  

 

Figure 25: PCL scaffold fabricated via SCPL method before and after degradation: A, SC4(0d); 

B, SC4(6m); C, SC8(0d) and D, SC8(6m) 

 

 

Figure 26: Micro-CT images of SC4 scaffold before and after degradation: A–C represents 0d 

and D–F represents 6m degraded scaffolds; A & D  are three dimensional images, B & E  are colour 

coded images showing the density distribution and C & F  are inverted images showing porosity 

distribution within the scaffold 
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Figure 27: Micro-CT images of SC8 scaffold before and after degradation: A–C represents 0d 

and D–F represents 6m degraded scaffolds; A & D  are three dimensional images B & E  are colour 

coded images showing the density distribution and C & F  are inverted images showing porosity 

distribution within the scaffold 

 

4.1.2.2. Porosity characteristics 

SEM micrographs of SC4 containing PEG8000 and SC8 with PEG3400 showed 

spherical pore morphologies [Figures 28A&C]. Uniform pore distribution was 

observed in both cases though pocket like surface deformations were observed on 

SC8 scaffold.  After degradation, a shift in the pore size as well as wall thickness 

distribution was observed for both SC4 and SC8 scaffolds [Figures 29 & 30]. While 

SC8 exhibited narrower pore size distribution, SC4 showed broader distribution after 

six months of degradation. In the case of SC4 scaffold, the pore size curve become 

bimodal after degradation, with increase in the percentage of the larger pores (~10 % 

increase in 24-48 µm pores and only ~9 % increase for those < 12 µm). On the other 

hand, SC8 scaffold did not exhibit this behaviour, where degradation was found to 

increase pores of < 24 µm by about 20 % without much increase in higher pore sizes 

where the curve remained narrower than SC4 after 6 months degradation.  
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Figure 28: SEM images of PCL scaffolds before and after degradation: A, SC4(0d); B, SC4(6m); 

C, SC8(0d) and D, SC8(6m) 

 

 

Figure 29: Histogram showing the shift in pore size distribution after degradation: A,  SC4 and 

B, SC8 scaffolds before and after 6 months degradation; triplicate scaffolds were evaluated and results 

are expressed as mean ± SD 

 



73 

 

 

Figure 30: Histogram showing the shift in scaffold wall thickness distribution after degradation: 

A, SC4 and B, SC8 scaffolds; triplicates were evaluated and results are expressed as mean ± SD 

 

4.1.2.3. In vitro degradation properties 

The initial tensile strength (0d) values for SC4 and SC8 scaffolds were found to be 

7.28 ± 0.57 MPa and 8.22 ± 0.82 MPa respectively [Figure 31A]. Degradation 

studies revealed ~20 % reduction of tensile strength for SC4 (5.76 MPa) after 6 

months of storage in PBS and about ~6 % for SC8 (7.71 MPa). The initial suture 

retention strengths for SC4 and SC8 were found to be 0.73 ± 0.67 N and 0.79 ± 0.60 

N respectively [Figure 31B] which decreased by ~22 % for SC4 and ~20 % for SC8 

after degradation for 6 months.  

While gravimetric analysis showed weight loss for both scaffolds (< 5%) 

after in vitro degradation [Figure 32A], molecular weight reduction of ~18 % in the 

case of SC4 and ~16 % in the case of SC8 was observed after 6 months [Figure 32B] 

storage in PBS.   
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Figure 31: Tensile strength of PCL scaffolds before and after degradation: A, tensile strength and 

B, suture retention strength; six to eight scaffolds were subjected to testing; the results are expressed 

as mean ± SD values; * indicates that reduction in properties is statistically significant 

 

 

Figure 32: Summary of data obtained after degradation study of the scaffolds: A, loss of weight 

and B, GPC analysis showing molecular weight loss; for gravimetric analysis and GPC analysis, eight 

and three scaffolds respectively were tested and the results are expressed as mean ± SD values; * 

indicates statistically significant change in properties 
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4.2. Evaluation of SC scaffold properties after SNP incorporation  

4.2.1. Characterization of SNP 

Silver nanoparticles were synthesized and protected from aggregation using 

poly(ethylene glycol) (Madhavan et al., 2011). Transmission electron micrographs 

showed spherical particles with <20 nm size [Figure 33A]. UV-VIS spectra analysis 

revealed a characteristic peak corresponding to 410-440 nm range [Figure 33B]. 

XRD analysis of SNP solution clearly showed the peaks corresponding to silver and 

PEG [Figure 24C];  peaks at 2θ values of 19.25, 23.10, 25.81, 32.48 and 36.02 

corresponding to PEG and 40.2 and 42.72 corresponding (111) and (200) crystalline 

planes of silver were found.  

 

Figure 33: Characteristics of SNP: A, TEM image; B, UV-VIS spectra and C, XRD spectra 
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4.2.2. Macroscopic evaluation  

Figure 34A illustrates the macroscopic view of SNP incorporated scaffold (SC-SNP) 

in comparison with the bare solvent cast scaffold (SC). SEM pictures revealed 

spherical pore morphology for both scaffolds [Figures 34B&C]. Three dimensional 

(3D) images and density distribution images acquired from micro-CT showed 3D 

tubular wall morphology [Figures 35A&D] and density distribution [Figures 35B&E] 

with and without SNP incorporation. 

 

Figure 34: Macroscopic and microscopic view of solvent cast scaffolds with and without SNP:  

A, Photograph of samples B & C  are SEM images of SC and SC-SNP scaffolds respectively  

 

4.2.3. Porosity characteristics 

Inverted images obtained from micro-CT analysis showed the distribution of pores 

within the scaffold [Figures 35C&F]. Pore size histogram revealed SC and SC-SNP 

scaffolds to contain ~88 % and ~87 % pores respectively in 12-24 µm range [Figure 

36]. SC-SNP scaffold was found to have ~ 45 % pores in < 12 µm and ~43 % pores 

in 12-24 µm size whereas SC scaffold had ~69 % and ~18 % pores in  < 12 and 12-

24 µm sizes, respectively.  Similar pore volumes of ~78 % and ~79 % were found 

within SC and SC-SNP scaffolds upon gravimetric analysis. 
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Figure 35: Micro-CT images of solvent cast scaffolds with and without SNP: A–C represents SC 

and D–F represents SC-SNP scaffolds; A & D  are three dimensional images; B & E  are colour coded 

images showing the density distribution and C & F  are inverted images showing porosity distribution 

within the scaffold 

 

 

Figure 36: Graph representing pore size distribution within the scaffold with and without SNP 

incorporation: Triplicates were analyzed and results are given as mean ± SD values 
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4.2.4. Distribution and release profile of SNP 

Distribution of SNP within the scaffold was illustrated by elemental mapping of 

silver using EDS. Red dots within the black background represent the distribution of 

silver within the polymer matrix [Figure 37A]. The peaks corresponding to silver 

were found to be low compared to those of carbon and oxygen [Figure 37B]. The 

release profile showed that nearly ~30 µg of SNP (~56 %) was released within 5 

days of immersion in deionized water [Figure 37C].  

 

Figure 37: Distribution and release profile of SNP from PCL scaffold: A, Silver distribution 

mapping (scale bar = 100 µm); B, elemental spectra and C, release profile of SNP where triplicates 

were analyzed and result is expressed as mean ± SD values 
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4.2.5. In vitro biocompatibility of scaffolds 

Analysis for cyto-compatibility using direct contact assay revealed that L929 

fibroblast cells maintained normal morphology in presence of SC-SNP scaffolds 

similar to that in presence of bare scaffold (SC) and negative control [Figures 38A, 

B&C]. MTT assay showed that more than 80% cell viability was supported by both 

SC and SC-SNP scaffolds [Figure 38D]. Percentage hemolysis of both scaffolds was 

around ~0.02 %, which is within the permissible value of 0.1 %. 

 

Figure 38: Evidence of cyto-compatibility of scaffolds using L929 cells: A-C represents direct 

contact assay; A, positive control; B, negative control; C, ES-SNP scaffold where scale bar = 100 µm 

and D represents results of MMT assay 

 

4.2.6. Endothelial cell growth on scaffolds 

SC-SNP scaffold was found to support the growth of endothelial cells and to form a 

monolayer after 3 days of static culture similar to that on SC scaffold devoid of SNP 
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[Figure 39]. On analysis, well-oriented actin filaments [Figures 39A&D] and cell 

nuclei [Figures 39B&E] were observed.   

 

Figure 39:  Fluorescent micrographs of endothelial cells grown on scaffolds after 3 days: A–C 

& D–F are corresponding to SC and SC-SNP respectively; A & D  are actin stained, B & E  are nuclei 

stained and C & F  are merged images (scale bar = 100 µm) 

 

4.2.7. Mechanical properties of scaffolds 

The trend in tensile properties of scaffolds is shown in Figure 40. SC and SC-SNP 

scaffolds were observed to possess tensile strength of 3.8 ± 1.2 MPa and 3.68 ± 0.9 

MPa, elasticity of 200 ± 20.5 % and 182 ± 12.6 % and modulus 36 ± 6.5 MPa and 

42 ± 3.3 MPa, respectively. Burst strength values were found to be 450 ± 17 mm Hg 

and 420 ± 10 mm Hg for SC and SC-SNP scaffolds respectively [Figure 41A]. 
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Suture retention strengths of 0.62 ± 0.05 N and 0.42 ± 0.03 N were obtained for SC 

and SC-SNP scaffolds, respectively [Figure 41B]. 

 
Figure 40: Variation of tensile properties as result of SNP incorporation: TS stands for tensile 

strength, E represent elasticity and M denotes modulus of scaffolds; Six to eight measurements were 

taken for each sample and values are expressed as mean ± SD 

 

 
Figure 41: Mechanical strength of scaffolds of SC and SC-SNP scaffolds: A, burst strength and  

B, suture retention strength; Six to eight measurements were taken for each sample and values are 

expressed as mean ± SD 
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4.2.8. Comparative analysis of sheep artery with scaffold 

In order to optimize the dimensional parameters such as inner diameter and wall 

thickness of scaffolds, excised sheep artery was analyzed using micro-CT. Figures 

42A&B represent the 3D images and density distribution images of the artery 

respectively. Inner diameter and wall thickness of artery were found to be ~3.3 mm 

and 750 µm respectively [Figures 42C&D].     

 
Figure 42:  Data of excised sheep artery obtained from µ-CT analysis: A, three dimensional 

image; B, density distribution and C & D are two dimensional images indicating inner diameter and 

wall thickness of artery respectively 
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4.3. Optimization of ES scaffold properties  

Optimization of electrospinning parameters for constructing a fibrous mat with 

appropriate physico-mechanical properties is a critical step in blood vessel tissue 

engineering. Electrospun tubular scaffolds having an inner diameter of 4 mm and 

length of ~70 mm designated as ES-1, ES-3 and ES-5 were fabricated by varying the 

flow rate as 1 ml/hr, 3 ml/hr and 5 ml/hr respectively [Figure 43].  

 

Figure 43:  Macroscopic view of tubular electrospun scaffolds: A, ES-1; B, ES-3 and C, ES-5; 

scaffolds fabricated by varying flow rates during electrospinning  

 

4.3.1. Scaffold wall thickness and porosity characteristics 

Two dimensional slice images obtained using micro-CT showed the wall thickness 

of electrospun scaffolds increasing with change in flow rate [Figures 44A,D&G]. 

The average wall thicknesses obtained were 318 ± 21 µm, 534 ± 30 µm and 717 ± 

28 µm for ES-1, ES-3 and ES-5 scaffolds, respectively under a constant 

electrospinning time of 15 minutes [Figure 45]. Pore size analysis revealed that the 

majority of pores in all scaffolds lay within the size range of 12-60 µm [Figure 46].  
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Figure 44:  Micro-CT  images of scaffold structure: A–D stands for ES-1; D–F represents ES-3 

and G–I represents ES-5 scaffolds; A, D & G  are two dimensional slice images representing the cross 

section of scaffolds; B, E & H  are three dimensional images and C,  F & I are colour coded inverted 

images showing porosity distribution within the scaffold 

 

 

Figure 45: Variation of wall thickness of tubular scaffolds with flow rate: measurements were 

taken from five different sites of the same scaffold and expressed as mean ± SD   
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Figure 46: Pore size histogram of different electrospun scaffolds: three measurements were taken 

for each sample and graph was plotted using mean ± SD values 

 

4.3.2. Evaluation of tensile properties  

Tensile strength of the scaffolds was found to improve with increasing flow rate 

[Figure 47]. The values increased from 2.49 ± 0.16 MPa to 3.18 ± 0.03 MPa and to 

4.25 ± 0.59 MPa for ES-1, ES-3 and ES-5 scaffolds, respectively [Figure 47A]. 

Measured elasticity also improved similarly from 183 ± 75 % to 723 ± 23 % and to 

761 ± 25 % for ES-1, ES-3 and ES-5 scaffolds, respectively [Figure 47B]. 

Electrospun scaffolds exhibited comparable modulus values such as 28.91 ± 5.4 

MPa, 28.54 ± 0.2 MPa and 33.19 ± 11.2 MPa for ES-1, ES-3 and ES-5 scaffolds 

[Figure 47C]. As compared to other scaffolds, ES-3 was found to possess uniform 

tubular wall thickness and better elasticity properties. Figure 48 compares the burst 

and suture retention strength values of ES-3 fibrous matrix [5545 ± 636 mmHg and 

2.24 ± 0.05 N] to that of native blood vessels [Figure 48]. 
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Figure 47: Variation of tensile properties of scaffolds with flow rate: Six to eight measurements 

were taken and results are expressed as mean ± SD values   
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Figure 48: Mechanical properties of electrospun scaffold: A, burst strength and B, suture retention 

strength; Six to eight measurements were taken and results are expressed as mean ± SD   

 

4.3.3. In vitro degradation characteristics 

The degradation profile of ES-3 scaffold in terms of reduction in mass, molecular 

weight and mechanical strength is shown in Figures 49 & 50.  

 

Figure 49: Degradation properties of electrospun scaffolds: A, gravimetric weight loss and          

B, molecular weight loss; For measuring weight loss eight samples were tested and triplicates were 

analyzed using GPC and the graphs were plotted using mean ± SD values 
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Figure 50: Tensile strength of electrospun scaffolds during degradation: Eight samples were 

tested and the graph was plotted using mean ± SD values  

 

The electrospun scaffolds showed only ~3 % gravimetric weight loss [Figure 

49A] even though considerable reduction in molecular weight was observed (~57 %) 

after one year degradation [Figure 49B]. Figure 50 shows the progressive reduction 

in tensile strength with increasing degradation period. However, ES-3 fibrous matrix 

was found to maintain mechanical integrity even after completing one year 

degradation.  

4.4. Evaluation of ES scaffold properties after SNP incorporation 

4.4.1. Scaffold macrostructure  

Electrospun tubular scaffold of PCL fibrous matrix without (ES) and with SNPs (ES-

SNP) are shown in Figure 51. Two dimensional slice images obtained from the 

micro-CT analysis illustrated the cross-sectional view of both scaffolds [Figures 

52A&E]. Maintaining a constant electrospinning time of 15 minutes, wall 
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thicknesses of 591 µm and 270 µm were obtained for ES and ES-SNP scaffolds 

respectively. 

 

 
Figure 51: Macroscopic view of SNP incorporated and bare electrospun scaffolds 

 
 

 

Figure 52: : Micro-CT images of electrospun scaffolds with and without SNP: A–D represents ES 

and E–H represents ES-SNP scaffolds; A & E are two dimensional images; B & F  are three 

dimensional images; C & G  are colour coded images showing the density distribution and D & H  are 

inverted images showing porosity distribution within the scaffold 
 

 
4.4.2. Fiber morphology and scaffold porosity characteristics 

SEM images revealed the junctions between the ES fibers to be fused whereas ES-

SNP scaffolds contained free fibers [Figures 53A-D]. Image J analysis showed ES 



90 

 

scaffold as consisting of fibers whose diameter varied from 3 to 10 µm with an 

average diameter of 6.34 ± 1.51 µm [Figure 54]. The average fiber diameter of ES-

SNP scaffold was found to be 0.81 ± 0.4 µm with values ranging from 0.3 to 1.8 µm.  

 
Figure 53: Surface topography of ES and ES-SNP electrospun matrices: A–B represent ES and 

C–D represents ES-SNP scaffolds; A & C  show lower and B & D  higher magnifications 

 

 

Figure 54: Fiber diameter histogram of ES and ES-SNP scaffolds: measurements were taken from 

~30 different sites of SEM images and histogram was plotted; mean values are given in the text 

 

The distribution of pores within scaffolds was demonstrated by inverted 

images obtained from micro-CT analysis [Figures 52D&H]. Pore size histogram 

demonstrates that SNP incorporation played a major role in the observed shift in pore 
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size distribution within the electrospun matrix [Figure 55].  The bare ES scaffold had 

92% pores in 24-60 µm range whereas ES-SNP scaffold had 98% pores within 12-36 

µm. Total porosity of 87.5 ± 6.4 % and 81.6 ± 2.9 % were found to be present in   

ES-1 and ES-SNP scaffolds respectively [Table 6]. 

 
Figure 55: Pore size histogram of ES and ES-SNP electrospun scaffolds: histogram was plotted 

using data obtained from triplicate scaffolds  

 

4.4.3. Distribution and release profile of SNPs  

EDS analysis revealed the peaks corresponding to silver (Ag) had a lower intensity 

than those of carbon and oxygen [Figure 56A]. However ~0.092% Ag was found to 

be present in ES-SNP matrix. The distribution of SNPs within the scaffold is shown 

by silver distribution mapping [Figure 56B]. Further SNP distribution on the surface 

of electrospun fibers is demonstrated by TEM images [Figures 56C&D]. SNP release 

profile showed that ~31 % SNP was released after 5 days of incubation in DI water 
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[Figure 56E].  Though a burst release of ~11 µg was observed on day 1, sustained 

release was observed thereafter. Out of 48 µg SNPs incorporated per scaffold, a total 

of 14.93 µg (~31 %) was detected within 5 days.   

 
Figure 56: Distribution and release profile of SNP from ES-SNP scaffold: A, EDS spectra;          

B, Mapping of silver; C & D , TEM images of SNPs on electrospun fibers at lower and higher 

magnifications respectively and E, release profile of SNP from polymer matrix; for which triplicates 

were analyzed and graph is plotted using mean ± SD values 
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4.4.4. Surface wettability and crystalline properties  

Contact angles formed on the surface of the electrospun scaffolds are shown in 

Figure 57 and mean contact angles are given in Table 6. The hydrophobic nature of 

electrospun matrices was evident where contact angles remained above 90o. However 

biological modification with fibrin resulted in lowering of contact angle with θ < 90o. 

Enhancement in the intensities of crystalline peaks at 21.7 and 23.9 corresponding to 

PCL was observed during XRD analysis after SNP incorporation [Figure 58]. XRD 

spectra of ES-SNP scaffold revealed characteristic peaks at 2θ values 40.6 and 43.62 

corresponding (111) and (200) planes of silver.  

 

Figure 57: Representative images showing surface wettability of electrospun scaffolds: A, ES;   

B, ES-SNP; C, ES-fibrin coated and D, ES-SNP-fibrin coated scaffolds 

 
 

Contact angle (θθθθ) measured for scaffolds 
 

Scaffold ID Before fibrin coating After fibrin coating  

 

Porosity (%) 

ES 119 ± 5 88 ± 7 87.5 ± 6.4 

ES-SNP 122 ± 2 87 ± 5 81.6 ± 2.9 

 
Table 6:  Surface wettability characteristics and porosity of electrospun scaffolds 
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Figure 58: XRD spectra of electrospun scaffolds with and without SNP: intense peaks 

corresponding to PCL are visible and SNP characteristic peaks are given in the inset 

 
 
4.4.5. Mechanical properties 

The effect of SNP addition on the mechanical strength of PCL scaffolds is shown in 

Figures 59 & 60.  Tensile strength values of 3.15 ± 0.3 MPa and 2.6 ± 1.7 MPa, 

elongation values of 830.5 ± 77.4 % and 311 ± 40.7% and modulus of 19.75 ± 3.4 

MPa and 13.48 ± 1.7 MPa were obtained for ES and ES-SNP scaffolds respectively 

[Figures 59A-C]. The suture retention strengths were found to be 2.24 ± 0.05 N for 

ES scaffold and 0.61 ± 0.06 N for ES-SNP scaffold [Figure 60A]. ES scaffold could 

withstand a burst pressure of 5545 ± 636 mm Hg whereas ES-SNP scaffold was 

observed to withstand only 476 ± 79 mm Hg [Figure 60B]. 
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Figure 59: Tensile properties of electrospun scaffolds before and after SNP addition: A, tensile 

strength; B, elongation and C, modulus; Six to eight measurements were taken and results are 

expressed as mean ± SD values 

 

 

Figure 60: Mechanical properties of electrospun scaffold as function of SNP addition: A, burst 

strength and B, suture retention strength; Six to eight measurements were taken and results are 

expressed as mean ± SD values 
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4.4.6. Cytotoxic behaviour 

Direct contact assay demonstrated that SNP present in the scaffold did not induce 

any toxic effects and scaffolds were found to be cyto-compatible compared to 

negative control [Figures 61A-C]. The normal spindle-shaped morphology of L929 

fibroblast cells was maintained when cultured in presence of both scaffolds. Cells on 

positive control (PVC discs) were found to lose their normal morphology and 

changed to spherical shape.  MTT assay showed that both types of scaffolds have 

more than 80 % cell viability compared to negative control HDPE [Figure 61D]. 

 
Figure 61: Cyto-compatibility data of PCL scaffolds using L929 fibroblast cells: A-C represents 

direct contact assay and D represents MTT assay; A, positive control; B, negative control and          

C, ES-SNP scaffold (scale bar = 100 µm) 
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4.4.7. EC adhesion and proliferation 

Fibrin-modified PCL scaffolds were found to support endothelial cell growth. 

Endothelial cell adhesion on scaffolds was demonstrated by actin and nuclear-stained 

microscopic images of cells cultured for 3 days on scaffolds [Figures 62 & 63]. Cells 

on ES-SNP scaffolds were found to have well-spread actin filaments [Figures 62D-F] 

and cells were found to grow along the fibers in the case of ES scaffolds [Figures 

62A-C].  ESEM images also showed EC growth on both ES and ES-SNP scaffolds 

[Figure 63]. After 5 days culture, uniform coverage of cells was observed on both 

scaffolds [Figure 64].  

 

Figure 62: Fluorescent microscopic images of endothelial cells grown on electrospun scaffolds 

for 3 days: A–C & D–F correspond to ES and ES-SNP scaffolds respectively; A & D  are actin 

stained; B & E  are nuclei stained and C & F  are merged images (scale bar = 100 µm) 
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Figure 63: ESEM images of EC seeded scaffolds after 3 days culture: A & C represent ES 

scaffold and B & D  represent ES-SNP scaffold; [Scale bar (A-B) = 300 µm & (C-D) = 50 µm] 

 
Figure 64: Fluorescent microscopic images of endothelial cells grown on electrospun scaffolds 

for 5 days: A–C & D–F images correspond to ES and ES-SNP scaffolds respectively; A & D  are 

actin stained; B & E are nuclei stained and C & F  are merged images (scale bar = 100 µm) 
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4.5. Design and evaluation of an antimicrobial bi-layered scaffold  

The main objective in this section was to evaluate the hypothesised design strategy of 

a bi-layered scaffold with pore size gradient and antimicrobial property. The 

scaffolds whose properties were studied include SC, SC-SNP, ES and ES-SNP. The 

results are given in Table 7. The physico-chemical properties of bi-layered construct 

were also evaluated for their suitability for blood vessel applications. 

 
Solvent cast scaffolds Electrospun scaffolds 

Scaffold properties 
SC SC-SNP ES ES-SNP 

Pore size (µm) 12-24 (88%) 12-24 (89%) 12-60 (92%) 12-36 (98%) 

Porosity (%) ~77 ~79 ~88 ~82 

Tensile Strength (MPa) ~3.8 ~3.6 ~3.1 ~2.6 

Elasticity (%) ~200 ~180 ~830 ~310 

Suture retention (N) ~0.62 ~0.5 ~2.2 ~0.6 

Burst strength (mmHg) ~450 ~432 ~5545 ~476 

Surface roughness (nm) 198.81 115.47 --- 1268 

Surface texture Smooth Smooth More fibrous Less Fibrous 

EC growth Uniform Uniform Non-uniform Uniform 

 
Table 7: Overall properties of scaffold systems based on solvent casting and electrospinning 

 

 
4.5.1. Bi-layered scaffold construction 

Tubular bi-layered scaffolds of 4 mm inner diameter and 70 mm length were 

successfully fabricated by combining SCPL and electrospinning techniques [Figure 

65A]. The design strategy for developing an antimicrobial BS scaffold was tested by 

comparing properties of scaffold systems. The luminal layer of BS scaffold was 

constituted by SC-SNP layer which possessed spherical pore morphology as shown 
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in Figure 65B and abluminal layer fabricated as ES scaffold possessed highly porous 

fibrous mats [Figure 65C]. The construction of the graft was evidenced from the two 

dimensional slice images [Figures 66A,E&I]. The overall wall thickness of the 

construct was found to be ~450 µm. 

 
Figure 65: Macroscopic and microarchitecture of bi-layered scaffold: A, Photograph of BS 

scaffold, B & C  are SEM images of luminal and abluminal layer of scaffold 

 
 

 

Figure 66: Micro-CT images of bi-layered scaffold: A–D represents SC-SNP; D–H represents ES 

and  I–L  represents BS scaffolds; A, E & I  are two dimensional slice images; B, F & J are three 

dimensional images; C, G & K  are colour coded images showing the density distribution and D, H & 

L are inverted images showing porosity distribution within the scaffold 
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4.5.2. Evaluation porosity characteristics 

From micro-CT analysis, it could be seen that a gradient in pore size and porosity 

were present within the tubular BS wall. The inner layer was found to possess the 

majority of pores (~89 %) in 12-24 µm range and the outer layer had much broader 

pores, which lay in 12-60 µm size range [Figure 67]. The overall pore volumes 

present in luminal and abluminal layers were ~79 % and ~88 % respectively.  

 

Figure 67: Histogram representing pore size distribution at luminal and abluminal layers of BS 

scaffold: measurement was done using three samples for each scaffold and histogram plotted 

 

4.5.3. Evaluation of mechanical properties 

From micro-CT analysis, it could be seen that a gradient in pore size and porosity 

were present within the tubular BS wall. The inner layer was found to possess the 

majority of pores (~89 %) in 12-24 µm range and the outer layer had much broader 

pores, which lay in 12-60 µm size range [Figure 67]. The overall pore volumes 

present in luminal and abluminal layers were ~79 % and ~88 % respectively.  
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Figure 68: Tensile properties of BS scaffold compared with that of native artery: Six to eight 

measurements were taken and results are expressed as mean ± SD 

 

 

Figure 69: Mechanical properties of BS scaffold compared with that of native artery and 

individual layers: A,  suture retention strength and B, burst strength; Six to eight measurements were 

taken and results are expressed as mean ± SD 
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4.5.4. Antimicrobial activity of scaffolds 

Antimicrobial activity of SNP incorporated lumen was demonstrated using the 

standard agar diffusion method [Figure 70]. The clear zone around the samples 

represented the zone of inhibition which was found to be 16 mm for Staphylococcus 

aureus and 12 mm for Escherichia coli. Control (Gentamycin; 10 µg) exhibited 32 

mm and 24 mm clear zone against the respective bacterial strains while bare SC 

scaffolds were found to be devoid of any clear zone.    

 

Figure 70: Representative images showing antimicrobial activity of SNP incorporated scaffolds: 

(A) Staphylococcus aureus and (B) Escherichia Coli 
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4.5.5. Growth of EC and SMC on BS scaffold 

Endothelial and smooth muscle cells were differentiated from PBMNCs isolated 

from rabbit blood. EC and SMC were characterized by `cobblestone’ morphology 

[Figure 70A] and `hill and valley’ structure [Figure 70B]. After co-culturing these 

cells on BS scaffolds in a perfusion bioreactor, it was seen that EC aligned along the 

direction of flow [Figure 71A] whereas SMC grew on the fibrous abluminal layer 

[Figure 71B]. 

 

Figure 71: Microscopic images showing morphology of rabbit vascular cells: A, endothelial cells 

and B, smooth muscle cells 

 

 

Figure 72: Microscopic images demonstrating the growth of cells on BS scaffold after bioreactor 

culture: A, EC on luminal layer and B, SMC on abluminal layer 
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CHAPTER 5 

DISCUSSION 

 

Chapter 5 includes the discussion and interpretation of the study results as detailed in 

the previous chapter. The major findings of this study are correlated with published 

literature in the relevant field and interpretation made wherever possible. The 

limitations of the study have been identified and future prospects are outlined. 

5.1. Fabrication of SC scaffold and optimization of properties  

The polymer matrix (PCL) and porogen (PEG) chosen for the study are both FDA 

approved biocompatible polymers (Ghoroghchian et al., 2006, Woodward et al., 

1985). Since total degradation of PCL requires longer time period (>24months), it 

has been recommended for long term implantation applications such as vascular 

grafts (Valence et al., 2012). PCL also possesses good mechanical strength which 

plays a crucial role in the functioning of a small diameter graft. Commonly used 

porogens like sodium chloride have limitations such as encapsulation by hydrophobic 

polymer which causes incomplete removal of porogens from the polymer matrix. Use 

of PEG as a porogen in PCL scaffolds has already been reported earlier by our group 

(Pankajakshan et al., 2008). The hydrophilic character of PEG allows leaching of 

porogen from the hydrophobic PCL matrix easily while immersed in water resulting 

in the formation of a highly porous matrix devoid of porogen. Since concentration 

and molecular weight of PEG can influence the properties of solvent cast scaffolds, 

this study was conducted to elucidate this. 
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5.1.1. Effect of PEG concentration on scaffold properties 

It was demonstrated that SCPL technique could be successfully used to prepare PCL 

conduits on stainless steel mandrels of 4 mm inner diameter and 80 mm length. 

While the casting process is similar to the dip coating process, the film thickness is 

expected to be directly proportional to the viscosity and concentration of the polymer 

solution employed (Uchida et al., 2008, Yimsiri P & Mackley, 2006). In tune with 

the reported observation (Wan et al., 2001), increasing PEG content in PCL system 

(4:1 to 4:4 ratios) is found to improve scaffold wall thickness proportionate to 

solution viscosity. Wan et al has reported that at high solution viscosity, there is the 

possibility of film imperfections such as waves and furrows to occur whereas low 

viscosity could result in excessive sagging of the dip coating solution (Wan et al., 

2001). Concentration optimization is essential to obtain uniform downward flow of 

the coating solution over a mandrel under gravity. In the present study, PCL 

solutions with 4:4 PCL:PEG ratio is found to provide optimal viscosity for 

fabricating conduits with better thickness and tubular consistency. At lower 

concentrations of PEG (4:3, 4:2 and 4:1) wall thicknesses of tubular scaffolds are 

non-uniform when compared with scaffolds of 4:4 PCL-PEG ratio [Table 5]. 

The successive increase in porosity of PCL scaffolds with incremental PEG 

content is consistent with earlier reports that scaffold porosity is proportional to 

porogen concentration (Yu et al., 2008). Since interconnected porosity is very 

difficult to achieve through the SCPL method, many tissue engineering efforts 

modified this method by combining it with gas foaming (Kim et al., 2006) and phase 

separation (Cai et al., 2002) during fabrication of scaffolds. It was previously 
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observed that when SCPL is combined with salt fusion, PLGA scaffolds with well 

interconnected pores and 98 % porosity could be achieved (Murphy et al., 2002).  In 

the present study, it was observed that PEG loading in PCL at 4:3 and 4:4 

concentrations introduces pore interconnectivity in PCL matrix using simple SCPL 

technique [Figures 19(C-D) & 20(C-D)]. This might be due to proper dispersion of 

both components at higher PCL-PEG ratios resulting in uniform polymer-porogen 

mixture. In PEG8000 containing scaffolds, rise in porogen concentration resulted in 

narrowing of pore size distribution whereas the effect is reversed in case of scaffolds 

with PEG3400 which is accompanied by the appearance of larger pores [Figures 19, 

20 & 21].  

Since hydrophilicity greatly depends on the surface architecture of the 

scaffold, nanofibrous PCL is reported to have contact angle greater than 100o 

(Nguyen et al., 2013) while films show contact angle values below 100o (Vance et 

al., 2004). In this study, we found that porous scaffolds have hydrophilic surfaces 

with contact angle < 80o. Since hydrophilicity of the scaffolds is inversely correlated 

to their surface roughness (Martins et al., 2009), lower contact angle values of 

scaffolds with PEG3400 may be attributed to their better surface smoothness 

compared to scaffolds with PEG8000. Low molecular weight of PEG3400 may be 

instrumental in enhancing proper miscibility of the polymer-porogen mixture leading 

to better processing capacity. Investigations on the effect of the solvent casting 

process on crystalline properties of scaffolds revealed that slow solvent evaporation 

process affects semi-crystalline value (Barbanti et al., 2008) for bare PCL (58 %) 

which supports the observations of Tang et al that solvent evaporation allows 



108 

 

nucleation and formation of crystallites in PCL which in turn increases the crystalline 

nature of scaffold after solvent casting (Tang et al., 2004). Barbanti et al have shown 

that crystallinity of PCL reaches upto 62 % in solvent casting with sodium citrate 

porogens (Barbanti et al., 2008). In this study also, the crystallinity of solvent cast 

PCL scaffolds tends to lie in the same range.  

Tensile strength (TS) values are found to be slightly lower for all scaffold 

systems containing PEG8000 compared to scaffolds with PEG3400. Narrower pore 

size distribution can be accounted by relatively higher TS values of scaffolds 

containing PEG3400 compared to those with PEG8000. TS of scaffold is found to 

reduce with successive PEG addition, though the change is statistically insignificant 

(p value < 0.05).  Studies on electrospun PCL scaffolds also showed the dependence 

of porosity on TS in a similar manner where mechanical properties are found 

inversely related to scaffold porosity (Yu et al., 2008). Earlier work by Dorati et al 

has been reported as to how the physico-chemical properties of scaffold were 

affected by porogen incorporation when fabricating scaffolds using SCPL. They 

constructed solvent cast PLGA scaffolds using sucrose and salt as porogens and 

found that each porogen had a distinct influence on porosity characteristics, 

compressive strength and degradation properties of scaffolds (Dorati et al., 2010). 

We have attempted to modify the properties of tubular PCL scaffolds by varying 

porogen concentration for blood vessel applications using a porogen with different 

molecular weights.  

Scaffolds with 4:4 PCL/PEG ratio (SC4 & SC8) which possess better wall 

thickness and conformability, high porosity and hydrophilic characteristics along 
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with required mechanical strength were chosen for endothelial cell culture studies. 

These scaffolds were further modified with bio-mimetic fibrin for improving cell- 

scaffold interaction. Previous studies have shown that fibrin composite matrix 

coating enhanced the vascular tissue generation with ECM deposition (Pankajakshan 

& Krishnan, 2009). The present study has shown that the topography of the scaffold 

lumen is found suitable for good endothelial cell coverage. The cells tend to grow 

across the pores and form a continuous monolayer after 3 days of static culture.  

5.1.2. Influence of PEG molecular weight on scaffold degradation  

The effect of PEG molecular weight on in vitro degradation characteristics of solvent 

cast PCL scaffolds (SC4 and SC8) has been studied and they are found to affect the 

pore size characteristics. It is found that pore size varies with porogen molecular 

weight. Usually in SCPL methodology, scaffold pore size is mainly determined by 

porogen size (Lee et al., 2011). The effect of porogen molecular weight upon pore 

size of solvent cast scaffolds has not been systematically investigated.  

The pore size histogram [Figure 29] shows pore size distribution of both SC4 

and SC8 scaffolds which has a prominent unimodal curve with a slight bimodal 

tendency (skewed right). It is clear that pore size distribution of both scaffolds do not 

show drastic variation after six months degradation in PBS. But in case of SC4 

scaffold, the curve tends to become more bimodal after degradation accompanied by 

an increase in the percentage of larger pores (~10 % increase in 24-48 µm pore size 

and only ~9 % increase for pore size of < 12 µm). However, SC8 scaffold does not 

show this behavior, where degradation tends to increase pores with < 24 µm size by 

about 20 %. Considerable increase of pores of larger size was not noticed and the 
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curve remained narrower compared to that of SC4 after degradation for 6 months. 

This observation indicates that SC8 scaffold with narrower pore size distribution 

maintains its morphological features during the degradation compared to SC4. Even 

though, the percentage of pores (< 24 µm) increases for SC8 compared to SC4 as a 

result of degradation, the pore size distribution tends to remain narrower for SC8 

scaffold.  Polymer to porogen ratio (4:4) was the same for both scaffolds, but the 

pore volume of SC4 is found to be higher compared to SC8 (p value < 0.05).  

Scaffold (SC8) with smaller pore size (< 24 µm) has demonstrated more 

endothelial cell attachment, collagen and elastin deposition after 30 days of dynamic 

culture (Mathews et al., 2012). The enhancement of the pore percentage in the same 

preferred range during degradation is not found to affect the morphology of the SC8 

scaffold and may not affect the cell functionality when implanted in vivo, but is 

expected to provide more space for tissue in-growth and ECM deposition. Thickness 

distribution images show that both scaffolds have uniform wall thickness [Figure 30]. 

From the histogram, it is clear that the curve has shifted more towards the lower 

thickness range for SC4 compared to SC8 scaffold after 6 months. The enhancement 

of pore size with decreased wall thickness can be regarded as an indication of 

enhanced degradation rate of SC4 compared to SC8 scaffold. 

Tensile and suture retention strength of SC8 scaffold is found to be superior 

to SC4 scaffold (p value < 0.05) and the mechanical properties are found to be 

dependent on scaffold pore size before degradation. However, changes in tensile and 

suture retention strength after 6 months degradation are not found significant for SC8 

scaffold (p value > 0.05) compared to SC4 (p value < 0.05) which shows 
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deterioration in properties (Figure 22). This behaviour of SC4 and SC8 scaffolds may 

be attributed due to the changes in pore morphology during degradation. In the case 

of SC4, formation of ~10 % larger pores (24-48 µm) may have facilitated anisotropy 

in pore distribution throughout the scaffold wall. This results in reduction of 

mechanical strength whereas in SC8 scaffold uniform distribution of pores [< 24 µm] 

is evidently supported by SEM and micro-CT data resulting only in insignificant loss 

in strength (p value > 0.05).  

Mass loss and molecular weight loss of the scaffolds indicate that they 

degrade by bulk degradation kinetics as reported for PCL (Lam et al., 2007). 

Degradation happens by polymer chain cleavage resulting in reduction of molecular 

weight; though slow diffusion of degradation by-products results in minor weight 

loss. The degree of initial mass loss of scaffolds compared to molecular weight loss 

is lower and further mass loss is expected to occur only in the advanced period of 

degradation (Lam et al., 2008). While both scaffolds show negligible weight loss, 

SC4 scaffold show significant molecular weight loss compared to SC8 scaffold, 

which may be an indication of the higher degradation rate of SC4. Therefore, SC8 

scaffold which exhibited better retention in porosity characteristics and mechanical 

properties after six months degradation was chosen for further studies.  

5.2. Solvent cast scaffold properties after SNP incorporation 

Poly (ethylene glycol) protected SNP was synthesized and characterized in the 

laboratory. Several studies have shown that poly(N-vinylpyrrolidone) (PVP), 

poly(acrylonitrile) (PAN) and cellulose acetate (CA) can serve as protecting agents 

during silver nanoparticle synthesis (Yang et al., 2003, Son et al., 2006, Jin et al., 
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2005). Mandal et al reported the preparation of silver nanoparticles by capping with 

PEG/Triton X100 system (Mandal et al., 2012). In the present study, we found that 

PEG not only acts as protecting agent for silver, but also improves the miscibility of 

nanoparticle solution with the hydrophobic poly (caprolactone) matrix.  

Silver nanoparticles could be incorporated successfully into the solvent cast 

SC8 scaffold system (denoted as SC-SNP). SC-SNP scaffold is found to demonstrate 

a macroscopic appearance similar to that of the bare scaffold (denoted as SC). SEM 

images demonstrated that SNP incorporation does not result in significant alteration 

in scaffold microstructure. Inverted images exhibit the interconnected porosity within 

scaffolds. The pore size histogram shows that majority of the pores present in both 

scaffolds lie between 12-24 µm [Figure 36]. As a result of SNP incorporation, ~24 % 

of pores < 12 µm shifted to 12-24 µm range. The slight bimodal tendency of the pore 

size histogram of SC scaffold is found to diminish and change to a unimodal 

distribution. This may be due to the presence of PEG mixture (200 & 3400) which 

was integrated into the PCL matrix as part of SNP solution, which in turn may have 

resulted in slight variation in pore size distribution of SC-SNP scaffold compared to 

that of SC. 

Nanoparticles are found to be distributed uniformly throughout the scaffold 

which exhibited an initial burst release of 15 µg during first 24 hrs of immersion. 

Thereafter a sustained release is observed where > 50 % of SNPs got released from 

the solvent cast matrix within 5 days of immersion. It is expected that further SNP 

release may take place during the advanced periods of immersion. Presence of 

elemental silver at high concentrations can induce cytotoxic effects on cells 
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(Madhavan et al., 2011). The preliminary biocompatibility evaluation shows that 

SNP scaffolds are cyto- and hemo- compatible and comparable with that of bare SC 

scaffold. Moreover, fibrin coated SC-SNP scaffold supported good endothelial cell 

coverage on the scaffold surface and the cells form a monolayer after 3 days of static 

culture. 

On the whole, the mechanical properties of solvent cast scaffolds show 

reduction after SNP incorporation. Still, physical properties such as tensile strength, 

elasticity and modulus for both scaffolds are found to be suitable for blood vessel 

tissue engineering applications. However, suture retention and burst strength values 

are found not matching that of native blood vessels. Analysis of the dimensional 

parameters of scaffold and sheep artery shows that both of them possess comparable 

inner diameters (~4 mm). However, the wall thickness of solvent cast scaffold is 

found to be very low (~80 µm) in comparison with that of sheep artery (~750 µm). 

Human artery and sephenous vein have been reported as having wall thicknesses of 

350-750 µm and 250 µm respectively (L’Heureux et al., 2006). Moreover, the 

seeding and culture of smooth muscle cells on the abluminal side of scaffold is found 

to be difficult due to limited wall thickness. The scaffolds with comparable wall 

thickness may provide more space for SMC proliferation and ECM deposition to 

generate a mechanically stable graft. Further work on this platform showed that it is 

unable to improve the tubular wall thickness better than this limiting value, which is 

regarded as the drawback of SCPL methodology. This is the reason for choosing to 

modify the solvent cast scaffold by improving the wall thickness. This in turn was 
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expected to facilitate the suture retention strength, burst strength and handling 

characteristics of the graft.  

5.3. Optimization of electrospun scaffold properties  

Fibrous tubular scaffolds were fabricated by varying the flow rate of electrospinning 

while optimizing the parameters such as collector to needle distance, voltage and 

mandrel rotation speed. The concentration and spinning flow rate are reported to 

influence the fiber diameter of electrospun scaffolds (Solimann et al., 2011). In the 

present study, the concentration of polymer solution has been optimized to get 

uniform fibers without any bead formation. The variation of micro-structural 

parameters and mechanical properties of electrospun scaffolds have been studied 

with respect to flow rate of electrospinning.   

Analysis of pore size characteristics have shown that the fibrous matrices 

possess much broader pore size distribution (majority of the pores are of 12-60 µm 

size) compared to solvent cast scaffolds. Increase in flow rate has been reported to 

enhance the fiber diameter which in turn can increase scaffold pore size (Zong et al., 

2002, Liu et al., 2009). However, the current study shows that variation of flow rate 

from 1 to 5 ml/hr has not altered the pore size of electrospun scaffolds significantly. 

The thickness of the tubular scaffold shows significant increase with flow rate. 

Increasing flow rate may have caused enhancement of the fiber density at the Taylor 

cone resulting in alteration of fiber diameter and thereby maintaining similar scaffold 

pore size characteristics.  
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The electrospun matrices are found to show superior tensile properties 

compared to those of the native vessel. The uniformity and handling characteristics 

of ES-3 scaffold is found to be better than those of ES-1 and ES-5. Burst strength and 

suture retention properties of ES-3 scaffold are found to be superior to those of 

solvent cast scaffolds and native artery. ES-3 has demonstrated significant reduction 

in molecular weight of scaffolds after one year of degradation. Since the electrospun 

matrices are made up of much higher molecular weight PCL (80000) compared to 

solvent cast scaffolds (PCL 42500), the mass loss is found to be negligible compared 

to molecular weight reduction. This suggests that electrospun matrices also follow 

bulk degradation kinetics similar to solvent cast scaffolds as reported for PCL 

scaffolds (Lam et al., 2007). Degradation is found to significantly reduce tensile 

strength, while maintaining the mechanical integrity necessary for blood vessel 

applications even after one year of degradation. 

 Several reports have shown that nanofibrous matrices enhance cell adhesion 

and proliferation potentials better than microfiber counter parts (Thapa et al., 2003, 

Kim & Kim, 2007, Liu et al., 2009). Recent studies have shown that the relationship 

between fiber diameter and cellular interactions to be much more complex especially 

at a micrometer scale (Thapa et al., 2003, Pham et al., 2006). Reports have suggested 

that smaller pore size associated with nanofibrous scaffolds may be instrumental in 

restricting the cellular infiltration and growth into the scaffold structure. However 

this is facilitated by the large pore size of microfiber scaffolds (Pham et al., 2006, 

Chen et al., 2007, Balguid et al., 2009). Over and above this, the fiber diameter can 

influence the mechanical as well as degradation characteristics of electrospun 
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scaffolds. Published literature indicates that microfibers possess better mechanical 

properties and stable degradation characteristics than nanofibrous matrices (Soliman 

et al., 2007, Shum & Mak, 2003). In the present study, electrospun PCL matrices 

have been designed with fibers in the micrometer range. This electrospun matrix is 

found to possess appropriate mechanical properties and stable degradation 

characteristics for blood vessel tissue engineering.  

5.4. Electrospun scaffold properties after SNP incorporation 

Silver nanoparticles were immobilized successfully into the fibrous matrix using 

electrospinning technique. The efficacy of imparting antimicrobial activity into 

PLLA (Xu et al., 2006), PLGA (Fortunati et al., 2011) and PCL (Nirmala et al., 

2012) has been reported earlier for many biomedical applications. However the effect 

of the metal particle solution on the architectural properties of the fiber mat has not 

been fully elucidated by earlier studies. When PCL scaffold was fabricated by adding 

silver loaded zirconium phosphate nanoparticles for wound dressing applications, the 

fiber diameter distribution was found to shift towards larger values (Duan et al., 

2007). This was explained as being due to the enhancement in viscosity of 

electrospinning solution by the addition of nanoparticles. Later, Jia et al observed 

that the fiber diameter gradually reduced with nanoparticle content while fabricating 

ultrafine PCL matrices containing poly(vinyl pyrrolidone) stabilized silver 

nanoparticles (Jia et al., 2011). They observed that polymer solution conductivity 

increases as a direct function of silver content, which in turn reduced the fiber 

diameter. Studies on poly-(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) 

electrospun scaffolds containing silver nanoparticles up to 1 % loading demonstrated 



117 

 

that the fiber morphology of PHBV-SNP scaffolds was comparable to that of bare 

PHBV scaffolds (Xing et al., 2010). However the average fiber diameter slightly 

decreased from 770 ± 40 nm to 630 ± 20 nm.   

In the present study, the addition of a small quantity of SNP solution (0.1 %) 

into PCL/DCM system is found to cause appreciable changes in electrospun fiber 

diameter morphology. Since increase in solution conductivity has been reported 

proportional to silver content in the polymer solution (Ohkawa et al., 2006), SNP 

addition into PCL/DCM system was expected to make a significant impact on the 

electrospinning process of PCL scaffolds. Increased conductivity of SNP-PCL 

solution may have resulted in stretching of ES-SNP fibers towards the collector 

mandrel with much greater force compared to bare PCL solution. Furthermore, 

accumulation of charges within the polymer jet can lead to an increase in the 

alignment of polymer chains within the fibers (Zhao et al., 2004). As a result, the 

crystalline peaks corresponding to PCL in ES-SNP scaffold are found to enhance 

with respect to E-1. Besides, PEG is reported to have a plasticizing effect on high 

molecular weight polymers (Lim et al., 2003), as a result of which PCL solution 

viscosity might have reduced after PEG-SNP addition. The enhanced conductivity 

along with the reduced solution viscosity of SNP-PCL solution may have contributed 

to significant decrease in the fiber diameter of ES-SNP scaffolds, which in turn 

reduced their wall thickness.  

The smaller fiber diameter may have led to the shift in scaffold pore size 

distribution to lower range after SNP incorporation which is concordant with the 

previous studies that pore size of electrospun scaffolds can increase with fiber 
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diameter (Eichhorn & Sampson, 2005). Contact angle studies have shown the 

hydrophobic nature of scaffolds as reported earlier for electrospun PCL scaffolds 

(Yan et al., 2013). No distinct variation is observed in the contact angle values of 

scaffold before and after SNP incorporation (p value >0.05). However, fibrin 

modification is found to improve the surface wettability of scaffolds, which has 

critical role in improving the cell growth potential of synthetic polymers 

(Pankajakshan et al., 2008).  

Electrospun-nanoparticle scaffold (ES-SNP) shows release of uniformly 

distributed SNPs in a sustained manner into the medium. It is inferred that a major 

portion of SNPs (69 %) could have got entrapped within the bulk of electrospun 

fibers. This is expected to facilitate controlled release of SNPs embedded within the 

electrospun fibers during the extended periods of immersion. ES-SNP scaffolds were 

expected to maintain the antimicrobial activity for a more prolonged period of time 

than that of SC-SNP scaffold. The released SNPs showed no cytotoxic effect on 

L929 fibroblast cells as indicated by direct contact and MTT assay. The hemo-

compatible nature of fibrous matrix was found to be unaffected after SNP 

incorporation. 

Electrospun matrices with and without SNP integration have demonstrated 

distinct differences in EC growth. The lower pore size distribution of ES-SNP is (12-

36 µm) found suitable for EC growth which confirms our earlier observation on 

solvent cast scaffolds. In addition, the matrix with smaller ES-SNP fibers (~810 nm 

diameter) may have higher surface area with more cell binding sites compared to 

those with larger ES fibers (~6340 nm diameter).  In an earlier study, Kwon et al also 
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observed that Human Umbilical Cord Endothelial cells (HUVEC) were well attached 

and showed better proliferation on poly(L-lactide-co-ɛ-caprolactone) (PLCL) 

electrospun scaffolds with average fiber diameters of 300 nm and 1200 nm compared 

to those with 7000 nm in diameter (Kwon et al., 2005). Properties such as strength, 

elongation and modulus tend to show variation for ES-SNP compared to ES (p value 

< 0.05). However, both scaffolds are found to possess superior tensile properties 

compared to native artery though lower suture retention and burst strength values are 

noticed SNP incorporation. The lowering of mechanical properties can be correlated 

to the lower fiber diameter of ES-SNP since mechanical properties are stated to 

facilitate the increase in electrospun fiber diameter (Hajiali et al., 2011).    

5.5. Design and evaluation of an antimicrobial bi-layered scaffold  

While comparing the properties of four scaffold systems (Table 7), it can be seen that 

SC, SC-SNP, ES-SNP scaffolds possess favourable pore size distribution (> 85 % 

pores within 12-24 µm size) to facilitate good endothelialization in in vitro 

conditions (Sections 4.1.1.5, 4.2.4 & 4.4.7). ES scaffold is found to have better 

tensile strength, elasticity, suture retention and burst strength than other scaffold 

systems with broader pore size distribution (12-60 µm size). In order to derive a 

design strategy for fabricating an antimicrobial bi-layered scaffold with pore size 

gradient and required mechanical properties, SC-SNP and ES-SNP scaffolds were 

considered for constructing the luminal layer while ES was chosen for the abluminal 

layer. Since surface smoothness can facilitate the hemo-compatibility of grafts (Klee 

& Hocker, 1999), the surface roughness parameter of SC-SNP and ES-SNP were also 
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compared; SC-SNP layer having smooth surfaces was further chosen for constructing 

the graft lumen.  

 Bi-layered graft (BS) was thus fabricated by combining SCPL and 

electrospinning techniques. Micro-CT evaluation has shown that BS scaffold is 

composed of comparably thinner solvent cast lumen (~80 µm) surrounded by thicker, 

highly porous fibrous ablumen [Figures 66(A, E & I)]. It is established that a pore 

size gradient and optimum porosity exist across the BS scaffold. While narrower 

pore size distribution of luminal layer is expected to facilitate endothelization, lower 

porosity and pore size of SC-SNP layer may restrict the growth of SMCs into the 

inner side of the graft. The proliferation of SMCs into the graft lumen has been 

considered as a major cause of intimal hyperplasia, a major failure mode of vascular 

grafts (Geary et al., 1994, Chan-Park et al., 2009,). Evaluation of mechanical 

properties shows that tensile properties such as tensile strength, elasticity, retention 

and burst strength values of scaffolds are better than that required for native artery. 

The previous investigations on degradation characteristics have demonstrated that 

solvent cast and electrospun layers have stable degradation kinetics which may be 

suitable for long-term implantable applications.  

 In order to generate an infection-resistant graft, SNP incorporated lumen was 

designed for the bi-layered construct. The antimicrobial property of the graft was 

evaluated against gram positive and gram negative bacteria such as Staphylococcus 

aureus (ATCC 25923) and Escherichia coli (ATCC 25922), which are commonly 

employed to study the antimicrobial activity of materials (Xu et al., 2006, Li et al., 

2009). Distinct clear zones could be seen for the scaffold in both cases, where the 
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maximum zone of inhibition was demonstrated against S.aureus.  It was also reported 

that silver nanoparticles can restrict the growth of other bacteria such as 

Pseudomonas aeroginosa, Klebsiella pneumonia, Bacillus cereus, Proteus mirabilis 

(Rujitanaroj, et al., 2008, Xing et al., 2010, Mandal et al., 2012). Lala et al suggested 

that SNPs can interact with the building elements of bacterial membrane which leads 

to structural changes, degradation and finally to bacterial death (Lala et al., 2007). 

Significant progress has been made in recent years in improving the 

differentiation and organization of vascular cells by exposing the construct to 

hemodynamic forces in vitro (Hoerstrup et al., 2001, Baguneid et al., 2004, Niklason 

et al., 2001). In this study, the co-culture system of EC and SMC has been 

demonstrated in BS scaffold using a perfusion bioreactor. In flow conditions, ECs are 

found to align along the direction of flow similar to native blood vessels. Malek et al 

suggested that endothelial cells experience long-term morphological changes in 

response to simulated culture conditions under the flow (Malek & Izumo, 1996). 

Endothelium undergoes a transition from a polygonal cobblestone-like structure 

under static conditions to a uniformly spindle-shaped aligned monolayer in the 

pulsatile conditions similar to its in vivo state. The formation of a stable and healthy 

endothelium on the graft lumen may facilitate the generation of a thrombus resistant 

bi-layered graft. Long term culture of the graft may have facilitated the growth and 

re-organization of SMCs with deposition of ECM components such as collagen, 

elastin and glycosaminoglycans which can lead to the generation of mechanically 

stable media on the abluminal side of the bi-layered graft. 
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The current study has investigated the importance of scaffold micro-structural 

parameters while constructing a bi-layered small diameter tissue engineered vascular 

graft with appropriate mechanical properties and degradation characteristics. It has 

demonstrated that the optimization of microstructure has a detrimental effect on the 

in vitro performance of the vascular construct. Integration of antimicrobial activity 

into the graft proved to be effective against a broad spectrum of microbes.  An 

attempt to define the design strategies of a small diameter vascular scaffold with 

emphasis on micro-structure, macro-structure, mechanical and degradation properties 

and infection resistance has been the focus of this study. 

5.6. Limitations of the study 

In the present study, the microstructure of solvent cast graft lumen has been 

optimized in terms of endothelial cell growth. However the study has not delineated 

the influence of electrospun micro-architecture on SMC growth and deposition of 

ECM components such as collagen and elastin. The fabricated bi-layered scaffold is 

found to possess required tensile strength, elasticity and burst strength for blood 

vessel tissue engineering. Graft compliance is another mechanical aspect which 

needs to be addressed for the bi-layered grafts. In addition, the present study is 

limited to the in vitro degradation of the scaffold which may further be influenced by 

the presence of enzymes and the hemodynamic environment when implanted in vivo. 

5.7. Future perspectives  

The influence of pore size on SMC growth and ECM deposition should be elucidated 

under perfusion flow culture conditions. As graft compliance can be enhanced by the 
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deposition of elastin on the blood vessel wall, it should be evaluated as a function of 

SMC growth and ECM deposition. The correlation of mechanical properties of the 

graft in terms of scaffold degradation and ECM deposition may be advantageous to 

predict the performance of the graft. Finally the pre-conditioned grafts need to be 

evaluated in animal models to understand the performance of the bi-layered 

constructs in vivo, by which correlation of scaffold degradation under in vitro and in 

vivo conditions can be made.  
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CHAPTER 6 

SUMMARY AND CONCLUSION 

 

6.1. Summary 

Disease conditions that affect small diameter blood vessels are becoming a major 

concern all over the world. Conventional treatment modalities mainly employ 

autologous grafts or synthetic grafts for repairing occluded blood vessels and each of 

these types of grafts are associated with drawbacks such as limited availability and 

high failure rates due to thrombosis. Recent advances in vascular research have 

focussed on bioengineered vessels with the aid of biomaterial scaffolds and 

autologous vascular cells. Reports suggest that scaffolds based on both natural and 

synthetic polymers are suitable for vascular tissue engineering. Due to the 

complexities associated with small diameter vascular graft construction, none of the 

approaches have achieved complete success till date. Scaffold specifications play a 

major role in the successful construction of bioengineered grafts. It is reported that 

specific porosity characteristics are required for each cell type for facilitating cellular 

adhesion, proliferation and ECM deposition. Native blood vessel is multi-layered and 

cellular penetration and tissue formation at each level have specific requirements. 

Researchers have laid emphasis on multi-layered scaffold designs which mimic 

native blood vessel architecture. The mechanical properties and degradation 

characteristics of scaffolds may also be influenced by their microstructure. 

Organization of various cells in multiple interfaces can be attained by designing a 

gradient pore size within the scaffold wall in the case of vascular tissue generation. 
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Simultaneous consideration of scaffold macrostructure and microstructure, which 

have not been endorsed earlier, may be a better design criterion for a small diameter 

vascular construct. 

The main focus of the present study was to design a bi-layered scaffold based 

on poly(ɛ-caprolactone) with optimized pore size gradient across the scaffold wall 

while satisfying the mechanical and degradation characteristics required for blood 

vessel application. This has been achieved by combining SCPL and electrospinning 

where the fabrication parameters were optimized properly. Moreover, successful 

development of TE construct can be influenced by microbial contamination during 

the in vitro culture periods which is another concern in vascular tissue engineering. 

One strategy for overcoming this difficulty is the incorporation of a broad spectrum   

antimicrobial agent during the scaffold fabrication which can provide the scaffold 

with infection resistance. Silver nanoparticles (SNP) have gained great attention in 

the biomedical field owing to their broad spectrum antimicrobial effect. The 

feasibility of SNP incorporation into solvent cast and electrospun scaffolds has been 

evaluated in the current study while monitoring scaffold properties before and after 

SNP addition.  

The porogen used in this study PEG is found to be very effective as it could 

generate interconnected porosity within PCL matrix. The major advantage of 

choosing this porogen is that appropriate size could be chosen to obtain required 

porosity characteristics in addition to its biocompatibility and miscibility with the 

non-aqueous polymer solutions. Its concentration is found to influence the tubular 

scaffold wall properties. Optimization of PEG content was done to obtain solvent 
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cast scaffolds with better tubular conformability and wall thickness, required porosity 

characteristics and mechanical properties. Pore size distribution of these scaffolds 

varied with changes in the porogen molecular weight. 

In tissue engineering efforts, scaffold presence is required till new tissue is 

generated and become functional. In the case of vascular constructs, the requirement 

is long term because it has to resist the hemodynamic forces. Therefore, PCL, a long 

degrading polymer was chosen for the study and the degradation kinetics was 

evaluated to ensure that the polymer would remain stable till functional tissue 

generation is complete.  Since porosity is important for vascular tissue engineering, 

its effect of degradation kinetics is an important aspect of this study. The porogen 

size was found to be critical in determining the degradation kinetics. Silver 

nanoparticles were prepared, characterized and incorporated into the optimized 

solvent cast scaffold system. It was found that SNPs are distributed uniformly 

throughout the scaffold which exhibited a sustained release from the matrix. 

Scaffolds were found to be cyto and hemo-compatible and supported good coverage 

of endothelial cells. SNP incorporation did not alter the scaffold microstructure 

significantly, but the pore size distribution shows a slight shift from bimodal to 

unimodal curve. Both scaffolds are found to possess appropriate tensile properties for 

blood vessel applications. The lower burst and suture retention strengths of SNP 

incorporated scaffolds may be due to limited wall thickness. Upon comparison of 

sheep artery and developed scaffold using micro CT, inner diameters of both are 

found to be comparable. 
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Electrospinning protocol for scaffold fabrication was optimized. It was 

observed that the flow rate did not influence pore size distribution, but the tensile 

properties and uniformity of tubular scaffold wall were affected. The experiments 

were useful for standardizing the protocol to obtain the appropriate scaffold 

specifications. The selected scaffold matrix showed appropriate burst strength and 

suture retention properties prescribed for blood vessels. Only after 1 year of in vitro 

degradation, the mechanical properties of the scaffold showed a significant reduction. 

By this time, the tissue growth is expected to take over the vessel strength. Therefore 

the optimized matrix architecture is likely to be the best option for vascular tissue 

engineering applications.    

 The incorporated SNP was found to be released in a sustained manner. 

Therefore it is likely to prevent microbial contamination during the process of in 

vitro vascular tissue construction. SNP was found to influence the surface 

topography which resulted in significant alteration of fiber morphology and diameter 

and also resulted in narrower pore size distribution. Mechanical properties such as 

tensile strength, burst strength and suture retention strength were found to be 

dependent on fiber diameter. The crystalline nature of PCL showed enhancement 

after SNP incorporation due to the better dragging effect of PCL-SNP solution. Both 

electrospun matrices were found to have hydrophobic surfaces which became 

hydrophilic in nature after modifying the scaffold with fibrin bio-mimetic matrix. 

The in vitro experiment shows that incorporation of SNP does not have any toxic 

effects on L929 and primary endothelial cells. Endothelial cell adhesion and 
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proliferation are found to be pronounced in the SNP-incorporated hybrid scaffold 

compared to the bare scaffold.  

Bi-layered scaffold design strategy has been derived by comparing the 

properties of the scaffold systems that were developed. BS scaffold could be 

successfully fabricated by combining SCPL and electrospinning techniques. Micro-

structural analysis demonstrated that pore size gradient present within the scaffold 

wall facilitates growth of EC and SMC. Mechanical properties of scaffold such as 

strength, elasticity, burst strength and suture retention capability were found to be 

comparable to the properties of native blood vessel. Incorporation of SNP into 

solvent cast layer was found to impart an antimicrobial effect against a number of 

bacterial strains. The growth of EC and SMC on the bi-layered scaffold has been 

demonstrated by employing a co-culture system using a perfusion bioreactor. 

Endothelial cells tend to align along the direction of flow while SMCs grow on the 

abluminal portion of the graft. Overall the current study has looked in depth at the 

significance of the microstructure of an antimicrobial, bi-layered scaffold in vascular 

tissue engineering which still remains an unconquered challenging area.  

6.2. Conclusions 

The conclusions derived from the present study are as follows 

1. Microstructure of solvent cast scaffolds is optimized by altering concentration 

and molecular weight of PEG  
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2. Solvent cast scaffolds fabricated with 4:4 PCL-PEG ratio possess better wall 

thickness, tubular consistency, high porosity, hydrophilic characteristics and 

optimum tensile properties for blood vessel applications  

3. PEG3400 porogen incorporation resulted in optimum pore size distribution 

needed for vascular tissue engineering compared to scaffolds containing 

PEG8000  

4. Scaffolds containing PEG3400 exhibit better retention in porosity and 

mechanical characteristics after being subjected to in vitro degradation upto 6 

months  

5. SNP incorporation does not result in significant variation of properties of solvent 

cast scaffolds  

6. SNP incorporation does not affect the cyto or hemo-compatibility characteristics 

of electrospun matrix 

7. Good endothelial coverage was  established on both SC and SC-SNP scaffolds  

8. Limited scaffold wall thickness correlates to lower suture retention strength and 

burst strength of the solvent cast scaffolds  

9. Variation of electrospinning parameters is instrumental in generating fibrous mat 

10. After SNP incorporation, electrospun scaffolds show significant alteration in the 

microarchitectural parameters  

11. Uniform coverage of endothelial cells is obtained on the hybrid scaffolds even 

after SNP incorporation unlike bare scaffold 

12. Silver nanoparticle incorporation altered the mechanical properties of electrospun 

scaffolds  
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13. Bi-layered scaffold with pore size gradient within the scaffold wall could be 

successfully developed by integrating SCPL and electrospinning 

14. Bi-layered scaffold is found to have adequate mechanical properties to be used 

for small diameter blood vessel applications 

15. Co-culture system of rabbit-derived EC and SMC within the bi-layered scaffold 

was demonstrated using a perfusion bioreactor. 

16. Endothelial cells got aligned in the direction of flow on the graft lumen   

17. The Smooth muscle cells could grow on the electrospun fibrous ablumen  

18. Biologically modified bi-layered scaffold may be highly recommended for small 

diameter vascular graft application. 
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APPENDIX 

 

PBS (1000 ml) pH 7.4 
NaCl - 8g 
KCl - 0.2g 
Na2HPO4 - 1.44g 
KH2PO4 - 0.24g 
(Added distilled water to a final volume of 1000 ml,                                                         
solution is filtered and stored at room temperature) 

 
HBSS (1000 ml) pH- 7.4 
KCl - 0.4g 
KH2PO4 - 0.06g 
NaCl - 8g 
Na2PO4 - 0.0482g 
(Added distilled water to a final volume of 1000 ml,                                           
solution was filtered autoclaved and stored at 4ºC) 
 
SFM 
MCDB 131 - 50ml 
Antibiotics (10X) - 500µl 
(Filtered and stored at 4ºC) 
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